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PREFACE

The Masonry Society is pleased to sponsor the North American
Masonry Conference as its first major activity offered for the benefit
of the architects, engineers, contractors, craftsmen, building officials,
construction inspectors, laboratory technicians, educators, research
ers, manufacturers, and all interested in masonry.

The North American Masonry Conference was organized to
bring together people interested in masonry and to have presented
the latest information concerning all facets of masonry whether it be
materials, construction, design, specifications, research, education, etc.
It is hoped by the organizers that this conference will be viewed as a
useful contribution to the development of masonry.

James L. Noland
James E. Amrhein

Co-Chairmen
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APPENDIX II

SYSTEME INTERNATIONALE
d' UNITES (METRIC)
By JAMES E. AMRHEIN, S.E.*
'Director of Engineering, Masonry Institute of America

CONVERSION OF MEASUREMENT SYSTEMS

English Measurement to S. I. (Metric) Measurement S.1. (Metric) Measurement to English Measurement

Unit Exact Conversion Approximate Conversion Unit Exact Conversion Approximate Conversion

Length Length
1 mile .................... 1.609 344 kilometres ........ ...... 1.6 km or IV, km. 1 kilometre ...... 0.621,4 miles ...... 518 miles or 0.6 miles
1 yard .................... 0.9144 metres ....... ...... 0.9 m or 1 metre 1 metre ...... .. 3.280,8 feet or 39·318 inches. 3 ft. 3 in. or 3 ft.+
1 foot ..... .............. 0.304 8 metres ....... ............. 0.3 m or 113 metre 1 centimet;e' ...... . 0.393,7 inches ... 0.4 inches or % inches
1 inch .. ........ ....... 25.40 millimetres ..... 25 mm or 11 4Q metre 1 millimetre .... 0.039,4 inches ... ......... .. 1132 inch

Speed. Speed
1 mile per hour .... 1.609 344 kilometres per hour 1.6 kml h or P12 kml h 1 kilometre per hr. 0.621,4 miles per hour . ....... 518 mph or 0.6 mph
1 foot per s~ond 0.304 8 metres per second .. 0.3 ml s or 113 mls 1 metre per second 3.280,8 feet ~er second or 3 ttls or 1 ydls

39.375 inches per sec;

Area Area
1 acre ......._.......... 4 046.856 square metres .......... 4000 m' 1 square kilometre 0.386,1 square miles or

247.1 acres ....- ...... 1/3 mile' or 250 acres
1 square foot ...... 0.092 9 square metres ..... .... 1/10 m' or 1 000 cm' 1 square metre 1.196 square yards or

10.764 square feet . 1.2 yd' or 10 ft.'
1 square inch .. ... 6.452 square millimetres .. 6 cm2 or 650 mm' 1 square centimo 0.155 square inches .. 116 inch'

Neight or Mass Weight or Mass
(!\vdpl1 ounce (avdp) .. 28.35 grams ........................ 30 g 1 gram. .. 0.035,27 ounces ........... 11 30 ounce

1 pound ...... ._-- .. 0.453 59 ki 10 grams or 435.59 V, kg or 500 g 1 kilogram. ...... 2.205 pcunds 2',4 pounds Gr 2 pcunds
grams ..... ........

1 kip. ..... ........ .. 453.59 kilo grams ....... ........ 500 kg or 0.5 Mg 1 mega gram . ..... 2.205 kips or 2,205 pGunds .. 2 kips or 2,000
pounds

1 Ton (shGrt) ...... 907.18 kilo grams or 907 1 Mg 1 giga gram ... .... 1,102 Ton or 2,205,000 Ibs. 1000 Tons or 2 million Ibs
mega grams ............

Volume Volume
1 cubic yard .. 0.764 6 cubic metres or 314 m3 or 1 cubic metre . .... 35.315 cubic feet or 35 It' or 265 gal

764.56 Iitres .......... 750 Iitres 264.17 gallons . .".....
1 cubic foot . .... 0.028 3 cubic metres or 1135 m3 or 1 litre ....... 0.035,3 cubic feet or 114 gal or I qt or

28.217 litres ...... ..... 30 Iitres 0.264,2 gal or 61.024 60 in"
1 cubic in.ch ... 16.387 cubic centimetres .... 16 em' or cubic inches . .............

16 000 mm' 1 cubic centimetre 0.061 cubic inches ......... ........ 1116 in'
1 gallon .. ............. 3 785.4 cubic centimetres 4 000 em' or

or 3.785 Iitres ........ 4 litres
1 quart ....... -. ...... 946.35 cubic centimetres Gr 1 000 em' or

.94 635 Iitres .......... 1 litre

Density Density
1 pound/ cubic 1 gram/ cubic

foot .. -_ ......... ..... 0.016 02 grams/ cubic metre . 16 kg/m' or 16 g/litre centimetre .... 8.345 Ib/gal or 8
'
12 Ibslgal or 62 Iblft'

16.018 kilogramsl cubic me- 62.428 Ibl cubic feet
tre or (grams/litrel

1 poundl galiGn .... 0.119 8 grams/ cubic metre .. 120 kgl m' or 1 kg! cubic metre . 0.008,354 Ibl gal or 118 ozlgal or 1116
119.83 kilogramslcubic me- 1110 glcm' 0.062,428 Ib cubic ft. Iblft'

tre or (grams/litrel

Force Force
1 pGund force ...... 4.448 newtons ......... 4'12 N 1 newton ...... 0.224,8 pound force .... ............. 114 pound force
1 kip force. ... 4.448 kilo newtons. .......... 4 500 N 1 kilo newton ... 224.8 pound force . ... 225 pound force

Pressure Pressure
1 pound/ square 1 pascal . .... 0.000,145 pounds/square inch

inch .................... 6 894.8 pascals .. 7000Pa 1 kilo pascal ...... 0.145 pounds/ square inch 117 psi
1 kipl square inch 6.895 mega pascals ...... 7 M Pa 1 mega pascal 145 pounds I square inch 150 psi

Energy Energy
I BTU ................. .. 1 054.35 joule or 1.054 kilo 1 joule ........... 0.000,948 45 BTU ... .... ............. 111000 BTU

joule --_.........-.. ... 1 kj 1000 jGule . .... 0.948,45 BTU . ................. 1 BTU

Temperature Temperature
°Fahrenheit "' .. .... WF -32)519] °Celsius "Celsius .... [(1.8 °C)+32] °Fahrenheit
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ERRATA NO. 1

Paper No. 12.
Page 12-11:

Page 12-12:

TABLE 2, Col. 4 (UNIT/(Vert)): Change 285 + 61 to 182 + 37
Change 182 + 37 to 285 + 61

TABLE 6, Col. 5 (Small rptg unit (ii)):Cha~ge 10.7 in last
line to 11. 7 .

Remove "AlA" after author's name.

Paper No. 7I.
Page 71-2: Change "CLOCK" in title to "BLOCK".
Pages 71-4 through 71-7: Replacement pages enclosed reflecting addi

tional test data.

Paper No. 82.
Page 82-1:

Paper No. 84.
Page 84-12: Add under FIGURE 1: Note: Sufficient reinforcing steel

area (bottom bars) to resist ground stretching should be added.

Paper No. 105.
Page 105-2: Change (iii) to read: by determining the energy and plant

requirements needed in the house of one construction to achieve the
same level of comfort as prevails in the unconditioned house of the
other construction.

Page 105-4: Starting with line 5, change to read:
Roof: terra-cotta tiles with reflective foil sarking except where

otherwise noted.

Ceiling: 12 mm plasterboard with 50 mm bulk insulation except where
otherwise noted.

Page 105-4: Under "Internal Walls", change "approximate" to "appro
priate".

Paper No. 113.
Page 113-4: Under "Rapid Wall Movement", change "1966" to "1976".

Third paragraph of "Rapid Wall Movement", sixth line, change "actural"
to "actual".

Page 113-7: Second complete paragraph, line 4, change "axis" to "axes".
Page 113-9: Fifth line, change "papapet" to "parapet".
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The mason supervisor built all the prisms using block and mortar that
was currently being used in the construction of the load bearing walls.
The initial prisms were constructed with the job superintendent, block
representative, and other representatives on hand. Prisms were con
structed adjacent to the job trailer on level sheets of 3/4" x 4' x 8'
plywood.

PRISM Hfu~DLING AND CURING

Prisms were cured on the job site for 48 hours then banded with
3/4-inch plywood placed on the top and the bottom of the prism. They
were then transported to the laboratory for five more days of curing,
then taken to the Indiana University-Purdue University regional campus
at Fort Wayne for testing.

PRISM CAPPING AND TESTING

The purpose of capping is to provide a smooth bearing surface for
the load to be transmitted evenly throughout the prism. Prisms were
first thoroughly examined for possible damage in transport before
removing bands and plywood. The bearing surfaces were then rubbed with
a carborundum stone to provide a surface free from any rough spots.
Prisms were not capped with either sulfur mortar or high-strength gypsum
plaster because Df the difficulty in handling the prisms. Instead cor
rugated fiber board was placed on both bearing surfaces to transmit the
load throughout the prism. Testing was done by using a Tinius Olsen
Standard Super "L" universal testing machine with a capacity of 400,000
pounds. Prisms had a height to thickness (Hid) ratio of 2.0; therefore,
a correction factor of 1.00 was applied to the ultimate compressive
strength of the specimens (2).

BLOCK AND MORTAR TESTS

Individual block tests were performed by an independent testing
firm, and the block exceeded the requirements of A.S.T.M. C-90, Grade
NI and NIT. Cube mortar tests were performed on the Type S mortar used
and exceeded the specified compressive strength of 1800 psi in 28 days.

STATISTICAL ANALYSIS

MEAN AND STANDARD DEVIATION

Statistical quality control implies the use of numbers and mathe
matical relationships to determine if a material, quantity or process
meets job specifications. Using a sample size of 15 from the data given
in Appendix III, a mean f'm value of 2200 psi was calculated with a
standard deviation of 284 psi for the foundation block. Figure 1 shows
the relationship between the mean flm (sample size 3) and each foundation
block set. While Figure 2 illustrates this same relationship for the
4-flute block. A sample size of 45 was used to compute a mean flm value
of 3890 psi with a standard deviation of 434 psi for the 4-flute block.
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From Figures 1 and 2, it is noted that there are three low prism
breaks. One in Set 6 (foundation block) and the other two in Sets 8 and 17
(4-flute block). Upon examining the prisms in Set 6, a damaged corner
was discovered. This could account for the low test break. There is
no apparent reason for the low test break in Sets 8 and 17.

The relationship between the mean f'm value for each building is
given in Figures 3 and 4. Figure 3 shows this relationship for the
foundation block while Figure 4 illustrates this same relationship for
the 4-flute block. In both Figure 3 and 4, the mean f'm value is greater
than the initial and the design f'm values. This indicates that the
block being placed in the building is meeting specifications.

RANGE

The range is another measure of the dispersion or degree of scatter
among test results. Table 1 lists the range for both the foundation and
4-flute block for all three buildings and the overall range for the prism
breaks.

TABLE 1 - f' m RANGE

Foundation 4-Flute
Building Block Block

psi psi

A 700 890

B 390 1770

C 410 1520

ABC H2O 1810

SUMMARY

Quality control is vital on any construction project and is neces
sary for the safety and proper performance of any structure. The Edsall
House Project was one where prism tests were used to establish and control
the ultimate compressive strength (f'm) of the concrete masonry load
bearing block walls. By having a method of control (prism tests) the
architect, contractor and owner had assurance of the performance of the
load bearing walls.

4<
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THE NEEDS OF MASONRY CONSTRUCTION l

By John B. Scalzi2

ABSTRACT: Masonry construction, one of the oldest of methods, is perhaps
the least understood. In spite of a lack of sound information, engineers
have been designing an increasing number of high-rise buildings in high
to moderate seismic regions as well as in other areas.

Experience and post-earthquake inspections have indicated a need
for new analytical methods. Increased attention to education in masonry
design is needed. National standards are necessary for the mechanical
and physical properties of materials and for standard testing methods
of units and components.

Basic research in masonry is an emerging field. The National
Science Foundation has funded a number of studies. However, additional
work is necessary by more researchers. Professionals must become active
in the development of design criteria and code provisions. The Masonry
Society portends to be the guardian of research and practice information
and dissemination to professionals and to be the coordinating vehicle
for masonry information and activity to accomplish the required and
essential tasks which be ahead.

lKeynote address - North American Masonry Conference
2National Science Foundation, Washington, D.C.
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THE NEEDS OF MASONRY CONSTRUCTIONl

Dr. John B. Scalzi2

It is indeed a great honor and privilege to address you today
as you begin the activities of this conference concerned wholly
with masonry construction. I believe this is the first such con
ference in the United States and the organizers are to be congra
tulated for their efforts in generating the idea and developing the
plans to implement it. It is no small task to arrange a meeting of
this type in the face of limited funds and unknown bequests, con
tributions, and registration fees. Nevertheless, here we are today
to discuss for the first time under one roof, the complete range of
problems, questions and possible solutions involving masonry design
and construction. The Steering Committee has planned carefully and
the full range of papers attest to that fact.

Today, more than ever, knowledge on the behavior of masonry
structures is needed because of the increased applications in high
rise buildings throughout the country and especially in regions
which are prone to earthquake actions.

The seismologists have been diligent in their pursuits of the
movement of the earth's crust and have developed an understanding
of seismic events to such an extent that all regions of the country
have been classified with respect to an expected severity and
probable risk.

As a result, design and construction of all types of buildings
using various types of structural materials, such as steel, rein
forced concrete, wood, and masonry are in a rebirth of research
activity.

New data and information is needed for all structural materials,
construction systems and details in order to design structures
economically to resist not only the gravity and wind forces, but
the seismic ground forces as well.

Until now, the professionals were content with the knowledge
gained from elastic analyses and static tests. However, experience
and post-earthquake inspections in various parts of the world as
well as in California, Alaska and Hawaii have strongly indicated a
great need for new analytical methods to include the inelastic
behavior of structures and additional tests for material properties,
strength of structural components and total structural systems.

lKevnote address - North American Masonry Conference
2National Science Foundation, Washington, D.C.
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Static tests are being replaced with pseudo-dynamic loadings
and final verification tests on earthquake simulators such as shake
table, which can produce earthquake effects.

Mathematical techniques which are under development are con
sidering the limit state of behavior of materials and structural
systems including such long neglected factors of torsional effects
and soil structure interactions.

These recent advances into a better understanding of the
behavior of materials and structural systems subjected to dynamic
and/or seismic forces is of paramount interest to the Federal and
local governments because of the impending inevitable consequences
of a major earthquake in some regions of the United States in the
not too distant future. For that reason, I am gratified to be a
part of this Conference and to encourage all of you to apply your
energies and talents to build better buildings to mitigate the
losses caused by the disruption produced by a major earthquake.

Masonry construction is one of the oldest methods of building
structures and yet, I believe, it is one of the least understood
materials. Basic research activity in brick, and concrete block is
a relatively new field of research emerging in the face of possible
bUilding failures as a result of seismic disturbances. These new
research activities are extremely encouraging because the greatest
danger from an earthquake will come from the existing inventory of
masonry construction throughout the country, which was built prior
to seismic codes and most of which is unreinforced masonry.

In spite of the dearth of sound research information on masonry
construction engineers have been designing an increasing number of
high rise buildings throughout the country in high to moderate
seismic regions as well as those areas designated by seismologists
as low probability risks.

With this increase in the number of buildings constructed of
masonry units, it is prudent to encourage more basic and applied
research in analysis techniques and experimental verification of
these techniques in order to build structures which are not overly
conservative but economical and safe for general occupancy.

As in many other areas of structural analysis and design, the
practicing professional engineers who are faced with economic con
siderations of materials and labor have progressed far beyond the
knowledge developed by the academic researchers. It is, therefore,
heartening to learn of the new interest in basic research on masonry
construction.

As a result, perhaps an increased number of researchers,
faculty and consultants, will be encouraged to incorporate the
principles of masonry analysis and design in their courses and
professional practice in structural analysis and design.



0-4

The broadening interest in a seismic design for buildings con
structed of all types of materials is stirring a review of all aspects
of masonry construction.

For example, are the failure modes of unreinforced and rein
forced masonry construction known to such an extent that engineers
can design economical and safe buildings with confidence? Can
ductility be calculated by elastic analysis techniques plus a
judgement factor for the amount of ductility required or are the
inelastic theories which are available sufficient for design use?

The profession has a right to ask for background information
to support the concepts and theories which are currently in use by
practitioners.

Masonry construction is a composite of four materials: a
masonry unit, mortar, grout and steel reinforcement. The physical
and mechanical properties of each by themselves should be known for
application in structures which are dynamically excited. Based on
this knowledge, the composite behavior should be known for the
analytical solutions to be applied for design. Constants and para
meters must be established for analysis purposes.

National standards are necessary for the mechanical and
physical properties of materials and for standard testing methods
of units and components. These standards are rapidly becoming a
necessity because of the legal implications involved, in the design
specifications for a project.

The types of masonry construction permitted in different
regions of the country vary because of local building code require
ments and the personal preference of engineers. Additional
research information is needed on these systems, such as:

Unreinforced masonry

Reinforced masonry

Structural shear walls with or without
openings

Veneer construction

Connections of all types, including
interlocking units at corners and at
interior to exterior wall joints,
attachment of various types of floor
and roof systems, infill panels in a
reinforced concrete frame, and other
combinations conceived by the architect
engineer teams.

Fortunately, a few research projects funded by the National Science
Foundation establishing the static and dynamic behavior of a few of
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the systems noted above are currently in progeess in several univer
sities. However, additional work is necessary by more researchers
in order to determine the required data in a reasonably brief period
of time for immediate application.

If we believe the earthquake predictions, then this increased
research activity assumes the resemblance of a "crash program".

There are innumerable parameters and factors which require
identification and evaluation that many more researchers can be
absorbed easily into the total research activity and still not
produce all the data required for a long time to come.

Workmanship of construction has been cited as an ,analysis
variable which is difficult to evaluate with confidence, and,
therefore, analyses must be overly conservative.

As engineers responsible for design analyses and project
specifications, it behooves the profession to take a more active
role in the training of construction workers to instill within
them the necessity for good quality workmanship. Members of a
unified team usually produce the expected desired results.

In order to achieve the final desired objective of sound,
economical and safe masonry construction, there are several
individual and collective actions which may be taken by profes
sionals, by industry, and by regulatory agencies.

These actions will be briefly discussed for the single
purpose of stimulating action by those groups who are in a position
to assume the responsibility for the necessary action.

Research in all aspects of masonry analysis, design, and
construction is needed to provide the necessary information to
decision-makers at all levels of the construction process.

Research dissemination is becoming one of the most important
phases of research. Without it, the research results will become
obsolete while sitting on the bookshelf.

Educators must become a part of the dissemination process by
including the latest results in their course material and develop
new courses wherever required. They should understand that to do
otherwise is an injustice to the student who expects and deserves
the latest developments and information in all fields of engineering.
Continuing education short courses are one of the best methods to
disseminate information on specialized subjects such as masonry
construction.

A close parallel to the short course is the specialized
conference such as this one on masonry construction.
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The rate of research publications has increased tremendously
in the last decade and promises to increase further. Therefore,
it is extremely important that designers have a single source of
reference on a particular subject. A technical journal or news
letter is a convenient method to disseminate information economically
and rapidly. A reference library should be established to provide
a source for research material. Any organization interested in this
library activity should have a facility to house the material and a
staff to manage it.

Professionals must become active in the development of design
criteria, and building code provisions which should be applicable
throughout the country, with due consideration for local differences.

Professionals use the building codes, and, therefore, should
have a voice in their development, adoption, and enforcement.

A building code does not substitute for good design but
establishes minimums for the safety of occupants. It is advisable
to specify reasonable minimums of design and to upgrade the minimums
as new information is presented.

The combined efforts of professionals and industry may be
required in this endeavor.

Special reports on the behavior of building systems and
materials following an earthquake or other disaster is essential
to the learning process. It can be said that an earthquake is
"an experiment out of control" but from which much can be learned.
Prompt reporting of the lessons is imperative to rapid inclusion
of the results into practice and code requirement provisions.

As new concepts are technically and experimentally verified
economic studies become essential in order to test the viability
of the concept for practical application in the design and con
struction of buildings. These economic studies are a part of the
implementation of the results.

In summary, I have indicated that masonry research has long
been neglected by the researchers, omitted from the curricula in
design at engineering and architectural schools, and omitted from
the general education of the undergraduate and graduate student.

We have seen the professionals extending the application of
masonry construction to higher buildings, and to all regions of the
country whether seismically prone or not.

The time has arrived to resolve all the unknown parameters and
factors which influence masonry construction in order to design and
build economical and safe structures in all parts of the United
States.
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The recently established organization of "The Masonry Society"
portends to be the guardian of research and practice information
and dissemination to the professionals. It can become the coor
dinating vehicle for masonry information and activity to accomplish
the required and essential tasks which lie ahead.

With the help of the professionals in cooperation with the
industry, great benefits can be realized to the mutual advantage of
all interested participants. We can all look forward to great
a.chievements and accomplishments in the field of masonry construction.
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BEHAVIOR OF CONCRETE MASONR Y UNDER BIAXIAL STRESSES:!.

by

H . a 0 3SKA 4G. A. egemler, R. . Nunn, • • rya

ABSTRACT

Biaxial tests of full-scale concrete masonry panels under ll1.ono
tonic and cyclic stress histories are described. The experimental
results presented concern planar material behavior and are related
to the formulation of constitutive relations for concrete masonry in
both linear and nonlinear ranges of deformation. Topics discussed
include: 1) the initialll1.acrocracking or yield surface in stress space;
2) macrocracking and isotropy; 3) prediction of the initial macro
cracking surface, and post-macrocracking behavior from component
data; 4) influence of reinforcing steel on initial and post-macrocracking
behavior; 5) elastic ll1.oduli and anisotropy; 6) elastic moduli and
strength; 7) damping or energy absorption; and 8) strain-rate effects.
Analytical models for certain of the above items are proposed.

The foregoing tests are part of an extensive University of Cali
fornia, San Diego research effort on the seisll1.ic response of concrete
masonry structures; they constitute the first biaxial experiments on
masonry. A brief descripFon of the associated test set'q.p, which is
unique in size and sophistication, is provided.

lResearch was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2professor, Dept. Appl. Mech. &: Engr. Sci., University of California,
San Diego, La Jolla, California, 92093.

3 Graduate Student, Dept. Appl. Mech. &: Engr. Sci., University of
Calif., San Diego, La Jolla, California, 92093.

4Principal Development Engineer, Dept. Appl. Mech. &: Engr. Sci.,
University of California, San Diego, La Jolla, California, 92093.
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BEHAVIOR OF CONCRETE MASONRY UNDER BIAXIAL STRESSES1

by

G. A. Hegemier, R. O. Nunn, S. K. Arya2

INTRODUCTION TO UCSD MASONRY PROGRAM

General Remarks

Examination of recent surveys (2,8) relevant to the m.echanics
of concrete masonry systems reveals that, although a measurable
amount of research on concrete masonry has been conducted over the
past forty to fifty years, there has been little correlation among the
various studies conducted by governmental, university, and promo
tional research organizations. Each study has, of economic necessity
and/ or impatience, been constrained within narrow bounds and primar
ily to specific structural configurations rather than to fundamental
material research. In addition, ITlost studies have not been sustained
for a time interval sufficient to generate results of wide utility and
integrity. As a consequence, a virtual vacuum exists concerning the
material properties of concrete masonry, and the behavior of typical
connections used in concrete masonry structures.

In the absence of reliable data, subjective judgement must be
substituted for rational design and analysis. The ramifications of
such a substitution are obvious and clearly undes irable from the
standpoint of all parties involved - the public, the masonry industry,
and the structural engineering community.

In response to the need for fundamental information, an exten
sive experimental, analytical, and numerical research program (6) was
initiated at the San Diego campus of the University of California
(UCSD). The objective of this program is the development of a basis
for a rational earthquake response and damage analysis of concrete
masonry structures. The study is sponsored by the National Science

lResearch was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2professor, Graduate Student, Principal Development Engineer,
respectively, Dept. Apple Mech. & Engl'. Sci., Univ. of Calif. ,
San Diego, La Jolla, 92093.
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Foundation under project RANN (Research .6Pplied to National Needs).
Contributions have also been received from the masonry industry.

It is noted that a related program, covering a number of
masonry materials in addition to concrete masonry, exists at the
Berkeley campus of the University of California. A valuable inter
change of information between these programs has been effected, as
will become evident later.

With respect to the San Diego program, the experimental effort
is intended to define material behavior, and the behavior of typical
connections used in concrete masonry structures. The analytical
phase involves the translation of observed experimental data into
viable mathematical models. The numerical effort concerns the con
version of mathematical models into numerical form and the construc
tion of digital computer programs to simulate structural response and
damage accumulation resulting from earthquake ground motion.

Methodology

The key word here is synthesis. The UCSD Masonry Program
represents the first comprehensive effort to describe the material
properties of concrete masonry, and to synthesize the behavior of
complex structural elements from elementary component data, i. e. ,
data on block, mortar, grout, and steel.

The approach selected to achieve the project objectives involves
a sequence of increasingly complex levels of concurrent experimenta
tion, analysis, and numerical simulation. This sequence begins with
elementary experiments on the basic constituents of concrete masonry
and their interactions, e. g., by fracture and slip acros s interfaces.
It proceeds to homogeneous and nonhomogeneous biaxial tests of full
scale panels under both monotonic and cyclic load histories. The
above is complemented by tests on typical connections. The sequence
culminates with case studies of major structural elements and/or
buildings. The ability to extrapolate from conceptually simple
laboratory-scale experiments to a wide variety of structural configu
rations, including simulation of full- scale building response to earth
quake ground motion, is one of the most significant aspects of the
project.

The program partitions naturally into two main categories:
1) small-scale or microelement tests and micromodeling involving
specimens of several unit (block) dimensions, and 2) large_scale
or macroelement tests and macromodeling involving specimens of
sufficient size to mirror full-scale masonry; the planar dimensions of
the latter are approximately one order of magnitude larger than the
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largest microdimension (block size).

The objective of the small-scale tests and the associated micro
modeling is to synthesize the behavior of masonry assemblies or
macroelements from simple but universal experiments - experiments
that can be conducted in a standard laboratory.

The large-scale or macroelement tests constitute a necessary
check on the micromodeling process and, perhaps more important,
constitute the starting point for the construction of a continuum or
macromodel of concrete masonry. The latter, it is anticipated, may
be used to efficiently synthesize the behavior of complex structures,
in combination with appropriate connection data (7), through the use
of explicit analytical and numerical techniques. The numerical method
in use is the finite element method. The evolution of the program is
depicted in Fig. 1.

Items Under Study

The basic experimental items under study concern planar
material behavior and are related to the formulation of constitutive
relations for concrete masonry in both linear and nonlinear ranges of
deformation. Included are:

Strength and damage accumulation under combined
plane-stress states
Stiffness parameters
Energy absorption and damping

In each of the above areas, studies will determine the influence of:

Anistropy
Strain- rate
Reinforcing steel volume and configuration
Grout compaction
Grout admixtures
Flaws
Constituent properties on assembly properties
Scale effects
Cyclic load histories

Materials and Fabrication

Two nominal masonry types are currently under study: 1) "nor
mal strength' ! - grade N normal weight hollow core concrete block
(ASTM C90), type S mortar (ASTM C270), 2,000 psi coarse (pUITlp
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mix, 8-10 inch slwnp) grout (ASTM C476); 2) flhigh strengthfl - light
weight hollow core concrete block (f~ 2 3750 psi), type M mortar
(ASTM C270), 3750 psi coarse (pump mix, 8-10 inch slwnp) grout
(ASTM C476). Precise details concerning constituent properties are
provided in conjunction with discussions of each test series.

Most specimens consist of fully grouted masonry (8-foot lifts
on full scale specimens) with running bond and face-shell thickness
mortar bedding. Both closed and open-end units are utilized, although
focus is currently on the former. Standard 8-inch high, 8-inch wide
block geometries (2) are used.

It is emphasized that all specimen fabrication is conducted by
professional masons using conventional field practice. In particular,
no effort has been made to achieve optimwn I'laboratory" conditions.
All specimens are field cured.

Utilization

Information from this program may be extracted from different
areas and at various levels of sophistication. Some experiments will
provide a valuable guide for improved masonry through modified or
standardized fabrication techniques. Others will provide a necessary
data base for the designer and the engineer. A nwnerical program
will allow case studies by researchers and analysis by the cognizant
engineer. Distillation of data from experiments and case studies
should provide a rational basis for meaningful building code modifica
tions.

Selected Results

Selected portions of the materials properties segment of the
aforementioned program are presented and discussed at this conference
via a collection of companion papers. The first of these papers con
cerns the behavior of concrete masonry under biaxial stresses; this
subject is discussed herein.

DESCRIPTION OF STATIC AND DYNAMIC BIAXIAL PANEL TESTS

Homogeneous Stress States

These tests, which represent a critical step in the continuum
modeling process, are unique in that the panels (macroelements) are
laid in running bond, but are s aw- cut such that the bonds run at
obliq ue incidence or layup to the edges of the finished panel. The
rationale: any combination of homogeneous shear and normal stresses
on the critical bed and head joint planes can be induced by application
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of direct (principal) stresses (compression or tension) to panel edges,
and the selection of a proper layup angle. The ability to apply direct
tensile stresses which exceed the tensile strength of the assembly,
and direct compressive stres'ses with negligible induced shear, follows
from the use of a unique polysulfide bonding agent with a low shear
modulus ("'" 150 psi) between the specimen and the load distribution
fixtures. In the case of uniform load application to each panel edge,
the resulting panel stress distribution is globally homogeneous, and
hence statically determinate. Thus, in contrast to conventional test
methods (8), the determination of material properties is not prejudiced
by boundary constraints; further, in contrast to indirect methods (2),
extraction of biaxial failure data does not necessitate a conjecture of
isotropic, linear elastic material behavior prior to macrocracking.

Figure 2 illustrates the basic concept of oblique layup testing.
If the Xl' Xz - axes are principal stress directions, then the stress
resultants1 Nf l' NZ2 ' Nfz associated with axes xi, Xl along the bed
and head joint directions are related to the principal stress resultants
N 11' N 22 through

N 11 + N
22 NIl - N 22

N~ l' N~2 ~ ±
2

cos Z6
2

N~z
N

22 - N 11
sin 26~

Z (1)

Equations (I) imply that any homogeneous stress state (N~I' N~2' N~2)
in a panel with surfaces oriented parallel to the head and bed joints
can be obtained by selecting an appropriate layup angle 8 and direct
stress resultants N II' N

22
• In particular, given a desired stress

state (Nil' N~2' Niz)' tne combination (N~I' N~2' e) is selected
ac cO rding to

tan 28

N~I - N~2
± cos 26 ,: Ni2 sin 26

2 (2)

The panels in the homogeneous stres s- state test series are
64-by-64 inches in planar dimension, and are precision cut from

lStress resultants are related to stress by u·· ~ N· ·/t, where t is1J 1J
the panel thickness.
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Fig. 2. Stress Transformation

Fig. 4. Biaxial Fixture

Fig. 3. Loading Schematic

:-'ISP L1NF;
\----.!'Rl:\'TER

Fig. 5. Test Frame Fig. 6. Data Acquisition
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8-by-8 foot fully grouted unreinforced or reinforced concrete masonry
walls. Cutting is accomplished by use of a dynamically balanced,
30-inch-diameter, diamond-edge saw on an air-driven turbine attached
to fixed rails.

A schematic of the biaxial test procedure is shown in Fig. 3.
The actual setup is illustrated in Fig. 4. The load conditions include
quasi-static monotonic, quasi-static cyclic, and dynamic cyclic (.05 to
5Hz). The system is capable of load, displacement, or combined
load-displacement control. This is accomplished with a mini-computer
controlled, closed-loop-hydraulic-servo system utilizing four active
actuators on each panel side connected to load distribution fixtures.
This test system is housed in a massive dual test frame, Fig. 5.
A high-speed digital data acquisition system (14 bits absolute value
plus sign, 300 samples / sec/ channel or 12,000 samples / sec total),
Fig. 6, monitors 40 channels of signals from loadcells, linear variable
differential transformers (LVDT I s), and strain gages.

Rheological aspects of singular interest include: 1) elastic
properties; 2) degree of anisotropy of elastic properties; 3) damping
or stress-strain hysteresis in the "elastic" regime; 4) strain-rate
sensitivity of item 3 in the. 05 to 5Hz range; 5) initial "yield" or
macrofracture surface in stress-space; 6) degree of anisotropy of item
5; 7) ultimate strength; 8) influence of load history on the degradation
of stiffness and ultimate strength; 9) hysteresis in the highly nonlinear
range; 10) role of reinforcing steel geometry and volume in the control
of macrocracking; and 11) flaw sensitivity.

Nonhomogeneous Stress States

These tests constitute an advanced step in the micromodeling
process and a first evaluation of the limits of applicability of the homo
geneous stress-state data and/or an associated continuum model. Two
basic test-types are utilized: 1) diagonal compres sion and 2) simple
shear deformation.

The diagonal compression test is designed to evaluate the pre
dictive accuracy of the failure (initial macrocracking) theory, developed
from homogeneous stress-state data, in a nonhomogeneous stress field.
Theoretically, the use of homogeneous stress-state data is based upon
an assumption that the dominant characteristic length associated with
variations in the stress field is "large" in comparison to the largest
masonry microdimensions - 8 to 16 inches (the block size). From a
practical standpoint, it is expected that such data may be utilized when
"large" is only several microdimensions.
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The diagonal compression test is illustrated schematically in
Fig. 7. Under concentrated diagonal compres sive loads, the central
region of the test specilnen is subjected to a biaxial stress-state, Fig.
8, which is reasonably uniform over a centered circular area of dia
meter equal to approximately 20-25 percent of the diagonal. For the
64-by-64 inch specimen utilized, this diameter is roughly 1 to It
times the largest microdimension. Hence, this is a severe test of the
limits of applicability of the homogeneous data. The mode of compari
son is measured vs. predicted failure loads, P d ; the latter is based
upon the initial macrofracture surface as determined from the homo
geneous tests. Data from an array of LVDT's, strain gages and a
load cell is obtained with the aid of the high speed digital data acqui
sition system mentioned previously.

The J'simple shear deformation" test is a shear-wall test
wherein the top and bottom planes of the specimen are constrained to
remain essentially parallel. This test-type serves to calibrate all
modeling in a region of primary interest. The rheological items of
interest here are similar to those listed in the discussion of homo
geneous stress states.

The biaxial test system described previously is capable (with
modifications) of producing simple shear deformation under ideal
conditions as far as control is concerned. However, in view of an
existing shear wall test program at U. C. Berkeley, it was decided to
attempt to extract the necessary data for this case from this program.
The Berkeley test setup is illustrated schematically in Fig. 9. It is a
structural test and was not specifically des igned for the purpose of
furnishing fundamental material - behavioral information. The com
plexity of this test necessitated a considerable effort on the part of the
U. C. San Diego research team with respect to the installation of a
vast array of probes, data acquisition (the high speed U. C. San Diego
digital data acquisition system was used), and extensive data reduction
(conducted at U. C. San Diego).

SELECTED RESULTS
PANELS UNDER HOMOGENEOUS STRESS STATES

A complete description of the biaxial tests (3,4,5) is beyond the
scope of this presentation. For simplicity, attention is focused below
on sample results obtained to date under this program. Brief discus
sions are presented concerning the homogeneous stress-state tests and
the following associated items: 1) the initial macrocracking surface; 2)
macrocracking or failure and isotropy; 3) prediction of the initial macro
cracking surface from component data; 4) influence of reinforcing steel
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on initial and post-macrocracking behavior; 5) elastic moduli and anis
tropy; 6) elastic moduli and strength; and 7) damping and strain-rate
effects in the linear range.

Initial Macrocracking Surface

From both design and analysis standpoints, this represents one
of the most important aspects of material behavior. For unreinforced
specimens, the initial macrocracking surface in stress space is that
set of stress points at which failure occurs. For reinforced specimens,
and under normal reinforcing volumes, the initial macrocracking
surface represents the set of stres s points at which major cracking
occurs together with a primary load transfer from masonry to steel;
the latter is usually accompanied by a substantial drop in stress under
monotonically increasing strain, reflecting the reduction in the load
carrying capacity of the element over a certain interval.

Complete mapping of the initial macrocracking surface in the
stress space (N'll' N'ZZ' N' 2)' or the principal stress vs. S-space
(N II' N

2
' e), is a major undertaking. This problem is, however,

alleviated' by two facto rs; 1) extensive calculations concerning shear
walls and other complex structures reveal that, in most applications,
the normal stres s on head joint planes is small when compared with
normal and shear stresses on bed joint planes, i. e.

N ' «N' N'
11 22' 12

(3)

and 2) experimental data reveals a weak dependence of strength on
the layup angle e, i. e., the masonry under consideration is approxi
mately isotropic - a point to be discussed later.

A typical intersection of the initial macros cracking surface with
the plane N' 1 =0 is illustrated in Fig. 10 for fully grouted specimens,
the componeht properties of which are given in Table 1 for one speci
men set ("batch 6"). The rays in this figure repres ent the layup
angles and the corresponding proportional loading which results from
the condition N' 11 = 0 in equations (1) and (2); this furnishes the pro
portiona1loading relation

2
N 11 = - N22 tan e (4)

Data points, which represent statistical means of repeated tests, are
denoted by circles and triangles for unreinforced specimens and open
squares for reinforced specimens. Stresses shown are based upon
net cross-sectional areas. Steel volumes utilized in the reinforced
masonry are discussed in a subsequent section. The data indicates,
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as should be expected, that the initial macrocracking surface is not
appreciably influenced by reinforcement for practical ranges of steel
volumes.

For unreinforced specimens, two basic failure modes were
observed. In the tension zone (see Fig. 10), and in the compression zone
for leI> 15 deg., a brittle failure with a single crack was frequently
observed, as illustrated in Fig. 11 (a) (e = -45 deg.). In the compres
sion zone for 1e1< 15 deg., failure consisted of multiple cracks, as
shown in Fig. 11 (b) for e = -10 deg. For reinforced specimens,
multiple cracking was most frequently obse rved (this point will be
discussed subsequently).

The curves in Fig. 10 represent several macroscopic, analy
tical failure models considered to date. The dotted curve, shown for
"batch 6," is based upon the premise that failure occurs when a prin
cipal stress reaches either the tensile strength or the compressive
strength as sociated with a uniaxial, 0 deg. layup test. The solid
curves result from the premise that the failure envelope in principal
stress-space is linear in the tension-compression zone, as illustrated
in Fig. 12 for plain concrete under biaxial stress states. The resulting
model is seen to provide a more accurate description of material be
havior. The solid curves in Fig. 10 correspond to estimated (from
prism tests) compressive strengths, and measured (from 0 deg. Jay-
up panels) uniaxial tensile strengths for two groups of specimens.
Note that only two tests are necessary for construction of this failure
model: 1) the uniaxial tensile strength and 2) the uniaxial compressive
strength. The dashed curve in Fig. 10 represents a modification of
the solid curve for "batch 6, II to account for anisotropy; this was
accomplished by allowing the uniaxial tensile strength to vary with e;
this variation is discussed below. As can be observed, the correction
is small. For such cases, the initial macrocracking model depicted
by Fig. 13 is proposed (the compression-compression quadrant will
be treated later). The premise of linearity of the failure envelope in
the tension-compression zone of principal stress is substantiated by
biaxial data, Fig. 14, on unreinforced macroelements.

Macrocracking or Failure and Isotropy

Data on unreinforced macroelement tensile failure indicates a
slight increase in strength for layup angles near 45 deg., as shown in
Fig. 15, but the premise of material isotropy can be seen to hold with
in normal data-scatter for brittle materials of the type under consid
eration. For a layup angle of 0 deg., tension is applied to the bed
joints. Each curve in Fig. 15 represents a fit to the data of a second
degree polynomial.
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Table 1. Component Properties for Batch 6

Strengths (psi) Young's Mod. Poisson's
compressive tensile (106 psi) Ratio

mean std. dev. mean std. dev. cmpr. tnsl.
Block 3300 370 329 40 2.5 O. 16
Mortar 2420 410 J 215 47
Grout 3870 350 266 39 2.6 2. 3 O. 16

• data points, botch 6
- - - linear regression, botch 6

• dota points, botches 1-5
- linear regression, botches 1-5

,/
,/

,/ ..

Table 2. Tensile Strength Predictions

Grout Area
STD STD VIER
0.54 0.54

Panel Area

Grout Tensile Strength
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Panel Tensile Strength
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I. 06 0.99
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It should be noted that material anisotropy for a macroelement
is a direct function of block and grout strengths. The strength com
binations under study, by accident, led to an essentially isotropic
material. The latter can be destroyed by a nonjudicious selection
of block and grout strengths. Estimation of material anisotropy
from component properties is discussed below.

Prediction of Initial Macrocracking from Component Data

From both design and analysis viewpoints, it is highly desirable
that one be able to predict macroelement properties from component
properties and geometries. Extensive testing has revealed that this is
indeed possible. The degree of success and complexity of the model
involved, however, is a strong function of the number (distribution)
and type of flaws in the masonry. Several examples concerning the
initial macrocracking surface are given below to illustrate this point.

Consider once again the initial macrocracking theories repre
sented by the solid or dashed curves of Fig. 10. Recall that the solid
curves require material isotropy and two data points: the uniaxial
tensile strength and the uniaxial compressive strength. Correction
for anisotropy (dashed curve) requires an estimate of the variation of
uniaxial tensile strength with the layup angle e.

Let us consider the problem of predicting the neces sary tensile
strengths associated with the above models. For this purpose reference
is made to Fig. 15 ana. the open triangles. The open triangle for "batch
6" at 0 deg. layup is based upon the premise that (in the abs ence of
bond beams), the 0 deg. tensile strength is determined solely by the
grout tensile strength and area; little or no tensile strength is
attributed to the mortar bond - a fact which has been substantiated by
joint tests. The resulting strength estimate is seen to be excellent.
The reason? The "batch 6" specimens contained relatively few flaws.
Based upon the grout core/panel area ratio, the correlation between
component and panel 0 deg. tens ile strength is observed to be excel
lent for the STD VIB specimens and poor for the STD specimens.

The bridge from component data to masonry strength in the
presence of significant flaws necessitates a statistical analysis in
conjunction with a considerable number of tests. Although this topic is
extremely important, it is beyond the scope of this discussion. An
explicit, dramatic flaw influence on strength, and the fact that one can
predict strength.if.. the Haw type and distribution are known, is worth
noting at this point, however. Upon examination of the failure surface
associated with a direct tensile test of a puddled prism with no admix
ture, the cross-hatched area of Fig. 16 was deduced to be free from
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flaws, i. e., the rem.aining area represented a flaw in which no bond
existed across the plane of failure. Based upon the m.easured
tensile strengh of the grout, and the m.easured area of integrity, the
tensile strength of the prism. was predict ed within a few percent
accuracy. The ratio of the area of flaw-free grout to the total
grout area was 0.67. Thus, there can be no doubt that flaws signif
icantly influence strength.

The strength of a 90 deg. layup specim.en in uniaxial tension
is prim.arily a function of block strength. A typical failure pattern is
iHus trated in Fig. 17. The head joints contribute little to ove rall
strength of a m.acroelement, and inspection of fa iled specimens
revealed that most grout cores separated cleanly from the webs.
Addition of the area of web that adhered to the grout core to the area
of the face shells provides the estimate of macroelement strength at
90 deg. shown as the open triangle in Fig. 15. The estimate is seen to
be reasonable, and should not be significantly influenced by flaws.
Block strength here was determined by direct tensile testing of
coupons saw cut from full-blocks.

The prediction of m.acroelement compressive strength from
component properties is not straightforward and this subject is currently
under study.

Finally, the problem associated with flaw influence on 0 deg.
uniaxial tensile or compressive strengths can be alleviated consider
ably by careful use of prism tes ts. In the case of tensile strength,
three course prisms, fabricated and cured in the field using techniques
that mirror (as close as is feasible) those of the full-scale masonry
have been found to provide good to excellent correlation wi th macro
element data; examples are included in Table 2 and Fig. 15 (the open
square). The use of prism tests for compressive strength requires
extreme care; discussion of this subject is contained in a separate paper.

Influence of Reinforcing Steel on Initial and Post Macrocracking Behavior

The influence of reinforcing steel on the extent of macrocracking,
and on the nQnlinear post-macrocracking response, is of major concern
in our studies. Current reinforced specimens are fully grouted with
two number five bars {grade 60} at approximately 32 inches on center
both vertically and horizontally. The steel area in each direction is
O. 6 ina, whereas the net cross -sectional panel area is 487 ina;
this gives a steel/masonry area ratio of .00126 in each direction,
which exceeds minimum DBC requirements.
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Tests of reinforced specimens required a more complex
fixture design than that associated with the unreinforced tests
(see Fig. 3); a schematic for a typical 20 deg. layup is shown in Fig.
18. Note that the steel is welded to a steel plate on the "tensile ll edge
of the biaxial test; the plate is, in turn, hard bonded to the load dis
tribution fixture; a soft bond is utilized on the 1l compression11 edge.
Specimen fixturing was designed to provide a uniform (tensile) strain
field in both steel and masonry prior to macro cracking. Displacement
(or strain) control was employed on the lltensile ll edge via the use of
LVDT's; loads on the "compressive" edge were adjusted for pro
portional loading by measurement of average tensile loads using load
cells and appropriately modifying the signals to the compression
actuators (servo valves).

Several important aspects of the reinforced tests are noted
here. First, as was previously indicated, the initial macrocracking
stress surface is not significantly influenced by steel/masonry
area ratios of .00126 or less. Thus, failure envelopes, Fig. 10,
as determined from unreinforced tests should predict the onset of
major cracking. A typical comparison of reinforced and unreinforced
results is given in Table 3.

Second, while the above steel/masonry area ratios do not
influence the onset of cracking, they most certainly have a dranlatic
influence on crack distribution and on the individual crack size (open
ing). Whereas_single cracks were observed in unreinforced specimens
for 181 > 15 deg., multiple or distributed cracks were observed in all
reinforced tests. Comparative examples of reinforced vs. unreinforced
fracture modes may be found in Figs. 19-22. The domain of cracking
was found to increase with an increase in the magnitude of the principal
compressive stress, i. e., as leI decreased in the proportional load-
ing tests.

Third, steel/masonry area ratios on the order of .00126 or
less are not sufficient to prevent an unstable branch of the stress-
strain curve associated with the principal stress direction perpendicular
to the crack(s) plane(s). Typical such curves are shown for 0 deg.
and 20 deg. specimens in Figs. 23 a, band 24 a, b respectively, for
both monotonically increasing and cyclic (tensile) strains. The asso
ciated macroelement tensile stress drop is observed to be dranlatic
for the uniaxial case (0 deg. ) and the materials used; the magnitude
of this drop, given the above steel area, will increase with an increase
in grout tensile strength. The magnitude of the drop is less for spec
imens in the 15 to 20 deg. range since the compressive principal
stress lowers the tensile principal stress at initial macrocracking
(see Fig. 14). The strain interval over which the slope of the stress
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strain curve is negative (approximately. 01 percent) represents a
decrease in load carrying capability of the element. This reduction is
attributed to 1) a load transfer from masonry to steel and 2) the fact
that the steel area is not sufficient to maintain the original load
without considerable extension.

Fourth, upon continued monotonic straining of the specimen,
reloading is observed, the slope of which is less than that of the masonry
but larger than that of the steel alone. This slope is monotonically
decreasing. The stress level at initial macrofracture mayor may not
be reached again depending upon the steel area, the steel yield stress,
and the biaxial stress-state at initial macrofracture.

Finally, upon cyclic straining from zero to a tensile strain,
stiffness degradation can be observed, Figs. 23 a, b, 24 a, b. This
degradation is accompanied by an increase in crack density and
crack domain for each cycle.

Elas tic Moduli and Anisotropy

Data on stiffness parameters is essential to both design and
analysis of concrete masonry systems. Several important items in
this area concern the elastic moduli at low stress levels, the degree
of anisotropy of the above, and the ratio of Young's modulus to f J •

m

Typical variations of Young's modulus and Pois son l s ratio with
e for the material discussed above are illustrated in Figs. 25, 26.
This data was obtained by uniaxial compression tests in the range 0-300
psi. A linear regression analysis of the data reveals a trend in which
both moduli decrease from e = 0 deg. (compression across bed joint
planes) to e= 90 deg. (compression across head joint planes). Since
most specimens provide two data points (by reversing the roles of the
principal stresses), one may observe this trend in the absence of
data scatter by following the same specimen number in Fig. 25. Com
pare, for example, e = 15 deg. with e= 75 deg. for specimens 19, 20,
or 22 in Fig. 25, or compare e = 30 deg. with e = 60 deg. for specimen
32. Note that, while the data exhibits anisotropy, the materials under
discussion may be approximated as isotrbpic within the data scatter
observed.

Elastic Moduli and Compressive Strength

Typical data (means of multiple tests) concerning the ratio of
Young's modulus to e is shown in Table 4. The elastic modulus was
computed from panelr:aata in the 20 to 145 psi compressive stress
range, and is in good agreement with data from five course prisms
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105.9
107.3

78.2
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standard deviation 241 102 126 93



1-23

in a similar s tress regime. The values of f' employed were obtained
from five course prisms laid in stack bond. ~he ratio of modulus to
f ~ is in good agreement with the DBC (Table No. 24-H, 1967 version;
i:m,pection column) in which the number 1000 is assumed.

Damping and Strain-Rate Effects

Figure 27 shows typical compressive cyclic stress-strain data
(same specimen) ranging from a slight prestress to approximately 250
psi for five strain rates from. 05Hz to 2.0 Hz. Each figure depicts two
cycles. Several extremely important observations regarding material
behavior can be extracted from this data, which is typical.

First, the data clearly exhibits little or no strain-rate dependence
over frequencies extending from essentially quasi-static to typical ex
pected mode frequencies for full-scale structures. Both slopes and
hysteresis loops remain invariant with frequency in the above range.

Second, the hysteresis loops provide a measure of energy
absorption or damping in the 'Ilinear elastic" regime. The fact that
the areas of these loops are not a function of frequency implies that
material damping should not be modeled as vis cous damping.

The implications of the above observations may be considerable.
For exaIYlple the current earthquake response spectrum approach (9)
to the seismic design of buildings is based upon the premise that the
damping involved is of the viscous type. If the damping associated
with a complete structure is primarily the result of material behavior,
then this premise is suspect in view of our findings. This potential
problem is compounded by the fact that the response spectrum is highly
sensitive to the damping assumed.

One may argue here that the first mode (or the first few modes)
of a building performs as a narrow-band filter, and hence that one may
approximate the structural damping mechanism as viscous wherein the
damping factor is determined from data (logarithmic decrement) in
the neighborhood of the modal frequency of interest. This approximation
may suffice if conducted properly. Unfortunately, it does not appear
that this has been the case in practice.

Consider, for example, the percent critical damping factors
claimed in some masonry promotional literature (l ). Values ranging
from 8 to 10 percent have been proposed for some masonry materials.
Such information has evolved from the measurement of the rate of
decay (logarithmic decrement) of material response to a transient
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blow from a hammer (in-plane), a steel-balI-pendulum impact (1)
(out-of-plane), etc. Two things are wrong here. First, the
response frequencies associated with such tests are too high - by
several orders of magnitude in some cases; this results in artificially
high damping coefficients (damping is certain to be frequency dependent
for sufficiently large frequencies). Second, and more important, the
concept of critical damping has been incorrectly used. The latter is
based upon the response of a single degree of freedom oscillator; the
percent critical damping calculation necessitates a knowledge of the
mass and frequency of this oscillator. If the oscillator is to be asso
ciated, e. g., with the first mode of vibration of a building, then the
effective mass and frequency must correspond to this mode. That is,
the percent critical damping is a function of the assumed mass and
the modal frequency.

It is of interest to estimate how far off the above mentioned 8
to 10 percent critical damping factors are, based upon the assumption
that such numbers originate from the concrete masonry and not from
connections or non- structural elements. Consider Fig. 27. If the
damping is sufficiently small, the transient response to an initial
value problem will be nearly harmonic. Suppose, as the data indicates,
that material damping is independent of frequency. As in the case for
viscous damping, the rate of decay curve is exponential and the decre
ment is a constant. The decrement for a macroelement can be calcu
lated from Fig. 27 by measuring the areas representing hysteresis and
strain energy, and by computing the loss of strain energy per cycle.
If this quantity does not depend on stress amplitude, then the decre
ment for a macroelement is the same as the decrement for a full-
scale structure composed of the same material, 1. e., the energies
of the SUbcomponents can be summed to yield the energy of the
structure. Thus, one may now speak of a structural mode of vibration.
The result? Critical damping factors of less than 2 percent are
observed when the measured decrement is applied to an "equivalent"
viscous model. Thus, if 8-10 percent critical damping factors are to
be employed in practice for concrete masonry structures, such high
values must be the result of connection behavior, or some other
aspect of the structure.

The foregoing discussion concerned low stress amplitudes,
e. g., material response in the essentially linearly elastic range.
Energy absorption and strain- rate dependence in the high stress
range is also under study, but will not be discussed herein.
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SELECTED RESULTS
PANELS UNDER NONHOMOGENEOUS STRESS STATES

Brief discussions of several salient results and important
features of the nonhomogeneous stress-state test series are presented
below. Primary emphasis is placed on the use of data from the homo
geneous stress-state tests to predict 1) the failure load associated with
the diagonal compression tests and 2) the nonlinear response of shear
walls under both monotonic and cyclic loading.

Diagonal Compression

The diagonal compression test is conducted on square, 64x64
inch unreinforced but fully grouted masonry specimens, to which
compressive loads are applied at two opposite corners (see Fig. 7,8).
The loads are applied through steel caps which extend along the panel
edges approximately 10 inches from the corners. A layer of hydrocal
is employed between the caps and the panel. The displacement of the
cap is increased until fracture occurs. A typical failed specimen is
shown in Fig. 28.

The diagonal compression test closely approximates a plane
stress boundary value problem for which an analytical solution is
available (2) (see Fig. 8) for the stress field. Here the loads are
taken as point loads and the material is assumed to be homogeneous,
isotropic, and linearly elastic; the resulting stress field is independent
of the material elastic constants. Examination of this solution reveals
that fracture will occur at the panel center. The analytically predicted
principal stresses at this point are

0'1 = 733.6 T , 0'2 = -2380 7-, T = 0.707 P d/ at (5)

where a, t, Pd denote panel edge length, panel thicknes s and applied
diagonal load, respectively. Corrections to this stress field for the
actual test boundary conditions were determined via a finite element
analysis; it was found that

at the panel center.

0' = -2186 T
2

(6)

In order to predict, from homogeneous biaxial tests, the load
Pd at which fracture occurs in the diagonal compression test, one
needs the results of a test for which the principal stresses are in the
same ratio as those of (6), namely -3.45. Since homogeneous data
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was available for a ratio of - 3.00 and a layup angle of 30 deg. relative
to the principal stresses, a layup angle of 30 deg. was selected for the
diagonal compression tests; the specimen(s) were of the same "batch"
as the homogeneous tests. The load Pd was predicted by correcting
the principal stress ratio by application of the model discussed pre
viously, in which there is a linear decrease in tensile strength (0'1)
with an increase in compressive stress (cz) (see Fig. 13).

Three diagonal compression tests were conducted. The last
two specimens were from a different batch than the first specimen,
and for this batch strengths were generally lower, and some data
scatter was observed. For each batch two homogeneous biaxial tests
with a ratio of - 3.00 were conducted. The predicted values and results
of the tests are given in Table 5. The agreement is good, and it indi
cates that the biaxial data may be applicable even for cases in which
the characteristic length associated with a nonhomogeneous stress
field is of the same order as the block dimensions.

Simple Shear Deformation

The purpose of the expe rimental vs. theoretical comparisons
presented below is twofold: 1) to illustrate the ability of our micro
modeling procedure to simulate the basic features of a highly complex
process as sociated with shear wall deformations in the nonlinear
regime of material response and 2) to ascertain the ability of an ele
mentary macromodel to predict the initiation of macrocracking in
shear walls. The former will be discussed in a companion paper; the
latter is noted below.

Data for the experimental portion of the comparisons was
obtained from the U. C. Berkeley shear wall/pier test program. The
specimens selected for study were 48 inches wide and 56 inches high,
with top and bottom bond beams (64 inches high including bond beams).
A schematic of the test setup is given in Fig. 9. Initial vertical pre
load is applied to the specimen by springs; horizontal loads or dis
placements are applied by dual actuators which, in tq.rn, are part of
a MTS closed loop hydraulic servo system. The top and bottom sur
faces of the bond beams are " r igidlyl' attached to steel beams by
means of connectors embedded in the bond beams. The (passive) ver
tical columns serve to prevent relative rotation of the top surface with
respect to the floor-plane.

Three test-types were selected for discussion. They include:
1) monotonic loading of an unreinforced specimen; 2) monotonic loading
of a reinforced specimen; and 3) cyclic loading of a reinforced speci
men. The reinforced shear wall had two No. 5 bars (grade 60) placed
vertically in the end grout cores. Both unreinforced and reinforced
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specimens were fully grouted; mortar bedding was face shell only.

Based upon 1) a linear finite element analysis, 2) the initial
macrocracking envelope (obtained from homogeneous tests or com
ponent properties) and 3) the premise that macro cracking initiates in
the central element, one can predict the ultimate load of a given
shear wall within ten to fifteen percent accuracy. Such a simple
approach does not, of course, reveal damage accumulation, the result
ing stiffnes s degradation, and the proper hysteretic behavior. A
macromodel capable of reflecting these items is under development.

SUMMARY

Data from biaxial tests show that the tensile strength of con
crete masonry decreases with compressive stress, and that a linear
relation between these two variables predicts accurately the initial
macrocracking stresses for an arbitrary combination of bed joint
normal and shear stresses. Results from uniaxial tests are used to
modify slightly the macro cracking law to account for anisotropy.
It is found that masonry tensile strength can be predicted from com
ponent strengths if the grout flaw distribution is known. Reinforcing
steel in normal amounts has little effect on the initial macrocracking
stresses, and allows reloading after a drop in stresses due to initial
cracking. Some anisotropy in elastic moduli is observed, and
damping is seen to be independent of strain rate. Finally, the results
from homogeneous macroeleInent tests are used to predict with good
accuracy the failure loads for two tests with complex nonhomogeneous
stress states.
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APPENDIX lI.-NOTATION

The following symbols are used in this paper:

a = length of edge of diagonal compression panel

f' = masonry unit compressive strength
c

f' = masonry compressive strength
m

NIl' N
22

= principal stress resultants

N ~ I' N~2'Ni 2 = stress resultants for layup coordinates

P d = failure load for diagonal compression test

t = masonry wall thickness, 7. 63 in.

Xl' x 2 = coordinates in principal stress directions
, ,

coordinates in layup directionsXl' x 2 =
e = layup angle

= principal stresses at center of diagonal compression
panel

7" = 0.707 P d/ at
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THE DEVELOPMENT OF A TECHNIQUE FOR INVESTIGATING THE DURABILITY OF
REINFORCING STEEL IN REINFORCED CONCRETE BLOCKWORK

By Roberts, J.J., Cement and Concrete Association

ABSTRACT: As part of a programme of research into the behaviour of
reinforced concrete blockwork retaining walls it was considered
necessary to investigate the durability of the reinforcing steel.

An electrical ~esistance technique has been used to determine the amount
of corrosion that might take place on the steel contained in ~einforced

masonry. This test procedure can be applied to the practical conditions
of site exposure and finished structures, is fairly simple, ';mt is,
nevertheless, suitable for laboratory use for accelerated tests.

This paper summarizes the work that has been carried out over the last
four years and presents preliminary results from some of the exposure
sites, which indIcate conditions under which the steel might corrode.
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THE DEVELOPMENT OF A TECHNIQUE FOR INVESTIGATING
THE DURABILITY OF REINFORCING STEEL IN

REINFORCED CONCRETE BLOCKWORK

By John J. Roberts,' BSc(Eng) PhD CEng MICE

INTRODUCTION

Reinforced concrete blockwork has not been widely used in the
United Kingdom because there has been a lack of design information on
this topic in the Code of Practice. Furthermore, seismic problems are
not encountered as they are in North America, and, traditionally,
little serious attempt was made to tie the components of a building
together. Six years ago, it was decided to investigate the behaviour
of reinforced blockwork walls subjected to flexural loading only,
because" it was felt that more use could be made of reinforced masonry
retaining walls if realistic design information was made available.
Subsequently, increased emphasis on lateral wind loadings, changes in
stability requirements, and more fundamental construction changes
resulting from the necessity to produce walls with better thermal
performance will probably result in the increased use of rein£orced
masonry.

An important part of the Cement and Concrete Association's research
programme on this topic is the investigation of the durability of the
reinforcing steel embedded in the blockwork. An electrical resistance
technique has been used to determine the extent to which the steel might
corrode. This test procedure can be applied to the practical conditions
of site exposure and finished structures, is fairly simple, but is,
nevertheless, suitable for laboratory use for accelerated tests.

This paper summarizes the work that has been carried out over the
last four years and presents preliminary results from some of the
exposure sites which indicate conditions under which the steel might
corrode.

1 Section Head, Construction Research Department, Cement and Concrete
Association, Wexham Springs, Slough, Berks, England.
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SELECTION OF A SUITABLE TEST METHOD

Although a considerable amount of work has been carried out over
many years into various aspects of the corrosion of reinforcing steel in
concrete, little research has been carried out into the durability of the
steel in reinforced blockwork or brickwork. A literature study was
carried out to establish the extent of current knowledge and this has
been published elsewhere (1). The review of the literature included many
papers dealing with reinforced concrete which contained information on
testing techniques which could be applied to reinforced masonry. The
recommendations of various authorities on the minimum cover to the steel
were also reviewed.

In considering a test to assess the durability of reinforcement in
concrete blockwork the following requirements were considered desirable:

1. The test should be capable of application in the practical
conditions of site exposure and to finished structures.

2. The equipment and test procedure should be simple to facilitate
its use on site.

3. The test method should be suitable for laboratory use for
accelerated tests.

It was thought worthwhile to employ a test that may be used under
realistic service conditions because the results of site tests would be
readily acceptable to engineers and others involved in the specification
of blockwork. The disadvantage of site testing for corrosion is that,
because of the nature of the process, a considerable time period is
usually involved in the assessment of the performance of the structure.

Seven techniques were considered:

1. Visual inspection of the degree of corrosion.

2. Destructive testing to establish loss of strength of reinforcing
steel.

3. Electrode potential.

4. Galvanokinetic polarization.

5. Constant anodic current polarization.

6. Polarization resistance.

7. Electrical resistance technique.
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After careful consideration of the advantages and disadvantages of
each method, it was decided to use an electrical resistance technique.
This method of test has several advantages for blockwork:

1. It is essentially simple.

2. Examination of the corrosion gauge may enable the position of
the corroded area to be determined, e.g. near a mortar joint.

J. The rate of corrosion may be monitored.

~. It is equally applicable to site and laboratory investigations.

5. Readings may be taken remote from the gauge.

The major disadvantage is the information is only obtained about
locations at which gauges have been placed.

THE ELECTRICAL RESISTANCE TECHNIQUE

The basic concept of the test is that a thin section of steel, when
corroded, will undergo a large change in electrical resistance because
the corrosion products do not conduct electricity. The electrical
resistance corrosion gauges were made from proprietary mild ste21 shim
and the ultimate tensile stress for the gauges was 6~0-800 N/mm ,
increasing with decreasing thicknesses of the shim. Three thicknesses
of gauge were employed, 0.05, 0.10 and 0.15 mm, the width of each gauge
being 6 mm. The length of the gauges varied according to the type of
installation required, from 100 mm up to about 1 m in length. Lengths
beyond 1 m would be very difficult to handle and install in wall
elements.

The resistance of the gauges was measured by a Kelvin double bridge,
which is designed for the accurate measurement of low resistances. By
using a four lead arrangement, the effect of lead resistance was
minimized. Power for the bridge was provided by a stabilized power
supply of variable output. A solid-state null detector was employed
which, although similar to a mirror galvanometer in its accuracy and
sensitivity, was sufficiently robust for site use. In the laboratory
readings could generally be repeated to within 0.2 m2~

The effect of temperature on gauge resistance was determip~d over
the range _5°C to ~OoC for each thickness of gauge (0.05, 0.10 and
0.15 mm) by tests carried out in a temperature-controlled cabinet. The
results, corrected for the effect of lead resistance, are expressed in
terms of ~R * against temperature (related to a datum temperature of

R
o

* where ~ R is the change in resistance from time of commencement of
test until time T, i.e. ~ R = R - R •

o
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oo C for R). All readings taken on the site or in the laboratory are
o

corrected for temperature.

The effect of the moisture content of the masonry on 'gauge
resistance was also investigated in the laboratory but the largest
differences in moisture content gave only a 1% difference in the
indicated resistance and it was therefore considered unnecessary to make
a correction for this effect.

The composition of the steel used to fabricate the corrosion gauges
was, because of the method of manufacture, different from that of the
reinforcing steel. Tests were therefore carried out in order to be able
to correlate the results of tests using the corrosion gauges with the
behaviour of steel reinforcement. Tensile strength tests were also
carried out on the gauges to establish the way in which corrosion affects
them. The programme involved maintaining gauges and steel under known
aggressive conditions, weight loss and tensile strength being recorded at
set intervals.

It is important to note that these tests are being continued over a
period of years and that interim results only are presented in this paper.
The specimens were maintained in concentrated ~alt solution to produce
severe corrosion. Preliminary results of log R against time are

presented as Figure 1 for three gauge thickness~s. All results apply to
gauge resistance only, lead resistances have been eliminated and all the
results have been corrected for temperature.

The relationship between: and ~ (failure stress at time T over

original failure stress) for thg specimgns are presented in Figure 2.
Also plotted is the hyperbola which, if corrosion occurred completely
uniformly overRthe surface of the specimen at a constant rate, would be
the curve of R: against ~ • It is apparent that corrosion occurs

in a more local~zed form sucg that the resistance changes more rapidly
than the indicated tensile strength. The shape of the measured and
theoretical curves are similar with the thinnest gauge giving the best
correlation. This may possibly be explained by the fact that the
difference in effect between pitting and general corrosion is less
significant in a very thin section because the steel is quickly corroded
through.

The measurements of weight loss were used to evaluate the W
proportion of reinforcement remaining in the dimensionless form W

This parameter was thought to be of more use in making an assessmegt of
the effect of corrosion on the structural performance of the masonry
than the loss of weight because the engineer is able to make directly
a notional calculation for the effect of the weduction in the area of
reinforcing steel. The relationship between w- for the 6 mm diameter

mild steel bars is related to log ~ for the ~hree thicknesses of
corrosion gauge in Figure 3. 0
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There was a wide scatter in the results, as might be expected in
conjunction with the weight loss method, and the best fit curves are
shown in the Figure. These interim results are sufficiently accurate
to indicate the relationship between the electrical resistance gauge
readings and the weight loss for a mild steel bar. The weight loss
results for other diameters of reinforcement were not as consistent as
those for the 6 mm diameter reinforcement. Some preliminary results for
various specimen sizes are provided in Table 1, although more extensive
longer term results will be available in due course. The more variable
results from 10 mm and 16 mm bars are related to the more consistent
6 mm results by expressing the weight loss as a proportion of the
perimeter and, hence, of the diameter of the reinforcement. This is
verified very well for the 10 mm diameter mild steel bar and quite well
for the 16 mm mild steel bar. Inevitably, there will be considerable
variation in any experiment of this kind. The weight loss for the high
yield steel is markedly less than for the corresponding mild steel.

By considering the weight loss in terms of volume of the steel and,
hence, determining the change in area (assuming completely uniform
corrosion) the reduction in indicated strength, expressed as a function
of the original strength for the 6 mm diameter reinforcement, is 0.007;
the measured value from the tensile strength tests was 0.011. For the
16 mm diameter mild steel reinforcement, the measured value of tensile
strength after the 28-week period, expressed in terms of the original
strength, was 0.992.

SITE TRIALS

A number of trial sections of walling or, alternatively, small wall
panels have been constructed containing electrical resistance corrosion
gauges. The oldest walls are now some four years old.

Details of each installation vary from site to site, some factors
being changed to provide additional variables. Typically,
390 x 190 x 190 mm dense-aggr~gate hollow concrete blocks were employed,
each containing two vertical cores. A 1:i:3 by volume cement:lime:sand
mortar was usually used to lay the blocks. Usually, the cores were
filled with a 1:3:2 by weight mix of cement:sand:l0 mm maximum size
aggregate.

For convenience, the ends of the corrosion gauges were cast in small
cylinders of concrete. This concrete not only protected the potting
compound covering the electrical connections but also made the
positioning of the gauges in vertical cores easier. Using this technique,
gauges up to 1 m long have been positioned, although some care is
required to retain them in position whilst the cores are filled. Gauges
for positioning in horizontal joints to simulate bed joint reinforcement
needed to be positioned as construction proceeded.

A summary of the exposure sites currently in operation is provided
in Table 2.
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Half-block specimens containing corrosion gauges were usually filled
on site using the same materials as were used in the main wall. These
control specimens were returned to the protected environment of the
laboratory and the resistances were monitored periodically.

RESULT OF EXPOSURE TRIALS

The idealized behaviour of reinforced blockwork walls in practice is
shown in Figure 4. There is an initial period of time, t , during which
no corrosion occurs because of the protection and passivi~y offered by
the concrete and masonry to the steel. Due to the effects of carbonation,
the ingress of chloride ions etc., this passivity is reduced until
suitable conditions are brought about for the onset of corrosion. The
period t

1
then represents the time until the corrosion reaches an

unacceptable level with respect to loss of structural performance and
disruption of the masonry. Clearly the period t + t

1
represents the

limit state of corrosion in terms of design life?

In the case of the laboratory trials using solutions containing
chloride ions, to is extr~melY sma:l compared.to t

1
and in the case of

some of the exposure speclmens dellberately glven lnadequate cover
corrosion clearly started shortly after construction of the walling was
completed.

The oldest exposure walls were those constructed at Lowestoft, as
described in Table 1. One of the two exposure panels at this site is
shown a~ Figure 5. The results from these walls are presented as graphs
of log ~. The results for the gauges in the inner harbour wall, wall 1,
are stea8y over the 700-day period after indicating a small change in
gauge resistance over the first 300 days. The gauge with the least cover
indicates a slightly higher resistance than the gauge located in the
centre of the core.

For the very exposed sea wall, wall 2, both gauges corroded
completely. In the case of the gauge with the least cover thRcorrosion
occurred at a faster rate and the curve crosses the line log ~ ~ 2 at
200 days.

R
The curve for the gauge at the centre of the core cPosses the

line log ~ = 2 at 500 days.
o

Both walls were broken open after 700 days and the shims and
reinforcing steel examined. The reinforcement in both walls had a cover
of infill concrete which varied from about 6 mm to around 20 mm depending
upon the taper of the blocks. At the points where the infill concrete
cover was at a minimum the concrete block cover was, of course, at a
maximum.

The three reinforcing bars taken from wall 1 did not exhibit more
than the superficial corrosion present on the reinforcing steel when the
walls were built, although some discoloration was noted at the mortar
joints.
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For wall 2, in which the gauges indicated appreciable corrosion, the
three specimens of reinforcing steel were examined and in places the bars
were quite deeply pitted. It was apparent that more corrosion had taken
place towards the bottom of the wall and at points which corresponded
with the mortar joints in the wall.

To examine the infill concrete, some sections of the reinforcement
were removed complete with core concrete. The compaction of this
concrete was not quite as good as was achieved in the laboratory with
wall specimens used for structural tests and was probably attributable to
the use of a lower water content than for the laboratory wall sections.

Care was taken when removing the corrosion gauges. However, because
the gauges were only 0.05 rom thick, it was impossible to examine in
detail the gauges to determine where corrosion was occurring. It was
found, however, that for the gauge in wall 2 with the least cover that
corrosion appeared to have occurred at the mortar joint in at least one
place.

The half-block specimens made at Lowestoft at the same time as the
walls and stored in the laboratory did not exhibit any change in
resistance of the embedded corrosion gauges. This result was anticipated
because of the very sheltered laboratory environment, but does help to
confirm the validity of the test procedure.

The results for the section of walling instrumented at Nant-y-Geifr
are presented in Figure 7. Gauge 1 indicates that severe corrosion was
taking place and the curve crosses the line log ~ = 2 at 120 days.

This gauge was situated against the face of the blgck with little or no
concrete cover. However, the other gauges located at the same position,
and the two gauges embedded in the cores of blocks, do not indicate that
serious corrosion was taking place after a period of four years. This
anomaly is possibly explained by the degree of compaction of the infill
concrete. The mix for filling the core around gauge 1 was too stiff to
be efficiently compacted with a tamping rod. More water was, therefore,
added to the mix and this modified mix was used to fill the cores
surrounding gauges 2, J and 4. Although by increasing the water/cement
ratio of the mix the porosity of the hardened concrete would tend to be
increased, it is apparent that it is more important to be able to compact
the concrete well to provide the appropriate cover to the reinforcement.
Although gauge J did not superficially have any cover from the infill
concrete, the tamping of the flowing infill mix probably gave the gauge
a coating of cement grout which provided some cover in addition to the
concrete block. It was not possible to examine the condition of the
gauges visually because they were contained in a retaining wall rather
than a trial wall.

For the two pairs of walls at Wexham Springs, no significant change
has been noted in gauge resistance over a period of three years. Small
differences in readings from week to week are accounted for by small
errors in the temperature correction applied. Air temperatures were used
to obtain the correction factor whereas the temperature within the
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blockwork, depending upon depth from the outer face, could be
significantly higher or lower because the wall has a high thermal
capacity. Thermo-couples have been located in the more recent silage
retaining walls constructed at Hurley along with the electrical
resistance corrosion gauges. This enables a more accurate correction to
be made.

For the Allington exposure walls, no significant change in
resistance has yet occurred after periods of exposure of two years.

SUMMARY

The electrical resistance corrosion gauges may be employed to
indicate whether corrosion would take place on reinforcing steel exposed
to the same conditions. It is possible to quantify the rate and amount
of corrosion taking place under practical conditions by first calibrating
similar gauges with the behaviour of reinforcing steel under laboratory
conditions.

In three cases, the corrosion gauges indicated that severe corrosion
would take place on reinforcing steel exposed to the same conditions at
the exposure sites. Two of these gauges were located in a wall in a
position of severe exposure to the sea in an area where a very high
quality concrete was required for adequate performance in sea defence
structures. It was, therefore, anticipated that the gauge with no
infill concrete cover would corrode. The gauge, located in the centre
of the core,had a total cover of 95 mm and a minimum cover of infill
concrete of about 50 mm. It is apparent that, for this severe exposure
condition, the protection was inadequate. Although the compaction of
the concrete was not as good as could be achieved, it is probably
representative of that which might occur in practice. It is, therefore,
essential to achieve better workmanship in areas of severe exposure.
This might be achieved by the use of a superplasticizer.

The corrosion of the gauge in the Nant-y-Geifr water-course seems
to have been directly attributable to a poorly compacted infill concrete.

In all other cases, the durability of the reinforcement seems to be
assured to date under the conditions of exposure to which they have been
subjected. This tends to suggest that the protection afforded to the
reinforcing steel by the blockwork can partially contribute to the
overall cover to the reinforcement, although it is suggested that, even
in fairly well protected locations, the reinforcing steel should have a
cover of infill concrete of at least 6 mm, as indicated by American and
Canadian Codes (2, 3). It is not possible to attach too much
significance to the few results obtained to date; now that it has been
established that the test procedure is effective, the results of the
other more recently instrumented exposure sites should be of considerable
value in due course. Inevitably, this type of information takes a
considerable period of time to collect.
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It is not possible to quantitatively relate the gauge change in
resistance to the corrosion of the reinforcement but significant
corrosion and pitting were present on the three bars removed from wall 2
at 700 days which confirmed the corrosion predicted by the corrosion
gauges.
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APPENDIX II - NOTATION

The following symbols are used in this paper:

R resistance of corrosion gauge at commencement of test
o

R resistance of corrosion gauge after a given time

t time to onset of corrosion
o

t
1

timefrom onset of corrosion until limit of acceptable corrosion

W original weight of reinforcing steel
o

W weight of reinforcing steel after a given time period

T time from the commencement of the test

o original failure stress of specimen
o

o failure stress after a given time period

L\R R - R
o



TABLE 1. - Total Weight Load over 28-Week Period for Various
Specimens of Reinforcing Steel
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Diameter of
reinforcement

(mm)

a
6 M.S.

10 M.S.

16 M.S.

16 H.y.b

Weight loss
over 28 weeks

(g)

0.27

0.67

(2)
Ratio TiT

(g/mm)

0.0~2

a
M.S.

b H. Y. =::

Mild steel
High yield steel
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TABLE 2. - Summary of Parameters under Investigation at the Exposure Sites

Site

Lowestoft

Nant-y-Geifr

Wexham Springs

Hurley

Allington

Wall 1

Wall 2

Wall 1

Wall 2

Wall 3

Wall 4

Wall 1

Wall 2

Wall 3

Wall 4

Description of
location

Tide level of
inner harbour

On sea wall

Part of
watercourse

retaining wall

Test panels in
protected

environment

Part of silage
retaining wall

Near sluice in
River Medway

Variables

Depths of cover gauges at
centre of core as against
exposed face of blocks.

Depths of cover - gauges at
centre of core or against
exposed face of blocks.

Depths of cover 95, 85, 75,
65 and 55 mm to gauges.

Gauges at centre or side of
blocks. Three designs of
infill mix.

As wall 1 but soaked twice
weekly with salt solution.

As wall 2 but soaked twice
weekly with salt solution.

Gauges at sides or centre of
vertical cores.
Horizontal gauges in bed joints.
Thermo-couples used to monitor
temperatures.

Depths of cover 50, 55, 60, 65,
70, 80, 95.
Type and size of block.
1:t:3 and 1:1:6 mortar.
0.05 and 0.15 mm thick gauges.
Specimens of reinforcing steel
with same range of covers as
gauges.
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GROUT-BLOCK BOND STRENGTH IN CONCRETE MASONRyl

by

R. O. Nunn2
, M. E. Miller3 , G. A. Hegemier4

ABSTRACT

Results of a series of shear tests on cores taken from masonry
walls are presented. The influences of wall height, grout admixture,
and vibration compaction are discussed. ,It is found that standard
puddled grout produces a large proportion of zero strength bonds,
and that this problem is nearly eliminated through the use of admixture
and vibration. Photographs illustrating grout-block separation and
face shell spallation are included.
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GROUT-BLOCK BOND STRENGTH IN CONCRETE MASONRy l

by

R. O. Nunn, M. E. Miller, G. A. Hegemier2

INTRODUCTION

The grout and block of concrete masonry are often assumed to be
perfectly bonded by analysts, who treat masonry as a homogeneous
material similar to concrete. While this practice may be convenient,
inspection of laboratory and field specimens indicates that it constitutes
a poor approximation under some loading conditions.

An opportunity to examine in detail the grout-block bond was
recently afforded by saw-cutting of concrete masonry walls as part of
a research program being conducted at the University of California,
San Diego (1). Separation of grout cores from face shells was fre
quently observed, as shown in Fig. 1. Further indication of low bond
strength is provided by masonry walls whose face shells break away
from the grout cores (spallation) under loading. Such was the behavior
of prisms (Fig. 2) tested at the University of California, San Diego (2),
shear walls (Fig. 3) tested at the University of California, Berkeley
(3), and of load bearing elements of the juvenile facility and other
structures (Figs. 4a, b), which were damaged in the San Fernando
earthquake of 1971. The variability in geographical location, block
type, grout mix, grout lift height, and grout consolidation methods
employed in these example cases clearly indicates that the problem is
widespread and not simply a local phenomenon (4).

Eliminating grout-block separation due to grout shrinkage and in
creasing the strength of the grout-block bond, while holding constant
other variables such as flaw distribution and grout compressive
strength, can be expected to lead to a masonry assemblage of greater
structural integrity. In an effort to obtain some estimate of the mag
nitude of the effect of bond strength on masonry behavior, calculations

lResearch was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2 Graduate Student, Associate Development Engineer, Professor,
respectively, Dept. Appl. Mech. & Engr. Sci., Univ. of Calif. ,
San Diego, La Jolla, 92093.
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Fig. 3. Spallation in Shear Wall Test

Fig. 2. Spallation in Prism Test

Fig. 1. Grout - Block Separation

Figs. 4a,' h. Spallation in Earthquake Damaged Structures
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of strength in bending were made based upon several simplifying
assumptions concerning component interaction (5). These assumptions
ranged from a perfect grout-block bond to zero bond strength. Out-of
plane bending, as occurs in a retaining wall for example, was selected
for analysis since grout-block bond strength plays a significant role in
such problems and the shear stress between the grout and the face
shell can readily be seen to develop. In each case, as a measure of
strength, the bending moment per unit length at which the maximum
tensile stress reached 100 psi was computed. The calculations were
done for unreinforced masonry. Our experience indicates that steel
reinforcing in normal amounts has little influence on masonry behavior
before major cracking; hence these results should predict the onset of
major cracking.

A comparison of the above cases indicates that bond strength
may have a large effect on assemblage strength. It was found that a
partial grout-block bond would produce an assemblage strength nearly
50 percent less than that of a perfect bond.

It is evident at this point that a quantitative measure of grout-block
bond strength is needed in order to select a rational analysis procedure.
For this purpose two tests were considered. One was to pull the face
shell from the grout core in direct tension; the other was to shear off
the face shell. While a tension test results in a more elementary state
of stres s and is relevant to walls loaded in-plane, a shear test is
easier to perform and is of considerable importance with respect to
out-of-plane bending. There is probably a strong correlation between
the two test types, as there would be if the materials followed a Mohr
Coulomb interface law of failure and sliding. For this investigation,
we chose to base the measure of grout-block interface strength on cores
tested in single shear (the two face shell disks being sheared off one at
a time). The results of this study constitute the main body of this
paper.

SPECIMEN AND TEST DESCRIPTIONS

The specimens tested were cylindrical cores cut from three levels
of 96-inch square field prepared walls as shown in Fig. 5. The dashed
line square is the outline of the specimens cut for the tests described
in Reference (1), while the dashed line circles mark the locations of
cores A, B, and C. Coring was performed by using as-inch o. d.
cutter, which produced a core of 4-9/16 inch diameter.

Four types of specimens were tested: 1) STD: standard 6-sack
coarse grout (no admixture), consolidation by puddling; 2) ST D VIBR:
standard grout, consolidation by vibration with a WACO 5000 rpm head
vibrator; 3) ADM: admixture grout with puddling; and 4) ADM VIBR:



Fig. 6. Test Fixture

Component DescriptionsTable lao

Fig. 5. Core Locations Block: 8x8x16-inch Grade N Normal Weight (ASTM C90)
Grout: 2000 psi Pump, 6-sack Coarse Grout (ASTM C476)
Mortar: Type S, 3/8-inch thick (ASTM C270)
Admixture: Sika Grout Aid

Fig. 7. Fracture Along
a Grout Flaw

Table lb. Component Strengths (psi)
Component ~ COITlpression

Block 373 3580
Mortar 108 1987
Standard Grout 230 2490
Admixture Grout 327 3180

Table 2. Peak Shear Stresses (psi)

STANDARD ADMIXTURE

Panel Front Bac~ ~ Front ~

68 A 6 251" 67 136A 51

B 26 grout failure B 132 44

C 89 0 C 162 118

n A 213 0 71 A 76 164

B 187 0 B 0 292

C 0 145 C 165 81

STD. VIBRATION ADM. VIBRATION

~ Front Back ~ Front Back

65 A 76 0 66 A 118 208

B 216 141* B 321 275

C 0 81 C grout failure

70 A 31 21 69 A 142 242

B 265 99* B 286 51

C 61 1~8 C 118 63

74 A 158* 0 73 A 0 138

B 283* 0 B 130 84

C 145 67 C 156 145

';'For these tests the grout and block did not separate cleanly.

Fig. 8. Mottled Surfaces
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admixture grout with vibration. All grouting was performed in 8-foot
lifts. The block, mortar, grout, and admixture are described in
Tables I a, b.

The tests were performed with a single shear fixture, illustrated
in Fig. 6, which was attached to the fixed eros shead of an 80 kip
Tinius-Olsen hydraulic test machine. The shear load was applied to
the face shell and measured with the load cell-yoke fixture also shown
in Fig. 6. The loading rate was roughly 100 lb. / sec. The load cell
(Interface Model 1220- AF) signal was amplified and recorded versus
time on a Hewlett-Packard Model 7045A X- Y Recorder. The shear
load was applied parallel to the vertical direction of the original wall,
which was marked on each specimen before the coring operation.

RESULTS

Most loading records show a smooth climb to a peak, followed by
a sudden drop to zero. Table 2 lists the peak shear stresses for the
entire test series. The stress is based on an area of 16.35 sq. in.,
from a core diameter of 4.56 in.

Grout flaws caused some difficulties in conducting the tests. The
results marked with an asterisk in Table 2 represent tests for which
the face shell did not separate cleanly. For these tests a segment of
grout remained attached to the face shell as the fracture penetrated
the grout. Where this occurred, there was usually a flaw visible
close to the interface, as in the specimen shown in Fig. 7.

Examination of the interfaces after testing revealed several types
of surfaces. Fig. 8, core 66 B front, is an example of a mottled
surface. Those interfaces with mottled appearance generally had high
strengths, usually over 200 psi. Fig. 9, core 72 C front, illustrates
a surface on which a powder appears to have been deposited. All such
surfaces had low or zero strength bonds. The powder may be from the
lubricating wash used during the coring operation.

Several surfaces had regions that appeared to be unbonded. A
difference in texture and color suggested that the gro ut in those regions
had been air cured. In Fig. 10, core 67 C back, for example, only
the central vertical strip seems to have been bonded, and the failure
stress was about 30 percent less than the failure stress of the front
side of the core, which appears to have been completely bonded.



Fig. 9. Powder Deposit
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Fig. 10. Partially Bonded Interface

Table 3. Bond Strength vs. Core Location

No. Less Than 10 psi
Mean (psi)
Standard Deviation (psi)

A
5

102
87

B
3

149
II3

C
3

97
57

Mean (psi)
Std. Dev. (ps i)

Table 4. Bond Strength vs.

STD STD VIBR
83 100
98 90

100

[] 0-10 psi

en ~ 10-70 psi-c 75Q) • >70 psi<..>
L
Q)

a..
.r::.

01 50
c
Q)
L-(f)

-0 25c
0
m

'Jrout Type

ADM
118
76

ADM VIBR
155

90

STD STD VIBR ADM ADM VIBR

Fig. 11. Bond Strength vs. G rout Type
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DISCUSSION

An examination of the test results in Table 2 reveals a large data
scatter. Stresses are fairly uniformly distributed from 0 to 300 psi.
Items of interest include variation of strength with core location and
panel side, and the effects of grout admixture and vibration compaction.

Table 3 indicates the variation of bond strength with core location
(Fig. 5). The middle (B) cores were significantly stronger than the top
(A) cores or the bottom (C) cores. The number of zero strength bonds
was slightly greater at the top of the walls. Though hydrostatic
pressure might be expected to increase bond strength at the bottom of
the walls, such an effect is not evident, and an explanation of the higher
strengths at the middle of the walls has not been formulated.

There was no significant difference in the number of zero strength
bonds occurring on the front and back sides of the walls. Thus the
coring operation does not seem more inclined to detach poorly bonded
face shells on the front of the walls.

To ass ist in the analysis of the effects of grout admixture and
vibration compaction, the bond strengths for each grout type were
placed in one of three groups: 1) zero strength: 0-10 psi; 2) low
strength: 10-70 psi, and 3) high strength: greater than 70 psi. These
groups are somewhat arbitrary, but were chosen to correspond to
patterns in the data. In Fig. 11 the bond strengths are given as a
percentage of the number of bonds in each group. Table 4 lists the
mean strength for each grout type.

A result of major importance is that nearly half of the standard
grout bonds are in the zero strength group. Table 2 shows that nearly
every core had one bond below 10 psi. This represents a serious
problem, but the data shows that both vibration compaction and ad
mixture help to eliminate it. First consider the effects of admixture.

From Fig. 11 one can see that the number of zero strength bonds
of puddled grout is greatly reduced by the use of admixture, and for
vibrated grout there is also a noticeable reduction. Further, there is
a significant increase in the number of high strength bonds for both
caSes. This shift from the zero strength group to the high strength
group shows up clearly in the increased mean strengths in Table 4.

The effect of vibration compaction is similar to that of admixture,
though the increase in strength is not as great. The salient results
are the decrease in number of zero strength bonds of standard grout,
and the increase in mean strength of admixture grout.
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It is clear that the combination of vibration compaction and grout
admixture produces bonds far superior to those of standard puddled
grout, with the zero strength problem almost eliminated.

SUMMAR Y AND CON CLUSIONS

Grout-block separation and face shell spallation are frequently
observed in laboratory tests and in earthquake damaged structures.
This indication of low grout-block bond strength was confirmed by
the shear tests conducted in this investigation. Because of the large
data scatter observed, further tests should be conducted to better
determine strength distributions.

Nearly half of the cores from walls with puddled grout and no
admixture had zero strength bonds. Until a fabrication procedure
can be effected to remedy this situation, a zero bond strength should
be assumed for analysis purposes. Grout admixture greatly reduced
the number of zero strength bonds, and increased the mean bond
strength, while vibration compaction had a similar effect, and its
use with admixture produced the strongest bonds.
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ON THE BEHAVIOR OF JOINTS IN CONCRETE MASONRyl
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ABSTRACT

Joints or interfaces in concrete masonry assemblies constitute
planes of weaknes s and a major source of stiffness degradation and
damping. Failures frequently initiate in joints, and subsequent defor
mation and energy absorption may occur by relative slip across joint
planes. Thus, data on joint fracture and post-fracture behavior is a pre
requisite to a basic understanding of failure processes in concrete masonry.

This paper presents selected results from a test program on
joints in concrete masonry. Joint types selected for study include un
grouted bed joints, grouted bed joints, and head joints. Test specimens
consist primarily of triplets (three blocks, two interfaces). Joint planes
are subjected to constant levels of normal stress and both monotonic and
cyclic shear stress. In each test the initial and post-fracture shear
stress versus normal stress envelopes, and deformation histories are
determined. Experimental results are supplemented by analytical and
numerical studies.
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ON THE BEHAVIOR OF JOINTS IN CONCRETE MASONRyl

by

G. A. Hegemier2 , S. K. Arya2, G. Krishnamoorthy3, W. Nachbar4

and R. Furgerson4

INTRODUCTION

Joints in concrete masonry constitute both planes of weakness and
a source of material damping. Failures frequently initiate in joints,
and subsequent deformation and energy absorption may occur by rela
tive slip across joint planes. Consequently, data on joint fracture and
post-fracture behavior is a prerequisite to a basic understanding of
failure processes, and is necessary for modeling on both the macro
and micros cales.

In an effort to supplement the existing literature (2,4) on joint be
havior, experimental studies were initiated in conjunction with the
masonry program (3) at the San Diego campus of the University of
California. In these studies joint planes were subjected to constant
levels of (average) normal stress and "static" or "dynamic" (average)
shear stress. In each test the initial and post-fracture shear stress
vs. normal stress envelopes, and deformation histories were determined.

In addition to joint tests, concurrent analytical and numerical studies
were conducted. These included statistical analyses of data, the con
struction of global analytical joint models, and detailed finite element
simulations of joint behavior. Selected portions of these studies are
presented herein.

1 Research was sponsored by the National Science Foundation under
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2Professor and Principal Development Engineer, respectively, Dept.
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SOME OBSER VATIONS ON JOINT BEHAVIOR

In the previous section it was noted that failures in concrete
masonry frequently initiate along joint planes. This point is worth
emphasizing at this juncture.

Failure initiation in joints is sometimes obvious by observation
of the final failure modes in laboratory (Fig. 1a) and field (Fig. lb)
specimens. More often, however, the final failure mode is complex
(Fig. lc) and one cannot deduce the evolution of failure by simply
viewing the failed specimen. In most cases, therefore, it is
necessary to observe the evolution of failure in the laboratory.

An example of a complex failure evolution process is furnished
in Figs. Id-f. The specimen shown was tested as part of the Univer
sity of California, Berkeley, shear wall/pier program (5). This
particular element was subjected to oscillatory simple shear deform
ation. The test was conducted by specifying a sequence of monotonic
ally increasing peak deformation amplitudes and running for three
cycles at one Hz for each peak amplitude. The failure sequence is
typical. Initial cracking occurs in the head joints, Fig. 1d. As the
peak amplitude is increased, bed joint cracking is observed, Fig. Ie,
together with additional head joint fractures. As the peak amplitude
continues to increase, face she lL cracking commences, yielding a
complex overall crack pattern (Fig. If).

MATERIALS AND METHODS

Test Specimens

Test specimens in the joint test series consisted of triplets,
i. e., three blocks and two interfaces. Both full and half-blocks
were used in the monotonic deformation tests. Cyclic deformation
was confined to half-blocks due to the complexity of the ne ces s ary
test fixture. Typical specimens are illustrated schematically in
Figs. 2,3. The complete test series included: 1) ungrouted bed
joints; 2) grouted bed joints; 3) grouted bed joints with steel; 4) head
joints; and 5) combination of head and bed joints with and without steel.
Mortar geometries included both full and face- shell thicknes s bedding.
The component materials consisted of Grade N -I normal weight con
crete block (ASTM C 90), Type S mortar (ASTM C 270), coarse
grout (ASTM C 476) with f~ """ 2,000 psi. All test specimens were
fabricated by professional masons using current construction practices
and were field cured. In addition to the test specimens, components
were tested as controls. These included 2 x 4 - inch cylindrical
mortar specimens, sampled, cured, and tested according to ASTM
C 780-74; 3 x 3 x 6 - inch grout prisms, constructed, cured, and
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tested according to UBC Standard No. 24-23; and compres sion tests
(ASTM C 140)1 direct tension tests l and initial rate of absorption
(IRA) tests (ASTM C 67) on individual half-blocks.

Test Fixtures and Loading Devices

A schematic of the monotonic deformation test fixture is provided
in Fig. 4. The normal stres s a acroSs the jo int planes was generated
by use of Miller Power Company 4-inch diameter hydraulic cylinder
with a 2-inch stroke. To maintain a constant normal stress in the
presence of axial deformation due to mortar degradationl an accumu
lator was plumbed into the hydraulic system. By pre-charging the
30-cubic inch accumulator with dry nitrogen gas to approximately 90
percent of the hydraulic pressure required for a given normal stress l
the variability of the normal stres s was reduced to approximately 10
percent for a O. 25-inch change in specimen length. Actual measured
changes in specimen length during most tests were less than 0.080 inch.
Thus l the normal stress was held constant to within 3 percent. The
complete normal stress loading systeml including reaction rods and
plates l is shown in Figs. Sa, b for half-blocks and in Figs. 6a, b for
full-blocks. This system includes swivel connections for overall
stability. The necessary shear force V in Fig. 4 was generated by
use of a modified Tinius Olsen test machine ( 200 kip, constant flow
hydraulic unit) in the case of half-blocks and a modified Riehle test
m.achine (300 kip, screw-actuated, force-balance unit) in the case of
full-blocks. All loading surfaces were capped with a high strength
gypsum plaster (Ultra-Cal-30) in order to provide smooth aligned sur
faces to mate with test fixtures and test machine load platens.

Design requirements for cyclic deformation were severe in com
parison to the fixtures used in the monotonic tests. Cyclic testing
requires that both ends of the three-block assembly be firmly gripped
and held quite rigid while the center block is firmly gripped and dis
placed in a vertical direction. The methods of gripping must not in
any way impede the horizontal motion duel for example l to mortar
degradation. Specially lubricated surfaces were provided at both top and
bottom to permit this horizontal translation. An exploded isometric
view of the test fixture is shown in Fig. 7. Installation of the test
fixture, a specimen, and the normal stress loading device in a closed
loop servo-controlled MTS machine (50 kip) is illustrated in Fig. 8;
the latter was used to generate the necessary shear force V and a
shear displacement &. The capping and bedding process in the cyclic
tests necessitated treatment of four of the six external sides of the
test specimen; Ultra-Cal-30 was again used for this purpose.

In addition to combined normal stress (compression) ana shear
stres s tests l joints were subjected to uniaxial tension. This was
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Fig. Sb. Hydraulic Actuator End of Normal Stress Fixture

Fig. 6a. Full-Block Triplet Specimen in Riehle Testing Machine (300 kip)

Fig. 6b. Side View of Fig. 6a.
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Fig. 8. Cyclic Triplet - Test Fixture and Specimen in MTS Machine

Fig. 9. Mechanical Schematic - Monotonic Triplet Test
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accomplished by use of a 10 kip Instron test machine.

Data Acquisition Systems

The mechanical and electrical schematics which constitute the data
acquisition systems for monotonic and cyclic deformation tests are
shown in Figs. 9-11. The basic components include: 1) anHP 50 chan
nel data logger; 2) two MFE X- Y recorders; 3) an HP X- Y recorder;
4) a load cell (strain-gage type) in series with the testing machine ram;
5) a tektronix oscilloscope; 6) a pressure transducer mounted in the
normal stress device accumulator system; 7) a time-base generator;
and 8) power supplies, amplifiers, and bridges for strain-gage mea
surements on the specimen and a selection of Linear Variable Differ
ential Transducers (LVDTI s). A complete test setup for the dynamic
experiments is illustrated in Fig. 12.

Test Conduct

All tests were conducted by first applying the (constant) normal
stress a (or normal force P) across the joint planes, and then by dri
ving the center block under displacement (5) controL Monotonic defor
mation tests were conducted at 0.012 in. / sec. in the Tinius Olsen and
Riehle machines, and from 0.012 in. / sec. to 0.500 in. / sec. in the
MTS machine. Cyclic displacement tests were conducted in the MTS
machine using a sinusoidal displacement-time history at frequencies
ranging from 0.05 Hz to 0.5 Hz. Displacement cycles were continued
at fixed frequency until a stable shear force level was reached, usually
within three to five cycles. End-block rotations were initially measured
and concluded to be negligible.

RESULTS AND DISCUSSION

Selected Experimental Results

The discussion to follow is confined to head and bed joints in the
absence of steel reinforcement.

Figures 13-18 exemplify typical behavior of head joints and grouted
and ungrouted bed joints. The following basic characteristics of such
joints are noted: 1) joint fracture strength increases monotonically with
precompression up to a block-failure transition (the maximum shear
stress vs. normal stress is shown in Fig s. 13 a, b); 2) under precom
pression exceeding or equal to 100 psi, post-fracture load decreases
with displacement (Figs. 14-16) in a relatively smooth manner to a
limiting value which, in time, depends upon the level of precompression;
3) no discernible displacement rate dependence is evident in the range
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0.01 to 0.50 in. /sec. under monotonic displacement (see Fig. 17) and
in the range 0.05 to O. 50 Hz under cyclic loading; 4) cyclic experiments
(Fig. 18) indicate that, following the first load reversal, load-displace
ment history is a function only of total displacement-path length and is
not direction-sensitive; 5) ultimate strengths of head joints, and ungrouted
bed joints are considerably less than associated grouted bed joints; 6) in
the absence of precompression, joint behavior is brittle - ungrouted bed
joints and head joints exhibit extremely low (see Figs. 13a, b) shear and
tensile strengths as well as extr.emely large data-scatter. For all prac
tical purposes, head joint strength is zero; this is evidently the result
of lack of weighting of the mortar joint during hardening (see (2)).
Finally, although the data presented in graphical form concerns half
block specimens, it is noted that similar results were obtained from
full- blo ck tes ts.

Selected Analytical Results - Fracture Criteria

The points in Figs. 13a, b represent the fracture stress states for
individual specimens. Using a linear function, a least-squares fit of
this data for ungrouted joints gives

(1", p, (J in psi) (1 )

where 'r, (J denote average (based upon net mortar area) shear and
normal stresses, respectively, (J is algebraically positive in compres
s ion, and the constants p, f.L represent coefficients of adhesion and
friction, respectively. For bed joints p = 36 psi, f.L = 0.89 in the range
o :::;; (J :::;; 400 ps i while for head joints p = 45 ps i, lJ.' = O. 84 in the range
50 :::;; (J :::;; 400 psi. Equation (1) is illustrated as solid lines in Figs.
13a, b for the above constants. For head joints in the range 0 :::;; a :::;;
50 psi it appears appropriate to use p = 15 psi, lJ. = 1. 44; this bilinear
relation reflects the low bond strengths of head joints in the absence of
precompression.

It is instructive to compare the above results with existing data
on both brick and block. For "normal quality" brick masonry Haller (2)
found p =50 psi, f.L =0.88 for 0 :::;; (J :::;; 200 psi. Benjamin and Williams
(2) proposed p = 220 psi, U = 1. 1 for 100 :::;; a :::;; 600 psi in the case of
brick and three mortar compositions: 1: 1/4 :3, 1: 1/2 : 4 1/2 and
1: 1:6. Meli and Reyes (2,4) proposed p = 26 psi, f.L = o. 80 for concrete
blocks and three different types of mortar ranging from 610 psi to
2150 psi. Self and Balachandran (2), who studied bed joints in 8-inch
hollow concrete masonry and type M mortar with two compositions,
found p = 34 psi, f.L = 0.61 for 1:1:6 mortar and p = 54 psi, f.L =0.64 for
1:1:4 1/2 mortar with 0 :::;; (J:::;; 300 psi. It is of interest to note here that,
with the exception of the later case, and with use of f.L = O. 90 as a norm,
the values of f.L from all tests lie within a 22 percent scatter band (the

significant difference in f.L in the case of Self and Balachandran may be
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due to the indirect test technique utilized which relies heavily upon the
applicability of beam. theory for integrity of results.) The observed scatter
for the coefficient of adhesion is to be expected and clearly indicates the
erratic nature of mortar adhesion.

For grouted bed joints, the solid curve shown in Fig. 13a represents
a parabolic, least-squares fit of the data for cr ;;:: 0, and a linear fit for
a s; O. Accordingly, one obtains (units are psi)

l' = 162 + I.46a - .00114 ala
l' = 162 (1+ a/45.6)

(a ;;:: 0),
(a < 0).

(2 )

Data on grouted joints is not available in the literature for comparative
purposes.

Selected Analytical Results - Post-fracture Regime

The behavior of the data on shear force V vs. displacement 0 in the
triplet tests suggested that the post-fracture regime could be represented
by solutions of the differential equation

d
do V (0) = - c [ V (0) - VO') ] • (3)

Here V0') is the constant shear force approached at II infinite II displacement,
while c has the dimension and role of a reciprocal decay length over which
the fractured joint is s"moothed. Theoretical arguments suggested that c
might depend upon the work W(o) done by interface friction up to the dis
placement 0, viz.,

(4)

(5)

For a single test, experimental values Vi are obtained at displacements
Oi' where i ranges from i = 1 at the displacement corresponding to
maximum V, to i ='n (usually 9) at a displacement of 0.40 inches. This
data is fitted by least-squares to the following solution of Eq. 3:

o j3

= exp [- {c'£ [W (5' ~ d5' + b}]

In this fit, j3 is taken to be either zero or else a theoretically plausible
value of 1/3, and the constants c, b and V are regression parameters

CD

determined by an extremum procedure. The scale for 0 is shifted in
Eq. 5 and in the following, so that 01 ::: 0; i. e., 0 is measured from the
displacement corresponding to the maximum shear force VI.

A procedure for iterative determination of regression parameters
is described as follows; First, the parameters c and b are determined
for the test data by minimizing a quadratic form M (c, b, Vcd which is
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defi.ned by the following set of equations for i = 1 ~ ••• ~ n:

W (0') do' (6a)

- fu [V
1

- Y o:l J
?'J i V. - V

1 a>

?'J. - C ;. + b
1 1

(bb)

(bc)

The values used for V. are the mean values over the several runs
(or samples) of the seirne test. The value of Of is chosen to be either
zero Or 2", depending upon whether the estimated sample standard
deviation of V as a function of 0 did not or did~ respecti vely~ vary
with the sample mean. In either case .. standard methods for the
linear regression of ?'Jon ~ enable c and b to be obtained explicitly as
functions of Va> through solution of the pair of equations

OM = 0;
oc

OM = 0
ob

(7 )

These expres sions for c and b in terms of Vo:l permit the residual
sum of squares divided by n~ a quantity called f ,

m

f
m

1
n

n
:2:

i =1
('8j

to be expressed as a function in which the only remaining unknown is
the regression parameter Vet:> which minimizes fm • This is determined

by computer computation of fm as a function of VaJ for the values of
Va> less than Vn.

Because several samples of triplets were tested under the same
conditions for each test~ the fitting procedure was applied only to the
mean value of Vi (the sample mean) for each Oi. An estimate of the ac
curacy of this procedure was obtained from the analysis of one series
of tests in which seven sample runs were made under nominally identi
cal conditions, and confidence intervals on the mean and variance of V

00

were obtained for this series. This data can be found in (b). The
values of Va> for each run were also compared with the V00 calculated
for the sample mean. This statistical analysis indicated that the
estimates of V00 based on sample mean values of Vi are acceptable.
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Three types of tests were fitted to this model, and results of
V (6) vs. 0 for various confining pressures are shown in Figs. 14-16.
Full lines in these figures indicate values of V (0) in its regime of
applicability to post-bond-fracture. The dotted lines indicate the
trend of experimental data at displacements prior to bond fracture.
The fit is seen to be excellent in all cases. However, the crucial
test of the model is the behavior of V 0:> vs. confining pressure; this
behavior is shown for all three types of tests in Fig. 19.

In order to be able to use the test data as a point relation between
shearing stress and confining pressure, Va> is divided in each
instance by the appropriate bearing area Ab to show T a> on the ordinate
of Fig. 19,

( 9)

The data fits well the form of Coulomb1s or Amonton's Law for sliding
friction

(10)

for constant coefficient of friction IJ. There are two explainablea>
exceptions. At 500 psi, the concrete blocks themselves were observed
to fracture and spall, and the plane interface sliding theory that under
lies Eq. 3 above is no longer valid. These two points were therefore
omitted for calculation of IJ. For the ungrouted bed joints, some...
deformation and buckling of the inner walls was observed at 300 psi,
and this suggested a cause for the pathological value of V at this
pres sure. This point was omitted in the linear regres s io~ to calculate
IJ. Test data for further tests at this pressure have shown V lyinga> 0:>

very close to this linear reg res sion line, howeve r.

The values of IJ ' from the linear regress ion lines shown in Fig. 19,
00

are; 0.55 for ungrouted bed joints (BJ-F-NG), 0.60 for re ad joints (HJ-
F-NG), and o. 66 for grouted bed joints (BJ-F-G).

Selected Numerical Results

A local finite element interface-slip model for both~- and post
fracture behavior of joints is essential for micro-scale modeling of
concrete masonry assemblies. The model (1) developed in this study
employes a direct approach in representing the initial fracture or de
bonding, separation, recontact, and slip characteristics of an interface.
It does not represent an interface by a two-dimensional finite element,
thus avoiding difficulties due to pseudo thickness and fictitious material
properties. Instead, an interface discontinuity is represented by a ser
ies of double-node pairs, as illustrated in Fig. 20. It is assumed that
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the magnitude of slip at the interface is small compared to a typical
element dimension. The equilibrium equations of the discretized struc
ture are first assembled by assuming that the double nodes are free to
move. These ~quations are then modified to simulate the actual state
of each double-node pair. The details of the modification process are
given in (l).

The status of each double-node pair is determined by knowing the
nodal forces and displacements at each pair. When the nodal forces
at a double-node pair are less than the strength of the pair, there is no
separation or sliding of the nodal points, and the pair is treated as a
continuum. When the normal force at a nodal pair exceeds the tensile
strength of the pair, or when the tangential force exceeds the shear
strength of the pair, nodal point separation occurs; the nodal displace
ments are independent of each other and no force is transmitted by
such a nodal pair. When the normal force at a nodal pair is compres
sive and the tangential force exceeds the shear strength of the pair,
sliding starts; the shear force transmitted by the nodes is equal to
the shear strength of the pair, and the tangential displacements are
independent of each other. In the normal direction, compatibility of
displacements is enforced.

The computation of the strength of a double-node pair depends on
the material properties of the interface in tension and shear. The
interface is assumed to obey a Coulomb-type friction law:

7'* = P + IJ.O' (11 )

where 'T>:~ = allowable shear stress, 0' = normal stress (algebraically
positive in compression), and P, IJ. = cohesion, coefficient of friction.
Both P and IJ. are assumed to be nonlinear functions of the relative
tangential displacement as follows:

2(po - Pl) (p0 - Pl)
P = Po - x + x'2 x 2

x
P P

2(1J. - fll) (lJ.
o -fll)

0 2
IJ. t= IJ. - x + x 2 X

0 x
IJ. IJ.

P = Pl , X > X ; IJ. = fll ' x > x ,
P IJ.

o ~ x ~ x
P

o ~ x ~ x
IJ.

(12a)

(12b)

(12c)

where x = sum of tangential displacements (absolute values), P = co
hesion before cracking, Pl =minimum cohesion after cracking,Ox =
maximum x at which P1. is attained, IJ. = coefficient of friction before

o



cracking, fJ.1 =minimum coefficient of friction after cracking, and x
maximum x at which fJ.l is attained. fJ.
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Finite element simulations of the joint tests, described above,
were performed to determine the quantities for the coefficients P , Pl'
etc. The triplet tests for finite element simulations included bod~
grouted and ungrouted bed joints (in half-blocks) under monotonic load
ing. From economic consideration only three cases of axial confining
pressure (100, 300, and 500 psi) were considered for numerical simu
lation.

The two - dimens ional finite element model of the right half of the
triplet specimen, as shown in Fig. 21, had 8 element groups of dif
ferent materials (linear isotropic) which are described in Table 1.
The elastic moduli for the materials 5 and 7 were obtained by assuming
that the axial rigidity of a compos ite element is equal to the sum of the
axial rigidities of its components.

Referring to Fig. 21, two interfaces were considered at the inside
face of the mortar joint. The interface between the base plate and the
end-block was also included in the model.

The finite element analyses were performed by prescribing ver
tical displacements at the top of the central bearing plate while holding
the axial confining pressure constant. This procedure enabled the fal
ling branch of the load-deflection relationship to be calculated for com
parison with experimental data.

Typical results of the finite element simulation are shown in Figs.
22, 23, in which the analyses and the experiments are compared. The
agreement is seen to be good. The interface properties are given in
Table 2, and the y appear to be reasonable.

CONCLUDING REMARKS

Experimental data obtained in the course of this study reveals that
joint fracture strength increases monotonically with precompression up
to a block-failure transition. This is consistent with available data on
both block and brick masonry in the literature. For ungrouted joints,
a Mohr-Coulomb failure criterion appears to suffice for engineering
purposes and has been generally adopted by masonry researchers.
Collection of all available test data from the literature indicates a
scatter in the associated coefficient of friction ranging from 0.61 to 1. 1
for brick and concrete masonry, and from 0.61 to 0.88 for concrete
masonry alone. Scatter in the coefficient of adhesion for ungrouted
concrete masonry alone ranges from 26 psi to 54 psi. A nonlinear
failure criterion is required for grouted joints.
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Table 1. Elastic Moduli and Pois
son's Ratios of Materials Used.

Table 2. Interface Properties Used

in the Anal ys is

Block-m.ortar Grout-grout
Interface TypeMaterial Young's Modulus Poisson's

Identification Description lEI, psi Ratio

Steel 2.970 x la' .29

Aluminum 1. 050 x la' .33

Neoprene 1. 000 x 10' .40

Very soft 1.000 x 10' .40
artificial
material

Composite
material 1t
Ungrouted specimen 0.200 x 10· .25
Grouted specimen 1. 190 x 10· .25

Concrete block ~'o. 600 x 10· .25

Composite
material 2t
Ungrouted specimen 0.292 x 10· .25

Grouted specimen 1.290 x 10· .25

Mortar ':'0.877 x 10· .25

None Grout * 1. 500 x 10· .25

* Quantities determined experimentally.

Coefficient Units

Po psi

P, psi

x inch
P

flo

fl,

x inch
fl

a' psi
n

100

30

60

.7

.4

.5

475

ISO

1. 15

.98

1. 00

240

Description

Cohe s ion belo re
cracking

Minimum cohesion
after cracking

Maximum x at
which p is
attaineJ

Coefficient of
friction before
cracking

Minimwn
coefficient of
friction after
cracking

Maximum x at
which..,. is
attained'

Tensile strength

t Equivalent material representing the core and the block side walls.* Eq' 1 Note: x,:; sum of th~ absolute values of the relative incremental
Ulva ent material representing the core and the mortar side walls. d18placements In the tangential direction.
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In the absence of precompression, joint behavior is brittle. For
such cases, and for the material combinations studied, ungrouted joints
exhibited relatively low (5-70 psi) shear strengths with large data scatter.
For all practical purposes head joints poss ess zero shear strength in
the absence of precompression; this is most likely due to a lack of
weighting of the mortar during the curing process.

The proposed analytic model of the post-fracture behavior of
joints provides excellent correlation with the experimental force vs.
deflection data.

The interface- slip model provides a good representation for both
pre- and post-fracture behavior of joints.
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APPENDIX II. - NOTATION

The following symbols are used in this paper:

Ab = bearing area;
c, b =regression parameters;

P = normal force;
V =shear force;
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W = work done by interface friction;
5 =displacetnent;
(J =nortnal stress;
r = shear stress;

(J~, r* = allowable nortnal and shear stress, respectively;
rco = shear stress at infinity;

1], ~ =regression paratneters;
p, ~ =cohesion, coefficient of friction, respectively;
~co =coefficient of friction at infinity;

p , p , etc. = coefficients of nonlinear cohesion law;
o 1

~ , ~, etc. =coefficients of nonlinear coefficient of friction law.
o
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STRUCTURAL PROPERTIES OF BLOCK CONCRETE

By Thomas A. Holm, P.E.*

ABSTRACT: Engineers have considered concrete block as a special type
of concrete and not sufficient concern has been given to its properties.
This paper outlines the various characteristics of the material, includ
ing tensile strength, elastic modulus, the influence of mix proportions,
degree of compaction, and the shape design of the concrete masonry unit.
This paper discusses the influence of these various properties on the
strength of the masonry unit. By use of a modified Hilsdorf equation,
the strength of masonry walls may be calculated.

*Director of Engineering, Solite Corporation, West New York, N.J.
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STRUCTURAL PROPERTIES OF BLOCK CONCRETE

By Thomas A. Holm, P.E.*

Design professionals frequently express disappointment with the
state-of-the-art of masonry structural design. This concern is entirely
justified and is principally due to difficult to understand empirical
design procedures that have roots in the mists of traditions as well as
less than comprehensive testing methods. The remarkable renaissance of
engineered masonry is rapidly providing a remedy to both of these
deficiencies.

The first breakthrough in clarity is the identification of block
concrete as a structural material to which much of the accumulated
cast-in-place structural concrete design experience may be applied.
(Suitably adjusted to reflect the high void content of a zero slump
concrete mix.) Consistency with this approach would immediately re
quire all reports and calculations to be based upon net area of units
and walls. ACI Committee 531 "Concrete Masonry Structures" has recently
adopted this approach and hopefully, other professional societies and
independent testing laboratories would follow this progressive example.
This would eliminate the general confusion regarding block shape in
fluence on net area, as well as the widely held notion that masonry
unit undergoes a mysterious transformation of physical properties when
it reaches 75% solid content. Net area considerations will automatic
ally develop precision of analysis and ultimately eliminate misleading
trade jargon (solid, semi-solid hollow etc.).

Application of structural analysis will also lead to increasingly
accurate testing of the tensile strength and strain characteristics of
block concrete that to a decisive degree determine the performance of
concrete masonry. The compressive strength of concrete is approximately
ten times the tensile strength. This relationship is not unusual among
buiilding materials: stone, cast iron, mortar, and clay masonry have a
similar high ratio of compressive strength to tensile strength. It is
curious that the compressive strength of concrete masonry is considered
the sole criterion of quality while tensile strength has been generally
ignored.

Whether or not the orlgln of the forces are due to restrained
volume change (moisture loss, carbonation, temperature drop), handling
or manufacturing implications (culls, chipped corners), or frame move
ments (structural frame deflections, foundation settlement), the limi
tation is almost always imposed by an available tensile capacity. In
most instances even the maximum compressive capacity in laboratory test
ing of units or prisms and especially high strength block is also
limited by shear (diagonal tension) strength.

*Director of Engineering, Solite Corporation, West New York, N.J.
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Tensile Strength

In 1963 the American Concrete Institute Committee 318 revised the
building code and introduced the use of the ASTM Test for Splitting
Tensile Strength of Cylindrical Concrete Specimens (C 496-71) to ade
quately document the shear (diagonal tension) strength of structural
lightweight concrete. The method of loading a structural concrete
cylinder is shown in Fig. 1. This code change spurred the lightweight
aggregate producers into extensive testing programs to determine the
factors that influenced this property. Through concerted individual
and industry-wide work, the data were collected and has now become an
ordinary, creditable structural design factor that engineers use daily
with confidence. A similar documentation effort must now be conducted
for the masonry industry with regard to tensile strength of block
concrete.

ASTM Test C 496-71 can be adapted to the tensile testing of 100%
solid lightweight concrete masonry units (Fig. 2). The theoretical
applicability of testing a rectilinear unit as opposed to a cylindrical
specimen has been verified by Nilsson [IJ and Davies and Bose [2J.
While the strength levels of concrete masonry may start somewhat lower
than structural concretes (2000 psi as opposed to 3000 psi or 14 MFa
versus 21 MFa), the results of indirect splitting tests on 100% solid
lightweight concrete units of all ages and cures from twelve block
plants are shown in Table 1. The relationship between tensile and com
pressive strengths, despite wide variations in age., is remarkably uni
form and bears a close relationship to the data on structural light
weight concrete. In general, the ratio of tensile to compressive
strength (fr f~) is lowered when compressive strengths are increased.

A unique and convenient portable device that allows the direct
measurement of tensile strength has been developed and has been in
practical use for several years. The device, developed by the author,
[3J and called the "Blockbuster", has provided information on the two
factors basic to a concrete masonry unit: maximum tensile strength and
strain characteristics. As Fig. 3 demonstrates, the steel core used in
molding the cores of a concrete masonry unit have been machined into a
loading arrangement that is powered by a hand jack and measured by a
conventional hydraulic gage. Block may be broken in tension simply by
inserting the self-aligning rig within the core of a standard two-core
8 by 8 by 16 in. (203 by 203 by 406-mm) block, jacking the ram until
failure occurs, and then reading the gage. The device is portable,
no capping is required, and the test is completed within 1 or 2 min
(after plant curing or at the job site or in a laboratory) at any age.
The device could be used for acceptance testing and experimental work
(such as optimizing aggregate gradations, compactive effort, and cemen
titious requirements). It may also be used for in-plant quality control
applications (changing cement type or quantity as cold weather approaches).

The original structural analysis of the stresses developed by the
Blockbuster was donducted using hand calculations and the results were
later compared to an extensive computer solution where the general theo
retical approach was corroborated. The analytic results were then veri
fied in a carefully instrumented series of tests conducted at Lehigh
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University where the shape of the distorted elastic curve was documented
by bonded wire strain gages. While the derivation and analysis are
rather complex, the tensile strength is simply read on the large dial.
The dial reading is adjusted by a coefficient that is determined for
the particular 8 by 8 by 16-in. (203 by 203 by 406 rom) two core block
configuration.

A correlation experiment to determine the reliability of tensile
testing of two-core hollow 8 by 8 by 16-in. units by the Blockbuster
method against the results of the indirect tensile splitting of 100%
solid units was conducted and the results are shown graphically in
Fig. 4. The mix design, ingredients, curing, and machine cycles were
identical for both hollow and solid units run in the same plant on the
same machine within two days. Despite the fact that the difference in
mold width would cause variation in filling and compacting, the results
are remarkably uniform and, furthermore, reveal the early development
of tensile strength so essential to avoid handling, cubing and storage
problems. Figure 5 graphically demonstrates the f~ct that the tensile
strength of block concrete conforms to the well-documented American
Concrete Institute (ACI) Building Code equations regarding tensile to
compressive strength relationships of cast-in-place structural concrete.
Each point shown, in most cases, represents at least five test specimen.

Elastic Modulus

Rigid materials have a high range of elastic modulus (steel, 30,000
ksi or 206 840 MFa; aluminum, 10,000 ksi or 68 950 ~~a) and easily de
formable materials have low moduli (wood, 15,000 ksi or 10 340 MFa).
Hardened concretes have moduli that for design purposes have been ap
proximated by the formula (from ACI Code 318-71).

Ec = 33 W 1.5~

Where Ec is the modulus of elasticity in compression (psi), W is the
air-dry density (lb/ft 3

), and f~ is the compressive strength (psi).

The Blockbuster has been extensively used as a loading rig in determin
ing the moduli of elasticity of block concrete. The output from elec
tricical wire strain gages bonded in the correct location on a concrete
masonry unit (Fig. 6) is measured in a strain gage indicator to a read
ing of one microstrain (one millionth of an inch per inch of gage length)
while the corresponding tensile stress is computed from the calibrated
hydraulic gage reading. After plotting the stress-strain data the ten
sile modulus of elasticity may be computed and compared to compressive
modulus data obtained by the usual compressive loading arrangement using
large (greater than 30,000 lb or 1.3 MN) commercial testing machines.
Figure 7 demonstrates the tensile modulus for two units of widely dif
ferent strength and compaction. The wire strain gage can be adequately
bonded by an adhesive (curing time, 4 to 24 h) and the modulus test may
be completed on a desk top within an hour-again without capping or
heavy laboratory equipment.

Based on the data developed by numerous tests, an equivalent formula
for the elastic modulus for block concrete has been obtained:



Ec = 22 W 1.5~

Where W is the oven-dry density (lb/ft 3
)

strength (net) (psi).

,
and f c is the compressive

5-5

The difference in coefficient (33 for cast-in-place and 22 for
block concrete) is due to the high void content of machine molded,
zero-slump concrete. This result is predictable from theoretical
studies that incorporate the effect of variable degree of compaction.

Under usual testing techniques the failure of brittle materials is
sudden. Careful experimental techniques have, however, allowed the de
velopment of a reasonably complete stress-strain curve. Following the
recommendations of Hedstrom [4J, the extensibility of the concrete may
be defined as the strain at 90% of the maximum strength achieved. This
avoids the extreme difficulty of measuring a fracture strain and in most
cases is still on a reasonably linear stress-strain relationship (Fig. 8).
Strain characteristics coupled with maximum tensile strength will in
time provide the tools for a fundamental insight into the properties
and the performance of concrete masonry units, alone and within the wall,

Mix Proportioning

While most mix designs are developed through a trial and error
process, it is possible to approach molded unit mix designs through
absolute volume calculations that incorporate the specific gravity
values associated with the binder and the aggregates. Through this
technique, the interstitial void content (Fig. 9) may be computed and
the interstitial porosity (interstitial void volume/total volume) de
termined. The effect of this interstitial void content on strength,
stiffness, water permeability, and sound transmission is enormous.

The interstitial void system produced by the molding of zero-slump
concrete masonry units is the principal difference between block and
cast-in-place concretes. This difference is really one of degree, as
all cast-in-place concretes contain entrapped air (± 2%) and concretes
exposed to the weather generally contai~ deliberately entrained air
(4 to 8%). The influence of paste and aggregate porosity may also be
evaluated but will not be considered in this paper.

Degree of Compaction

The concrete masonry producer has an opportunity to manipulate the
physical properties of the unit through machine adjustments of feed,
finish, and delay times as well as by optimizing the mix proportion and
ingredients. The degree of compaction may be defined as (1 - porosity)
X 100. Commercial lightweight concrete masonry units manufactured in
accordance with ASTM Specifications for Hollow Load Bearing Concrete
Masonry Units (C 90-75) have interstitial porosities of about 15%, where
as highly compacted, high strength units may approach a porosity of only
15% (95% degree of compaction). As an example, note the increased
efficiency in strength potential through the increase in compactive
effort (feed and finish time) demonstrated in Fig. 10. Packing well
graded aggregates and filling the void system with efficient cementi-
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tious materials will greatly improve the compressive and tensile strengths
as well as the modulus of elasticity but will produce a corresponding
increase in the density of the concrete. The interrelationship of
strength, stiffness and extensibility may be evaluated for any partic
ular combination of mix proportions and compaction by the stress-strain
formula. Experiments with masonry units have validated the fact that
the 5% increase in strength for each 1% reduc~ion in the interstitial
void system is roughly paralleled over a limited range with block con
crete [5J. With different aggregates and mix designs, this reduction
factor may be as much as 8 to 10% per 1% reduction of the interstitial
void content. In the development of high strength masonry units (3500
psi or 24 MFa or more), minimization of this void system is crucial.

Extensibility

Trade-off of physical properties becomes obvious by rearranging
the stress-strain formula to e = fiE, where e is the unit strain.

Thus, to achieve greater strain capacity (extensibility or the
ability to deform prior to fracture) it is possible to improve the ratio
between ultimate tensile strength and the corresponding modulus of elas
ticity. To illustrate, compare a structural lightweight concrete masonry
unit with a typical normal weight unit by means of the modified formulas
for cast-in-place concrete (ACI Code 318 - 77).

Lightweight Concrete Masonry Unit (ASTM Specification C 90-75)

Tensile strength ~ (0.75) (6.7) ~~ 0.75 x 6.7 x S2~D:~ t25 psi
Modulus of elasticity = 22 W 1.5 V f~ = 22 x 95 1.5 x 2000 = 911 000 psi

Indicated extensibility unit stress/modulus of elasticity
225/911 000 = .000 247 "/"

Normalweight Concrete Masonry Unit (ASTM Specification C 90-75)

Tensile Strength = 6.7~ = 6.7 2000 = 300 ps~i~__
Modulus of elasticity = 22 W 1.5 f c x 135 1.5 x J2000 = 1 543 000 psi

Indicated extensibility unit stress/modulus of elasticity
300/1 543 000 = 0.000 194 in/in.

Shape Design of Concrete Masonry Units

Market conditions are always in flux, and the masonry industry must
perceive the ch~ges, evaluate the significance, and, when necessary,
adapt to the new requirements. As a case in point, consider the spec
tacular growth of load-bearing masonry. The present ASTM requirement
for minimum web thickness is inadequate for load-bearing units. Many
laboratory investigations have demonstrated the fact that the webs are
too thin to adequately transfer the unbalanced loads always present in
the two face shells. Premature failures have frequently occurred shortly
after visual cracking in the end webs of loaded units but particularly
so when prisms are tested. Mold manufacturers can easily accommodate
the demand for a unit of better structural efficiency.
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Influence of Unit Properties on Masonry Strength

An incisive study by Hilsdorf [6J suggests a line of investigation
that could ultimately provide a procedure for the calculation of masonry
strength from the properties of the constituents. This method, proposed
for brick, and modified by the author only to reflect the accumulation
of lateral tension in the webs of concrete illasonry units more closely
approximates the results of field and lab tests than the conservative
(f~ vs f~) relationships generally espoused in masonry codes.

Substitution of the physical aud geometric properties of the assem
blage (compressive strength of the block concrete and mortar, tensile
strength of the block concrete, shape of units and thickness of joints)
in the modified Hilsdorf equation allows a computation of the masonry
strength and an insight into the significance of the variables. Figure
11 and table 2 demonstrate that the Hilsdorf equation provides masonry
strengths intermediate between code recommendations and results of field
prism tests but overestimates the strength of walls composed of strong
units in weak mortars, which is bad practice in any case and should not
be permitted in modern codes. Modification of the formula to reflect
the better performance of units that have thicker cross-webs is easily
accomplished by the introduction of a coefficient w that represents the
fraction of web area to face area for cored concrete masonry units.
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Fig. 1 - Test method to
determine split
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cylinder.
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Fig. 2 - Test method to determine tensile splitting strength of
concrete masonry unit.
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Fig. 3 - Tensile strength of masonry unit determined by blockbuster

TABLE J-lndirect tensile strength tests of 100% solid lightweight
concrete masonry units of various ages randomly sampled from

twelve concrete block plants.

Oven-Dry Compressive
Concrete Tensile Strength

Block Densny, Strength f~, psi, (k f,!
Plant lb/ft 3 ft, psi Net Area f'c ~;

1 89.0 302 2620 5.90 0.115
2 83.3 370 3350 6.39 0.110
3 84.0 285 2780 5.41 0.103
4 89.4 232 2000 5.19 0.116
5 86.7 279 2680 5.39 0.104
6 93.3 340 2530 6.76 0.134
7 91.6 288 2180 6.17 0.132
8 91.6 286 2590 5.62 0.110
9 93.1 321 2950 5.91 0.109

10 97.0 305 3280 5.33 0.093
II 97.4 390 2990 7.13 0.130
12 93.5 305 2320 6.33 0.131

Avg 90.8 309 2689 5.96 0.116
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Fig. 6 - Determination of tensile modulus of elasticity of concrete
masonry unit.
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CURRENT MASONRY RESEARCH AT THE BRITISH CERAMIC RESEARCH ASSOCIATION

By WEST, H.W.H.

ABSTRACT: B.C.R.A. carries out research for the whole of the clay
and calcium silicate brick industries in Great Britain, for members
in other countries worldwide and for non-members, particularly the
Building Research Establishment, on a sponsored basis. Current
research includes major projects on the structural performance of
masonry, including concrete blocks, particularly resistance to
lateral forces when the walls have no precompression, the interaction
of floors and walls, effects of openings and the contribution of
straps and ties. Typical recent projects described include the
compressive strength of calcium silicate brick walls under axial
loading, the determination of the flexural strength of masonry in
two orthogonal directions to establish the parameters to be used
in design and confirmation of the design theory by tests of the
lateral strength of full-sized walls.
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CURRENT MASONRY RESEARCH AT THE
BRITISH CERAMIC RESEARCH ASSOCIATION

by

H.W.H. West*

1. INTRODUCTION

Masonry is a material of great antiquity originally built by
instinct rather than design. Proper design rules in Great Britain
start from the 1948Codel , which was based on some early experiment
al work at the Building Research Station2 subsequently improved by
the 1964 revision3

4
which took advantage of the Swiss experience made

possible by Haller For the first time load-bearing brickwork
high-rise buildings - entirely without reinforcement - could be
erected more cheaply, and in many cases aesthetically more satisfac
torily, than reinforced concrete framed ones. The result was not
only many good buildings, but also the installation of full-size
masonry testing capabilities at two brick companies, one University
and the British Ceramic Research Association.

The early work5 , establishing the relationship between brick
strength and storey-height wall strength -under both axial and
eccentric loading, was important in demonstrating that cored bricks 
then just becoming popular - behaved in the same way as solids. The
Ronan Point disaster. threw the lateral resistance of masonry into
prominence because although this was a concrete pre-cast panel system,
building legislation was made to apply to all materials. B.C.R.A.
showed that brickwork under precompression behaved in the manner of
a three-pin arch and also, by carrying out real gas explosions in
real brick buildings that brickwork did not fail in such a manner as
to cause progressive collapse6•

It then became evident that the new wind Code7, Which enhanced
the loads to be designed for, would cause diffficulties since there
was no economical method of designing an infill panel with a
compressible joint in a frame building nor indeed for a free-standing
wall. Since small forces are involved, the interaction of returns,
floors and roofs may be important and the area of investigation has
been extended to include testp on parts of buildings up to two-storeys
which are described by Hodgkinson in another paper in these proceedings.

* Head of the Heavy Clay Division and Officer-in-Charge of the
Mellor-Green Laboratory.
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The nature of the ties between the horizontal and vertical planes is
imperfectly known, but a start has been made by the pUblication of a
guide to current methods of strapping and tying8 •

This paper describes experiments to establish the usefulness of
the characteristic flexural strength of masonry in the design of walls
with no pre-load leading to design rules embodied in the new draft
limit state Code. Work to confirm the equivalence of calcium silicate
and clay bricks under compressive loading is also described.

2. LATERAL LOAD RESISTANCE

2.1 Experimental

The standard small wall specimens for BS bricks (face 215 x 65rom)
are ten courses high and two bricks long to determine the flexural
strength parallel to the bed joint (A in Figure 1) and four courses
high and four bricks long for the flexural strength at. right angles to
the bed joint (B in Figure 1) • For concrete blocks 450 x 215rom a
larger format is required.

All the wallettes were tested under four point loading in a
vertical aspect with hydraulic bolsters to spread the load over
surface irregularities. One of each pair of bolsters was pivoted at
its mid-point to permit alignment of wallettes which are not plane.
The specimens were cured for 28 days and set on two layers of ptfe
to obviate frictional restraint during testing. The load was applied
by hydraulic jack at a uniform rate of 2.5 kN/min. Five replicates
were tested in each format and the mean recorded.

In all 61 batches of clay bricks were tested from allover Great
Britain cove~ing the range of compressive strength from 22.3 to
117.6N/rom2,water absorption from 2.1 to 29.4 per cent and suction
rate from 0.07 to 3.87 kg/m2 .min. The processes of manufacture
include semi-dry pressed, stiff plastic pressed with one and two
frogs, soft and stiff extrusion both solid and with cores of 3, 5,
11, 14, 16 and 23 holes, and repressed extruded bricks; blues, blue
brindles and smooth, rustic and sanded surfaces are inclUded. Most
are BS size but 190 x 90 x 65 rom and 290 x 90 x 90 rom and 290 x 90 x
65 rom have been included.

Walls and wallettes were constructed according to the requirements
of SP 56 "Model Specification for Load-bearing Clay Brickwork"9 and
clay bricks with an I.R.S. of more than 2 kg/m2/min were immersed in
water for a short time before use. Most of the clay bricks have
been laid in 1 : a : 3 cement : lime sand mortar but a representative
selection have also been laid in 1 : 1 : 6 and 1 : 2 : 9 mortar.

2.2 Determination of design values

Multiple regression analysis shows that the clay brick property
which has the most significant relation to the flexural strength is
the water absorption. Surprisingly the suction rate does not give
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such a good relationship. No such distinction __c-a.ri be made with
calcium silicate bricks, and concrete block fle~ural strengths
are related to the block type though some distinction on density
or compressive strength is possible.

In Figures 2 and 3 the curvilinear relationships for clay
bricks are shown typically by 1 : a : 3 mortar results with the
broken curved lines showing the calculated 95 per cent limit for
the ultimate flexural strengths. These lines have been used to
provide the stepped dotted lines which are the proposed characteris
tic flexural strengths for inclusion in the draft Code.

There are fewer different types of calcium silicate bricks
available so it has not been possible to adopt the same statistical
procedure. However, the results have been plotted as histograms~

Figures 4 and 5 and show the Code values adopted for 1 : 1 : 6
(the most frequently used mortar with these bricks) and 1 : 2 : 9
mortars. 1: a : 3 mortar is used so rarely that values for this
are not considered necessary.

For concrete blocks a larger programme was carried out for the
Building Research Establishment. The boocks have been supplied by
16 different manufacturers and each has been tested in 1:1:6 and
1:2:9 mortars. This programme is not complete, since 100, 150 and
215 mm thick blocks have to be tested both as solids and with holes
and slots. Sufficient has been done already, however, to enable the
industry to propose values for 100 rom blocks for the draft Code. In
Table 1 all the values pxoposed for the Code are shown.

Tab~e ~

Characteristic flexural strength of masonry (fkx) in N/mm
2

P~ane of P~ane of
fai~ure par~~e~ failure
to bed joints perpendicular to

bed joints

¥.ortar grade ~:b3 ld:4} !. ~:2:9 1: ~:3 ld:4; !. ~:2:9

~:1:6 ~:1:6

C~ay bricks having a
vater absorption

0.4 1.2less than 7% 0.7 0.5 2.0 1.5
betvcen 7% and 12% 0.5 0.4 0.35 1.5 l.~ 1.0
over 12% 0.4 0.3 0.25 1.1 0.9 0.8

C~cium silicate
0.6bricks 0.3 0.2 0.9

Concrete blocks of
compressive strength:

0.4 0.42.8 0.25 0.2
3.5 0.25 0.2 0.45 0.4
7.0 0.25 0.2 0.6 0.5

10.5 0.25 0.2 0.75 0.6
14.0 0.25 0.2 0.9 0.7

and
over
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The ratio of the flexural strength in the perpendicular
direction to that in the parallel direction is known as the
orthogonal ratio. The two values of tensile resistance in the
present Code, 0'07 and 0'14 N/mm2 give an orthogonal ratio (l/~)

of 2.0. The overall range of the ratios of the strength in
the perpendicular direction to that in the parallel direction
found in the present work is 1'2 to 6'2. .

The mean of all the values of flexural strength and orthogonal
ratios for all the small walls are glven in Table 2.

Table 2

Mean values of flexural strength and orthogonal ratio

Mortar Flexural strength

Mean Normal Parallel
Mix compreSSlve Mean of

proportions strength %of %of orthogonal
N/mm2 N/mm2 1 : 1 : 3 N/mm2 1 : 1 : 3 Ratios4 Ii

l:~: 3 17.69 2.10 100 0.73 100 3.13

1:1:6 5.98 2.14 101 0.71 97 3.23

1:2:9 2.44 1.86 89 0.57 78 3.30

Statistical analysis shows that there is no difference between
1:~:3 and 1:1:6 mortars. Between 1:1:6 and 1:2:9 it approaches
significance in the normal direction and is significant in the
parallel direction. While the orthogonal ratio is generally around
3·0 it becomes greater as the mortar becomes weaker, although the
differences are not significant. Thus with the weaker mortars it
is clearly the strength in the parallel direction that affects the
orthogonal ratio since it falls away more quickly. The effect
might be lessened by the use of high tensile strength mortars.

During the period when Sarabond was available experimentally in
the United Kingdom some tests to verify this were carried out on
three bricks with the results shown in Table 3.
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Table 3

Effect of modifying 1:a:3 mortar

Brick Number

6 18 31/52

Water absorption % 22.2 5.3 6.7

standard mortar

Compressive strength N/mm2 17.79 16 ..27 19.43

Flexural strength (normal) N/mm2 1.80 2.24 3.46

Flexural strength (parallel) N/mm2 0.61 0.87 1.07

Orthogonal ratio 3.0 2.6 3.2

Sarabond mortar

Compressive strength N/mm2 32.99 33.3 35.23

Flexural strength (normal) N/mm2 2.52 3·59 3.37

Flexural strength (parallel) N/mm2 1.94 1.64 1.87

Orthogonal ratio 1.3 2.2 1.8

Wanlip sand

Compressive strength N/mm2 29.39 33.23 29.13

Flexural strength (normal) N/mm2 2.20 3.04 3.19

Flexural strength (parallel) N/mm2 0.65 0.86 1.26

Orthogonal ratio 3.4 3.5 2.5

The bond strength represented by the flexural strength in the
parallel direction has increased considerably and this ~s

reflected in the lower orthogonal ratio which averages less
than 2·0 for these three bricks.

Also shown are some tests carried out with a sand of
coarser particle size distribution than the one normally used
for wall building.

Although the compressive strength of the mortar is higher,
clearly the bond strength is very little changed and any ~mprove

ment in the critical parallel direction is small.
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2.3 Full sized tests and simplified design method

The walls have been mainly storey height (2.6m) with some
1. 3m and some 3. 6m high, of various lengths up to 5. 5m and either
single wythe walls (102.5mm thick) or conventional cavity walls
(two l02.5m wythes with a 60mm gap between). The method of
testing has been desribedl and typical failure patterns are shown
in Figure 6. Most of the tests have been done on two bricks, A
which is a high strength perforated wirecut facing and B which is a
semi-dry pressed deep frog common brick. X is 1:a:3 mortar and
Y is 1:1:6.

Figure 7 shows that the failing pressure is proportional to
the reciprocal of some power of the length and the curves drawn
are of the general form

k

P = Ln

where p is the lateral load

L is the length

and k varies with the brick and mortar.

This can be extended to encompass height by intrOducing "effective
length" (Figure 8)

=

where LE 1S the effective length

L 1S the actual length

h 1S the actual height

h is the storey height (2.6m)
0

By combining these two equations k can be replaced by a function of the
flexural strength fx and Figure 9 shows the result when the
experimental failing pressure adjusted for height is plotted against

f x The best straight line is given by
L2

p
2.6

=
h

(1.8 + 12.7 f x ) kN/m2
L2

Where p 1S the failing pressure 1n kN/m2

L 1S the length in m

h 1S the height 1n m

the flexural strength in N/mm
2

f 1S
X
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The intercept on the ordinate can be explained as the contribution
of in-plane forces. Other configurations of walls will need to be
tested before this simplified approach can be used, but it would be
very useful to pursue as a semi-empirical method in which only the
height, length and flexural strength would need to be used for any
given shape of wall.

In the meantime the modified yield line method, originally
proposed by Haseltine in 197511 is recommended for design. It is
recognised that yield-line theory cannot strictly apply to brickwork
and in a recent discussion Hendry proposed the use of the term
"fracture line" as being more representative.

2.4 Cavity Walls

It was originally considered that vertical twist steel ties were
necessary to ensure that the full resistance was achieved from load
from one wythe to the other. However, more recent tests sponsored by
the Building Research Establishment (Table 4) have shown that with
vertical twist strip ties the moment of resistance of the cavity wall
may be taken as the sum of the moments of resistance of the two leaves.

The first butterfly wire tie tested (wall BoO) turned out
to be below the wire thickness permitted in BS 1243 : 197212
and sUbsequent tests with ties near the upper limit of wire
thickness gave markedly different results. Thus it is also
appropriate to take the sum of the leaves for the stiffer
butterfly ties.

From the results of one wall (No. 1057) it seems that
halving the spacing of ties both vertically and horizontally
gives increqsed resistance.

3. COMPRESSIVE STRENGTH OF CALCIUM SILICATE BRICKWORK

A very considerable body of data is available on clay bricks
but, surprisingly, very little work on calcium silicate bricks
has been reported in the literature. A series of tests have
therefore been carried out on a variety of bricks representative
of different types and the range of strengths cUrrently being
manufactured in order to establish the relationship between brick
strength and wall strength and to compare this with both the
results for clay bricks and the requlrements of the Code.

The bricks were from five manufacturers, both sand lime and
flint lime, solid and frogged, built from three mortars, 1:l:3,
1:1:6 and 1:2:9 cement: lime: sand. The wall specimens were
1.37m long, single \~the (nominal brick width, 102.5mm), storey
height (nominal 2.6m) thirty four courses built within a jig on
a concrete plinth set in a steel channel. The steel channel
facilitated loading into the 1000t wall testing machine. The
walls were covered with polythene sheets at the end of the day
and remained covered until prepared for testing by casting grano-
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fondu cappings onto the top of the walls on the (lay prior to
testing with the spreader beam of the testing machine allowed to
rest on top of the wet capping. The loading was axial, and the
load applied at the rate of 690kN/m2.min.

The detailed testing programme and results have been
described 13. In Figures 10 andll regression lines have been
inserted on graphs of mean wall strength against brick strength
for the three different mortars. Although little accuracy can
be claimed for lines based on such a small number of points for
the X and Z mortars, the results are consistent, with roughly
linear relationships that are steeper for mortar X than for
mortars Y and Z. The lines are valid only within the range
of measurements and should not be extrapolated.

More results are available for mortar Y and Figure 11 shows
a"moderate degree of correlation between wall strength (y) and
brick strength (x). The calculated linear regression equation
is

y = 9.137 + 0.09035x

and the correlation coefficient is 0.619.

Equivalent equations calculated with a common intercept for
solid and perforated clay bricks13 are

Solid

Perforated

y

y

=

=

8.88 + O.ll6:%:

8.88 + 0.059x

These equations show relationships in the same region as that for
calcium silicate bricks.

In Table 10 of CP 111 : 197014 by interpolation a load factor
of 8 is stipulated for these conditions of wall testing. In Figure 12
a to c the wall strengths are divided by the load factor 8 and the
lines are the values of permissible stress determined according to the
Code of Practice. It will be seen that all the points lie above the
line indicating that calcium silicate bricks perform satisfactorily
and that under axial compressive loading calcium silicate brickwork
behaves at least as well as clay brickwork.

4. SUMMARY AND CONCLUSIONS

The work of a national research organisation on the behaviour
of masonry in use will inevitably be concerned, often to a considerable
extent, with areas of ignorance revealed by the revision of design codes.
The original work on axial and eccentric loading of. masonry composed of
solid or cored bricks confirmed that the latter could be safely used.



6-11

The work on gas explosions was necessary to make government rethink
the panic measures taken after the Ronan Point disaster and the current
work on lateral loading is a response to a revised wind code which
many regard as impossibly severe and at variance with observed practice.
The compressive resistance of calcium silicate brickwork, however, was
determined to satisry the manufacturers that their product could indeed
stand comparison with clay brickwork.

Besides these programmes for member industries BCRA carries out
sponsored work for companies and consultants world wide. The results
are confidential to the sponsors, but include work on d.p.c. materials,
mortar additives, special ties, fixings and anchors, new masonry units,
flooring systems, prefabricated masonry panels and portions of complete
structures. All the research demonstrates that load-bearing masonry is
a most efficient, economical, structural material with which engineers
and architects should be more conversant in order to maintain and
enlarge the attractive human environment that it provides.
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EFFECT OF CONSTITUENT PROPORTIONS ON UNIAXIAL
COMPRESSIVE STRENGTH OF TVvO-INCH CUBE SPECIMENS OF
MASONRY MORTARS

By Donald J. Frey1, Robert J. Helfrich2 , and Chuan C. Feng3

ABSTRACT: Relationship between the constituent proportions of
masonry mortar, consisting of portland cement, hydrated lime,
masonry sand, and water and the compressive strength of two-inch
cubes are developed. These include charts for designing mortar
to have a required compressive strength and for determining
compressive strength from known constituent proportions. Also
developed are functional graphs and algebraic equations which have
been fitted to data and express compressive strength in terms of
cement-water ratio.

Data was collected from 435 cube specimens loaded to failure in a
compression testing machine at an age of either seven days, twenty
eight days, or six months. All test procedures were as prescribed
by the American Society for Testing and Materials.

On the charts which were establ ished from the data, constituent
proportions are displayed along with compressive strength. Math
ematical formulas for points along the abscissa and ordinate of the
charts involve constituent proportions in terms of either weight or
volume. Values of strength are conveyed with contour lines. Individual
charts for each of the three test specimencages are presented.

The functional graphs fit to the cement-water ration versus
compressive strength data are divided into two regions. For low values
of the cement-water ration these are curved and become Iinear for
higher cement-water ration values. Graphs for each of the three test
specimen ages are developed.

1 Engineer, Crowther Architects Group, Denver, Colorado
~ormerlY Graduate Student, University of Colo. Boulder, Colo.)

'Technical Director, Colo. Masonry Institute, Denver, Colo.
3· prof. of Civil Engrg., Univ. of Colo. Boulder, Colorado
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EFFECT OF CONSTITUENT PROPORTIONS ON
UNIAXIAL COMPRESSIVE STRENGTH OF TVvO-INCH

CUBE SPECIMENS OF MASONRY MORTARS

By Donald J. Frey1 , Robert J. Helfrich2 , and Chuan C. Feng3

INTRO DUCT 10 N

Modern mortar is called upon to perform a number of functions.
It is primarily a bonding agent connecting discrete masonry units
to form a continuous material. It must also be resistant to water
penetration, because it is often used as an environmental barrier.
It must be durable to withstand the forces of the environment for
the lifespan of a structure. And, mortar must be strong. It
must pass loads from one masonry unit to another.

All of the above properties are dependent upon a number of
parameters. One of these is the proportion of the constituents
with which the mortar is made. The study reported herein was
an examination of the effect that the constituent proportions have
on the corY1pressive strength of mortar.

T est specimens for this investigation consisted of two inch cubes
of portland cement-l ime mortar made in precision molds. These
specimens were tested for compressive strength in a unive rsal
testing machine. The age of the specimens at the time of testing
was either seven days, twenty-eight days, or six months. The
term "portland cement-l ime mortar" as used in this report is a
mixture of portland cement, hydrated lime, sand and water.

OBJECTIVE

The standard test, as establ ished by the American Society for
Testing and Materials (ASTM; for determining mortar compressive
strength, fc' consists of crushing two inch cubes of mortar in a

1Engineer, Crowther Architects Group, Denver, Colorado
(Formerly Graduate Student, University of Colorado, Boulder, Colo.)
2'Technical Director, Colo. Masonry Institute, Denver, Colo.
3·Prof. of Civil Engrg., Univ. of Colo. Boulder, Colorado.
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compression testing machine. Most specifications stipul ate the
compressive strength in pounds per square inch (psi) at an age
of twenty-eight days aft er molding. It is often useful to know
the strength at seven days as well. This value can be used to
indicate strength at twenty-eight days.

The objective of this research was to determine the effect that
constit uent proportions have on the compressive st rength of two
inch cubical mortar specimens at seven days and twenty-ei ght
days after molding, and to present this information to desig ners
in a usable form. Testing cubical specimens in compressi on is
an easy test to perfo rm and is sim ply a standard test commonly
run as measure of the quality of the mortar. This formulation is
intended as a first step in correlating strength with the strength
of masonry units to determine strength of the assemblage.

TEST PROCEDURES

Procedures for mlxmg, molding, storing, and testing specimens
as well as specifications for equipment were all in accordance
with the appropria te ASTM recommendations. (1)2 The
compression testing machine was fitted with a large swivel head
as is usually used for concrete cyl i.nders and the bed fitted with
a small 3-~ inch diameter swivel base to elimate as much as
possible any flexural loading.

TEST RESULTS

The constituents of portland cement-l irne mortar are portland
cement, hydrated lime, and masonry sand. Water is added to
these three i.ngredients to produce a fluid mix with a flow in the
range of 110 -:!= 5. This study is 1imited to 44 different mix pro
portions. The proportions used are shown in Figure 1, entitle d
"Portland Cement-Lime Mortar Proportions by Vol ume" • In the
masonry industry, mortar mix proportions are normally specified
by volume and the in gredients are expressed in a standard order.

2Numerals in parentheses refer to corresponding items in the
Appendix I - References
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The number of parts of portland cement is first, followed by the
number of parts of lime, and last the number of parts of sand.
The amount of water is not specified because it is understood
that the mortar will be mixed to a workable consistency. Also,
if the mortar dr-ies out on the mortar board it will be retempered
to return it to proper consistency. A mix which is specified as a
1 : ~ : 4-~ will contain 1 part portland cement, ~ part lime,
and 4-~ parts sand on a volume basis.

F or convenience, the mix proportions are divided by the first
term, cement, such that the leading number of the proportions is
indicated by unity; mathematically defined as a normalized
expression . All expressions in Figure 1 have been normal i zed
in this way so that the abscissa expresses parts of sand by
volu me and the ordinate expresses parts of lime by volume. The
dots are the mixes which were used in this study. The areas
which are bounded by 1ines represent the proportions which are
recommended by the ASTM Specifications C 270-71, "Mortar
for Unit Masonry." The recommended proportions are designated
in C270-71 as type M,S,N,O, and K, and are shown in Fig. 1.
In Table 1 the portland cement-lime mortar proportions by volume
are shown whi ch constitute the five different types. This table
was adapted from Table II in C 270-71.

435 test specimens were molded to represent the portland cement
lime mortars. Of these, 183 were tested for compressive
strength at seven days, 183 were tested at twenty-eight days, and
69 were tested after six months. Specimens consisting of
standard type mixes only were tested at six months.

At seven days and twenty-eight days the 44 portland cement-l ime
mixes are represented by 183 test specimens. Either 6 cubes
or 3 cubes were tested for each mix. Initially, 6 cubes were
tested for each mix. As the testing program progressed, time
became a factor, and it became important to have data on a large
number of mix proportions rather than to have a small number of
mix proportions, each represented by a large number of cubes.
Therefore, the number of cubes representing each mix was
reduced from 6 to 3.
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TABLE I

PORTLAND CEMENT-LIME MORTAR
PROPORTIONR BY VOLUME

-----
Mortar Parts of Parts of Parts of
Type Portland Cement Hydrated Lime Aggregate

M.... 1 1 Not less than1<

2l; and not
S .... 1 over t. to t more than 3

times the sum
N .... 1 over t to JJ. of the volumes

of the cement
0 .... 1 over I~ to 2! and Hme used.

K .... 1 over 2t to 4

TABLE II

COMPRESSIVE STRENGTH, f , OF CUBES
c

MADE FROM THE DIFFERENT TYPES OF MORTAR

Mortar Type
Minimum Average Compressive strength, f
at 28 Days (pSi. )

c

1\-1 •••.••..•. 2500

S .......... 1800

N .......... 750

0 .......... 350

K .......... 75
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Design Charts

A synthesis of information concerning all the constituent param
eteres, compressive strength and age was necessary. A design
chart to provide this information which could easily be used by
professionals was desireable. For clarity a design chart for
seven day strength and another chart for twenty-eight day strength
was devised.

The design charts developed may be used by engineers, architects,
and materials testing personnel. F or this reason the charts
can be entered either by volu me or by weight. The architect and
engineer work wit h mix proportions specified by volume in the
order recognized by the mason. The materials testing person
works both with volume and with weight.

Figure 2 is the design chart for portland cement-lime mortar cube
strength at twenty-eight days after molding, as based on 183 cube
sampl e s. This chart incorporates all the features which have been
mentior;led. The determination of compressive strength can be
made once the mix proportions by volume or by weight are known.

To use the chart with weight, the values of the abscissa and the
ordinate must be calculated. The abscissa scale on the chart is
labeled" Percent Sand S;(C+S) x 100)". To calculate the
abscissa value, the weight of sand is divided by the sum of the
weights of the portland cement and sand and the quotient is
mul tiplied by 100 as indicated by the formula. The ordinate,
labeled "Percent Lime of Cementitious Materials L/ (L +C) x 100)",
is calcula ted by dividing the weight of I ime by the sum of the
weight of lime plu s cement and then multiplying the quotient by
100. The twenty-eight day strength is then found by locating the
unique point described by the intersection of the abscissa and
ordinate values, and finding the strength value at that point by
interpolating between I ines of constant strength. This procedure
is similar to determining elevation on a topographic map.

To use the chart by volume, the volumetric mix ratio must first
be normalized to a cement value of unity as previously described.
Cement has a value of unity everywhere on the chart. The
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dashed horizontal lines are lines of constant volu-metric lime.
They start at ~ part lime and increase to th~~e parts I ime as
shown by the labels at the right. The dotted vertical lines are for
constant volumetric sand. They start at two and increase to the
right to a value of ten and one-half. Volumetric mix proportions
locate unique points on the chart. The strength value at any point
is again determined by interpolating between lines of constant
strength.

This type of design chart has a humber of desirable features.
The primary feature is that it can be used both by weight and by
volume. One of the most confusing concepts is working with
volu mes and also with weights when designing a mix. The chart
el iminates this confusion by displaying volume and weight
simul taneously .

The abscissa and ordinate in these charts each play a dual role
because the charts can be entered with constituent proportions by
weight or by volume. The abscissa and ordinate corresponding to
proportions by weight were chosen after investigation of alternative
forms. The two main criteria for the sele etion of the axes are
that each mix have a unique point in the plane and that constant
strength Iines be sufficiently Widely spaced to be meaningful. In
the form selected for these axes, one axis specifies sand content,
the other specifies lime con tent, and the need for an axis for
cement is eliminated by making each of the other two axes
involved cement. The equation established for the ordinate is:

Ordinate = L;tLtC) x 100 (1)

and is labeled "Percent Lime." This equation uniquely specifies
the lime content and also allows Iines of constant I ime by
volu me to be horizontal. The equation established for the
abscissa is:

Abscissa = S/(C + S) x 100 (2)

and is labeled "Percent Sand." This equation uniquely specifies
the sand content and also allows Ii nes of constant sand by volume
to be vertical. In the above equations "S" equals the weight of



7-10

sand, "C" equals the wei.ght of cement, and "L" equals the
weight of lime. Once these axes were determined, values had to
be placed on the axes for lime and sand by volume. This was
done using the unit weights of cement, lime, and sand and the
equations for the abscissa and ordinate given above. The
normal ization procedure previously expla ined was used to force
the value of cement by volume to unity everywhere in the plane.
Calculations for values on the axes, expressing lime and sand by
volume, were done next. The value of strength in this chart is
expressed in terms of iso-lines or 1ines of constant strength.
In this way the values of cement, 1ime, sand and strength are
expressed on one chart in both volumetric and weight form.

The design chart discussed above does not contain any information
about water. Water is the fourth ingredient in portland cement-
1ime mortar and a complete understanding of its behavior requires
knowing something about strength versus water content. A
functional graph of cement to water ratio versus strength is shown
in Fig. 3. This graph is derived from the same data used to
produce Fig. 2. For a cement - water ratio less than .85, the
data follow a curved line, and for values greater than .85,
they follow a straight line. All of the cement-water ratios
produce flow values in the range 110 ± 5. It is interesting that
this plot contains no information about lime or sand. These two
materials do require water, so their influence is seen in the
term for water. No corrections were made on the values of
water for absorption by sand or lime. The two types of plots
which have been presented can be used together. The term which
relates one to the other is the strength.

Charts of the type shown in Fig. 3 can be helpful in two different
ways. 0 ne way is to predict how much water is required to
produce a flow of 110 ~ 5 for a test mix. The other way is to
predict the strength of a mix when its cement-water ratio is
known. When preparing a mix in the laboratory, the amount of
water to use has to be estimated. The volumetric proportions
of the mix are known and from these proportions the strength
can be found using Fig. 2. With the value of strength known
the cement-water ratio is found in Fig. 3 from which the amount
of water to use is calculated.

Discussion of Twenty-Eight Day Charts

Figure 2 is the chart which relates cube strength at twenty-eight



12B

7-11

IBB

88i1

-~.....
(f)
p..

V
'H 688
..c
tL
t::
(1)....

U5
(1)

-~ Y88etJ
etJ
<l)
....
0- Hased on 18:3 samples.S
0 Flow value of llO + 5.u

28

-+- , I I
tsI tsI tsI tsI lSI lSI
111 tsI iii lSI iii lSI

tsI N N fTI

Cement-Water Hatio (By Weight)

Fig. 3- Cement-Water Hatio Versus Compressive Strength
for Portland Cement - Lime Mortar at 28 Days_



7-12

days to mix proportions. A tabulation of the data used to make
this chart is found in Table III. The first column in the table
gives the volumetric mix ratiorin the order portland cement, lime,
then sand. All of the ratios in this column have values of cement
equal to one and also have lime values greater than or equal to
~. These are limitations placed upon the portland cement-lime
mixes. The results that follow are valid only for mixes
conforming to these limitations. The weights in grams of each
of the ingredients used to prepare each of the mixes are given in
colu mns two through four. Column five contains the cement-water
ratio used. Columns six and seven contain the seven days and
twenty-eight days strengths, respectively. The strengths shown
are the average strengths in each case. This tabulation used in
conjunction with the chart shown in Fig. 2 will yield the most
accurate estimation of strength.

In this chart the strength curves start at 500 psi and increase to
8500 psi in increments of 500 psi. The lowest strength tabulated
is 190 psi, and the highest strength is 10,31 7 psi. These are the
lower and upper bounds of strength which can be found using the
chart. The lowest values are at the upper right portion of the
chart while the highest values are at the lower left portion. The
trapezoidal zones of the standard mortar types, M, S, N, 0, and
K, are indicated with dark outlines. They are defined by volu
metric proportions as shown in Table I. Type M mortar has
strength ranging from 5750 psi to 8000 psi. Type S strength
ranges from 3625 psi to 8000psi. Type N strength ranges from
1400 psi to 5500 psi. Type 0 strength ranges from 365 psi to
2200 psi. Type K strength starts at 590 psi and decreases to
190 psi. Table II is a reprint of Table I in ASTM Specification
C270-71. It defines a minimum average compressive strength
for each type of mortar at twenty-eight days. There is poor
correlation between the value~ presented in this table and the
actual strength values presented above for each type of mortar.
It is wrong to assume that if a mix can be categorized as one of
the type in Table I it will hqve a strength similar to the value
shown in Table II.

The chart, Fig. 2, has the property of reverse design. That is,
given a particular mix, the strength can be determined or for a
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desired strength the mix ratio can be designed. For example,
for a volumetric mix rati 0 of 1 : 1 : 5 the strength can be
determined as 2500 psi. To design a type S mortar with a
strength of 4000 psi, the chart gives the mix ratio 1:~:4.

To determine the amount of water needed to produce a flow of
110 • 5 in the laboratory, Fig. 3 is used. This is again the
chart of cement-water ratio versus compressive strength, fc .
For a cement-water ratio less than .85, the curve follows the
parabol ic equation:

f = 111.6 - 1038.4 (C/W) + 3664.3 (C/W)2c

For cement-water ratio values greater than .85, the curve
follows the 1inear equation:

fc = -3347.6 + 6146.8 (C/W)

For a mix ratio of 1 : 1 : 5 with a compressive strength of
2500 psi, a cement-water ratio of .951 is required.

Discussion of Seven Days Charts

(3)

(4)

Cube strength at seven days is related to mix proportions in Fig.
4. The data used to make this chart are also tabulated in Table
III. The seven days strength data are found in the sixth column
of this table. This tabulation of data should be used in
conjunction with the figure to produce the most accurate
estimation of strength.

The strength curves in the seven days strength chart start at
500 psi. and increase to 7000 psi. in increments of 500psi. The
lowest strength tabulated is 139 psi., and the highest strength
is 8112 psi. These are the lower and upper bounds of strength
which can be found using this chart. The smallest values are at
the upper right hand portion of the chart and the largest values
are at the lower left hand portion. The trapezoidal zones of the
standard mortar types, M, S, N, 0, and K, are indicated with
dark outl ines. Type M mortar has strength ranging from
4440 psi to 6700 psi. Type S mortar strength ranges from 2400
psi. to 6700 psi. Type N mortar strength ranges from 1000 psi
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TABLE III
PORTLAND CEMENT - LIME MIX DATA

,
(b) C/W = Cement - water ratio by weight

Ivo Iume t ri c Portland Hydrated Masonry
C/W(b)

Average Average
Mix Ratio Cement Lime Sand 7-0ay 28 Day
C : L : 5 (a) (Grams) (Grams) (Grams) Strength Strength

(ps j) (DS j)

1: 4: 2 706 75 1202 2.21 8112 10317
I: ~: 2 655 139 1114 1. 72 5604 7542
1: 1 :2 571 243 972 1. 39 4115 5298
1: 11:2 506 323 861 1. 12 2619 3406
1: 4: 2!- 626 67 1331 2.02 7400 8800
1: t: 2t 585 124 1244 1.54 4687 6396
1:2 :2! 420 357 893 .89 1592 2123
1:2~:H 384 408 816 .724 931 1243
1: 4: 3 841 90 2151 1.83 6400 7817
1: -t: 3 465 99 1188 1.57 4711 6388
I : 1 :3 425 181 1088 1.23 3048 4333
1: 1t:3 426 272 1088 1.015 2060 2925
1: 2 :3 390 332 995 0.814 1235 1873
1: 2t: 3 358 381 915 0.716 933 1355
1: 3 :3 332 423 847 0.604 578 866
1: lr: 3t 763 81 2275 1.623 5056 6406
1: -t: H 482 102 1435 1. 30 3276 4834
1: !-: 4 443 94 1507 1. 16 2579 3929
1:H:4 317 337 1079 .634 728 896
1: 3 :4 296 378 1007 .548 421 574
1: 1;:4!- 429 46 1644 1. 34 3194 4529
1: !-:4!- 410 87 1569 1. 18 2407 3625
1: 1 : 4-t 562 240 2155 1.03 2198 2962
I: t: 5 381 81 1622 .976 1722 2685
1: I :5 526 223 2241 .956 1769 2512
1:]1-:5 325 208 1385 .833 1348 1887
I: 2 :5 303 258 1291 .721 928 1196
1: 3 : 5 267 341 1136 .562 475 634
1: t:6 334 71 1708 .954 1703 2308
1: I :6 311 132 1589 .840 1193 1847
1: I~:6 436 279 2227 .739 990 1317
1:21 :6 257 274 1314 .590 552 771
1: 1 : 7 279 119 1664 .744 1025 1346
I :11:H 251 160 1601 .635 642 970
1:2 :71 354 303 2274 .638 589 777
1:2}:H 225 240 1439 .542 453 606
1:3 :H 215 274 1370 .477 320 429
1: ]1-:9 220 141 1689 .564 506 698
1: 2 :9 210 179 1609 .506 377 541
1: 2t:9 301 319 2305 :'501 372 527
1:2 : 101 188 160 1684 .470 341 472
I : 21: 101 181 192 1615 .431 234 364
I:H:12 164 175 1680 .410 239 344
1: 3 : 12 159 202 1620 .346 139 190
(a) C = Portland Cement L = Lime and S = Sand



7-15

2

Sand (by Volume)

2 1
/ 2 3 3'~ 4 4Y2 5

- I

3Z- 4

-I~•

- 2
:5

- I 1'.

- I I/Z eu
E
::J

o
>

-~2

- - :. - - - ~ - -:- ~ - - --:-- -

. .
: --T-~---:~:60

...
s::
0' 50.-
cP
~

>.
.0

....-- 40
0
0-
)(

-JI~
30

---
Q)

E 20
.J

c
eu
u 10
~

eu
Q..

Percent Sand

o LJ.-LLL-L.L..l-L.L1-Ll.J-L..LJLL....LJL.L-L..L...L~.L.....J.~..J...A..J~90.

60 70 80

( _5_ )( 100) by Weight
C+S

Fig. 4 Portland Cement-Lime Mortar Strength f at 7 DauB
• c' J

Versus Constituent Proportions by Weight and Volume



7-16

to 3850 psi. The type 0 mortar strength ranges from 234 psi
to 1500 psi. Type K strength starts at 425 psi and decreases to
139 psi. The ASTM specifications do not put a limit on the
strength at seven days. They put a minimum only on twenty
eight days strength.

This design chart is similar in construction to the twenty-eight
days chart. The only difference is that the 1ines of constant
strength have shifted position. It, too, allows strength to be
determined from a known mix ratio, as well as, allowing the mix
ratio to be determined for a desired strength.

Figure 5 is used to determine the amount of water needed to
produce a flow of 110 ± 5 in the laboratory. This figure is a
plot of cement-water ratio versus compressive strength, fc' For
a cement-water ratio less than 1.35, the curve follows the
parabol ic equation:

f c = -173.1 +76.2 (C/W) + 2014.2 (C/W)2 (5)

For values of cement-water ratio greater than 1.35, the curve
follows the linear equation:

f c= -3846.6 +5502.1 (C/W) (6)

For mixes prepared in the laboratory and having a flow of 110 "*' 5
the cement-water ration is known. Figure 5 el iminates the need
for testing specimens at seven days. Figure 2 eliminates the
need for testing specimens at twenty-eight days.

Six months Results

Table IV shows the 15 mix proportions which were included in
the six month tests. All of these mixes are standard types as
defined in Table I. The strengths ranged from 208 psi. for a
mix ratio of 1 : 3 : 12, which is a type K, to 9312 psi. for a
mix ratio of 1 : ~ : 3, which is a type M. The increases in
strength over the 28 day values range from nine percent for a
mix ratio of 1 : 2~ : 1O~ to twenty-seven percent for a mix
ratio of 1 : 2 : 7~.

Figure 6 is a plot of cement-water ratio versus strength at six
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TABLE IV

PORTLAND CEMENT - LIME MIX DATA
FOR SIX MONTHS

Volumetric Portland Hydrated Masonry Average %Increase
Mix Ratio Cement Lime Sand C/W(b) 6 Month Over 28
C:L:S(a) (Grams) (Grams) (Grams) strength Day

(psi.) Strength
.._----

1: l; :3 841 90 2151 1.83 9312 19.1
1· 4 ·3i 763 81 2275 1.623 7846 22.5. . ~

1:t:3~ 482 102 1435 1.30 5573 15.3
1: t-:4 443 94 1507 1.16 4562 16.1
1:~:4~ 410 87 1569 1.18 4206 16.0
1:1:4t 562 240 2155 1.03 3669 23.9
1: 1:5 526 223 2241 .956 3071 22.2
1: 1:6 311 132 1589 .840 2112 15,8
1: It:6 436 279 2227 .739 1617 22.8
1:1~:7t- 251 160 1601 .635 1057 8.9
1: 2: 7~ 354 303 2274 .638 990 27.4
1: 2: 9 210 179 1609 .506 604 11.6
1: 2t:9 301 319 2305 .501 635 20.5
1: 2t:10t 181 192 1615 ,431 397 9.1
1:3:12 159 202 1620 .346 208 9.5

--- -----

(a) C = Portland Cement, L =.~ Lime, and S :c Sand

(b) C/W = Cement - Water ratio by weight
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Fig. 6 - Cement-Water Batio Versus Compressive Strength
for portland Cement-Lime Mortar at Sill Months
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months. This plot is based on 69 cubes from 15 different mix
ratios. This graph allows six months strength to be predicted
from a known cement-water ratio producing a flow of 110 ~ 5,
when the chart in Fig. 6 is used in conjunction with the charts in
Fig. 2 and Fig. 3, the twenty-eight days strength and six months
strength can be designed. Also, using these three plots, the six
months and twenty-eight days strength of a mix can be found
from its volumetric proportions. To illustrate this last procedure,
a type M mix with a volumetric mix ratio of 1 : ~ : 3~ will be
used. From Fig. 2 this mix will have a twenty-eight days
strength of 6400psi. Figure 3 is now entered with a strength of
6400 psi. The cement-water ratio is found to be 1.58. Figure
6 is then entered with the cement-water ratio of 1.58 and gives a
six months strength of 7500 psi. The actual value measured in
the laboratory is 7846 psi. Using the three charts gave an error
of only five percent. The equation indicated with each graph
should be used to give the most accurate resul ts.

The curve in Fig. 6 is broken into two regions. The first portion
of the curve, for a cement water ratio less than .816 is curved.

In this region the parabol ic equation,

fc = 217.1 - 1550.9 (C/VV) +4547.9 (C/VV)2 (7)

fits the data well. The second portion of the curve, for a cement
water ratio greater than or equal to .816, is well approximated by
the linear equation,

fc = -3919. 3 + 7229. 1 (C/VV) • (8)
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SUMMARY

The relationships between the compressive strength of 2 - inch
cubes of portland cement-l ime mortar and constituent proportions
has been thoroughly investigated in the present study. These are
presented in design charts and plots of cement-water ratio versus
compressive strength, f c' The design charts can be used to
determine compressive strength from knowledge of constituent
proportions either by volume or by weight. Charts were prepared
for strength at seven days and at twenty-eight days. The plots
of cement-water ratio versus compressive strength are also
establ i.shed for strength at seven days and twenty-eight days.
These relationships have been determined using only ASTM proce
dures. Therefore, flow values were maintained in the range
110 ± 5 and the temperature throughout kept at approximately 72oF.

CONCLUSIONS

The objective of this research, as previously stated, was "to
determine the effect that constituent proportions have on
compressive strength of two inch cubical mortar specimens at
seven days and twenty-eight days after molding, and to present
this information to designers in a usable form." This objective
has been reached and a nUI~ber of conclusions have been made
for the mortars tested.

The conclusions are:

1 • Laboratory standardization of tests has been establ ished.
Using these procedures, tests results are repeatable.

2. Regardless of the mix ratio, the strength at twenty-eight days
exceeds the strength 2: seven days. And, the strength at six
months exceeds th'-" --"crength at twenty-eight days.

3. Compressive strength can be predicted for the materials used
in this study from constituent proportions using design charts
(Fig. 1, Fig. 3.)

4. The design charts contain regions which correspond to mortar
types M,S, N, 0, and K as defined by Table II in ASTM
Specification C 270-71.
(Fig. 1, Fig. 3.)
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5. Compressive strength, fc' can be predicted for the materials
used in this study from the cement-water ratio.
(Fig. 2, Fig. 4, Fig. 5)

6. A portion of the cement-water ratio versus compressive
strength, fc' data is curved while the other portion is linear.
Algebraic expressions have been written for each portion, and the
region to which each pertains has been defined.
(Fig. 2, Fig. 4, Fig. 5)

7 • F or the mortars tested, the compressive strength fc' decreases
as the amount of I ime increases while sand and portland cement
content are held constant.

8. For the mortars tested, the compressive strength, fc'
decreases as the amount of sand increases while I ime and portland
cement content are held constant.

9. For the mortars tested the compressive strength, f , increases
as the amount of portland cement increases while lime gnd sand
content are held constant.

10. All mortar mixes in this study were made with Colorado
produced materials ahd nave compressive strengths which exceed
the minimum values established by Table I in ASTM Specification
C 270-71.

11. It was found that it is possible to express the mix ratios by
volume of portland cement-l ime mortar on a plot of "sand by
volume" versus "lime by volume," if the portland cement value is
normal ized to unity (Fig. 1).
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SINTERED COAL REFUSE LIGHTWEIGHT MASONRY AGGREGATE

By Rose, J. G., Assoc. Prof. of Civ. Engrg, Univ. of Kentucky

ABSTRACT: The availability of economical, quality aggregates for use in
many varied construction applications is an important requisite for the
construction industry of this country. This paper describes the develop
ment and evaluation of a synthetic lightweight aggregate, having partic
ular application to the concrete masonry industry.

Bituminous coal refuse, a waste product obtained from five coal
preparation plants in Kentucky, was successfully sintered on a traveling
grate to produce lightweight construction aggregate. Brief discussions
are presented on the origin of coal refuse and of the aggregate process
ing operation. Detailed descriptions are given of laboratory evaluations
of the sintered aggregate to determine its suitability for use in manu
factured concrete masonry products. Standard-size concrete blocks were
fabricated using the sintered aggregate for purposes of ascertaining
strength, durability, weight and heat conductivity properties. Results
were compared with similarily-produced limestone control blocks. Test
parameters were determined to be satisfactory.

Also described are advantages of lightweight aggregate and resultant
benefits derivable from using coal refuse as a raw material for sintered
lightweight aggregate production.
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SINTERED COAL REFUSE LIGHTWEIGHT MASONRY AGGREGATE

By Jerry G. Rosel

INTRODUCTION

The demands for quality aggregates for various construction appli
cations have resulted in aggregate shortages in many parts of this
country, with some areas experiencing a depletion of all quality natural
aggregates (8,11).2 Environmental constraints and urban sprawl have
curtailed production in some areas where aggregate supplies are abundant.
Although natural aggregate reserves are virtually inexhaustible in this
country, geographic distribution and quality do not necessarily coincide
with need, thus necessitating high costs for transporting the heavy,
bulky commodity.

The manufacture of synthetic aggregates and the utilization of by
product (waste) materials represent means that are being used in order
to provide locally available aggregates and/or aggregates having partic
ular characteristics. Blast and steel furnace slag, power plant ash and
various mine tailings, wastes, etc., represent by-product materials in
current use. The most commonly manufactured synthetic aggregate is ex
panded lightweight shale (clay or slate), produced by heating the raw
product to about 2000 0 F in a rotary kiln. At this elevated temperature,
gasses are generated which expand (bloat) the material, while the high
temperatures stabilize the material. A less commonly used method for
producing synthetic lightweight aggregate is the continuous sintering
grate process in which the raw material and an added fuel charge are
placed on a traveling bed and ignited. As the product sinters (or burns)
the particles fuse together and the carbon fuel burns, creating void
spaces within the aggregate particles.

The Expanded Shale, Clay, and Slate Institute and the Lightweight
Aggregate Producers Association promote the production and use of syn
thetic lightweight aggregates. All fuel requirements for rotary kiln
processing are provided from an external fuel source, whereas the sin
tering operation requires only minimal external fuel with the bulk con
tained in the raw feed material.

During the past three years, the Department of Civil Engineering at
the University of Kentucky has been involved in research studies to de
velop uses for bituminous coal refuse materials (2,5,6,12,13,14,15).
Similar studies have been conducted in Great Britain, Pennsylvania, and

lAssoc. Prof. of Civ. Engrg., Univ. of Kentucky, Lexington, Ken
tucky.

2Numerals in parentheses refer to corresponding items in Appendix
I. - References.
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elsewhere (7,10). The possibilities of converting the refuse into high
quality lightweight aggregate were examined. An evaluation was made of
the technical competence of synthetic lightweight aggregate produced
from the sintering of bituminous coal refuse. In order to accomplish
this, a thorough laboratory evaluation was conducted on the sintered
material. The basic goal of the research is to determine the capabil
ities of material for use as an aggregate for concrete building materials.

The purpose of this paper is to briefly discuss the origin of coal
refuse and the production of sintered coal refuse lightweight aggregate,
and to more fully describe laboratory studies which were conducted on
the sintered aggregate to determine its suitability for use in manu
facturing lightweight concrete masonry blocks.

COAL REFUSE

Coal refuse is a mixture of fragmented materials which are removed
from the run-of-mine coal during the cleaning and preparation process so
that the quality of the coal will be improved. Sources of refuse mater
ials have been described (15) as follows:

Thin bands of shale and clay, and other impurities and
minerals are inherent within the coal seam. Occasionally a
coal seam will divide, or part vertically with an attendant
thick layer of clay or shale filling the parting. With
mechanized equipment it is easier and cheaper to extract a
seam of coal with unwanted impurities than to try to mine
only the pure coal. Contamination from overburden provides
an additional source of impurities in strip mining operations.
I~ underground mining it is sometimes necessary to mine a
portion of the roof or floor in order to provide a satisfac
tory roof for clearance support or a hard, stable floor to
work on. At selected locations the roof must be taken for
overcasts and other ventilation structures. Many times the
coal-seam thickness will decrease, thus requiring more roof
and floor to be taken in order to provide clearances for
mechanized mining and hauling equipment. Vertical cleates
containing minerals are sometimes encountered. All these
conditions provide sources for the refuse materials.

The processing is accomplished in preparation plants, some of which
process as much as 20,000 tons of coal per day. Since coal has a lower
specific gravity than the refuse materials, the coarser fractions are
normally separated by heavy-media methods. Special frothing agents
which attach to and float the coal are commonly utilized as a medium to
separate the fine coal and refuse (5). The processes involved in the
cleaning and preparation operations are depicted in Fig. 1.

Approximately 50 percent of the coal mined in this country is pro
cessed in preparation plants. The reject is about 25 percent of the 300
million tons of coal, or 75 million tons of refuse annually. Some 20
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FIG. 1. - Generation of Coal Refuse

million tons of refuse are being produced yearly in Kentucky at present
production rates (5,15). As the demand for coal increases during the
coming years, it is anticipated that refuse production will increase at
an even greater rate since a larger percentage of the coal will be pro
cessed. Environmental standards are demanding higher-quality, cleaner
burning coals which will require more intensive cleaning. This is par
ticularly true in areas where lower-quality seams are now being mined
since the higher-quality seams have previously been mined. Also, modern
automated mines produce larger percentages of reject materials due to
the lack of selected mining. In addition, cleaned and processed coal
results in a constant quality product, a lower cost to transport since
the nonburning fraction is removed at the mine site, and a market price
increase of several dollars per ton over run-of-mine coal. The problem
of how to dispose of the increasing quantity of refuse in an economical
ly and environmentally acceptable manner is an issue currently facing
the coal industry (4).

Conventional disposal practices involve either placing the refuse
in large waste piles or pumping it behind retaining structures. It
presently costs $0.50 to $1.00 per ton to dispose of the refuse, or an
industry cost in this country of over $50 million per year. The per-ton
disposal costs are increasing due to higher costs associated with more
stringent environmental controls (15). Obviously, if utilization of the
coal refuse could be affected, it would eliminate the need for involved,
permanent disposal facilities.

SINTERED AGGREGATE PROCESSING

PRELIMINARY PROCESSING

Preliminary pilot-scale rotary-kiln firings and bench-scale sinter
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pot firings were conducted using small samples of the material (2).

Rotary-kiln tests at the Texas Transportation Institute Research
Center indicated that bituminous coal refuse responded to rotary-kiln
processing and a lightweight product could be produced, although some
handling problems were encountered. However, no fuel benefit was ob
tained from the inherent carbon content in the refuse, since the gener
ated heat exited through the stack and did not assist in further heating
of the product. Environmental problems were also encountered because of
the high sulfur content of the bituminous coal in the refuse.

Sinter pot firings using the bituminous coal refuse were made at
McDowell-Wellman Engineering Company in Cleveland, Ohio. The test
apparatus consisted of a balling disc and a sinter test pot to which the
refuse responded favorably. Laboratory analyses of the small quantity
of sintered aggregate produced indicated a high-quality, lightweight
product. As expected, exhaust gasses from the batch sintering tests con
tained considerable smoke-sulfur emissions as particulates of carbon and
condensable hydrocarbons from the bituminous coal inherent with the
refuse. However, several tests performed with simulated recycle draft
within designed time-temperature cycles indicated that the raw materials
should respond to a multi-pass recycle draft sintering system.

PILOT PLANT PROCESSING

Following the favorable preliminary results, pilot plant tests were
conducted using an improved sintering process to minimize exhaust draft
quantities and to arrest combustibles in the draft stream through re
cycling and post-bed combustion. The intent of the pilot plant program
was to demonstrate process feasibility on a practical scale and to pro
vide tonnage samples of aggregate for large-scale product evaluation
studies.

The sintering process has been basically described (3) as follows:

In principle, the sintering process consists of charging
a bed of fine moistened materials, which are then subjected to
heat developed by combustion of fuel within the bed while indi
vidual particles are kept in quiescent state. An air draft is
induced through the bed, made porous for the operation, and
this draft combined with an ignited solid fuel provides com
bustion. Through heat transfer the sintering process is com
pleted. Usually mixing, igniting, burning, and cooling are
the main phases of the generic term " s intering".

When first developed, the sintering process was performed in a large
vessel, however in 1906 the continuous sintering process was invented by
A. S. Dwight and R. L. Lloyd. Although primarily used for beneficiating
metallic ores, the process has been used for other purposes including
the processing of lightweight aggregate.

Refuse samples were obtained from five large coal preparation plants
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in Eastern Kentucky, as noted in Fig. 2. They are typical of "total
cleaning" plants in the Eastern Kentucky coal fields. A view of a
typical refuse sample is shown in Fig. 3. The plus one-inch material
was initially screened from the samples. Bulk density, moisture content
and typical coal analyses of the raw refuse, as sampled, are given in
Table 1. Prior to processing on the traveling grate, the refuse was
permitted to dry to about 4.0 percent moisture content and hammermilled
until more than 90 percent passed a 3/8-inch screen.

An extensive evaluation of processing conditions was made on the
refuse obtained from the South-East Coal Company plant at Irvine (SEI).
Fourteen material balance tests were conducted during the pilot plant
program, not including a preliminary run. Sufficient data were acquired
during the tests to establish a materials balance (optimum bed content
of materials to be sintered), a draft flow circuit, and product analyses.
Data collected were analyzed after each pilot plant test and this infor
mation was used to establish processing conditions for subsequent tests.

The operation of the pilot plant involved delivering the crushed
raw refuse and a selected amount of return (partially sintered material
from previous runs) to a nodulizing-balling disc. This consisted of an
inclined rotary pan, and was used to blend and nodulize the raw feed,
particularly fine material. The raw feed was discharged onto a two-foot

MAP OF
KENTUCKY

Legend:
SEI - South-East Coal Co., Irvine Plant
ICP - Island Creek Coal Co., Pevler Plant
BEP - Beth-Elkhorn Corp., Pike Plant
EOB - Eastover Mining Co., Brookside Plant
USSC - U. S. Steel Corp., Corbin Plant

FIG. 2. - Preparation Plant Refuse Sampling Sites



8-7

FIG. 3. - Raw Refuse as Sampled

TABLE 1. - As Sampled Raw Refuse Data

Plant SEI SEI-BC ICP BEP EOB USSC

Bulk Density, lb/ft3 76.9

Moisture Content, % 8.1 10.6 12.5 9.1 11.6

Size, inch -1.0 -3/8 -3/8 -3/8 -3/8 -3/8

Ash, * % 80.2 86.1 57.6 74.5 77.0 71.6

Volatile Matter, * % 12.0 8.4 19.3 13.5 13 .8 14.2

Fixed Carbon, * % 7.8 5.5 22.8 12.0 8.7 14.2

Total Sulfur, * % 2.3 1.6 1.1 0.8 1.1 1.3

Heating Value,* Btu/lb 1380 970 4900 2500 2460 3430

*Moisture-Free Condition

wide by l8-foot long traveling grate machine positioned over active wind
boxes, as illustrated in Fig. 4. Ignition of the nodulized feed was
accomplished with natural gas ignition torches. Various feed rates,
percentages of returns, bed depths, machine speeds, ignition times, and
recycle and exhaust wind box flows were investigated. When the pilot
plant was stabilized, as evidenced by relatively uniform conditions of
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operation, the plus one-inch product (sinter cake) produced during the
specific period was collected and saved for subsequent evaluations. The
minus 3/S-inch size was used for returns, as was a portion of the minus
one-inch to plus 3/S-inch size. The draft was incinerated in an after
burner, then exhausted to a scrubber and finally to a stack (1).

Less extensive evaluations were made on samples obtained from the
other four plants and only small quantities of these were sintered. In
addition, a sample consisting of 70 percent SEI refuse and 30 percent
noncarbonaceous (blue) clay was also sintered. The blue clay was located
adjacent to the plant. Its sample designation was SEI-BC.

It was concluded that the improved sintering process embodying
strand cooling and draft recycle could be favorably applied to sintering
of coal mine waste materials. Sinter quality appeared satisfactory and
relatively low quantities of draft were available in a hot stream for
final decomposition to produce a stack exhaust clear of visible emissions.
The raw materials were relatively high in fuel content and possessed
strong bloating characteristics. This necessitated use of high return
levels and shallow beds as a means of controlling sinter operation and
bed permeability. These raw material factors limited the full benefits
of the improved sintering process because the high fuel content did not
consistently enable complete strand cooling of the product. It was
believed that the effect of these factors could be minimized through use
of refuse containing a lower fuel value or a blend of some inert mater
ials such as clay or sand within the sinter charge.

AGGREGATE PRODUCT EVALUATION

Bulk quantities of the sinter cake material were processed in the
laboratory for use as graded aggregate in concrete blocks. The sinter

---+- SINTE RING _a....f----- COOLI NG --------.,~

STACK

FIG. 4. - Traveling Grate Sintering Process
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cake, Fig. 5, was crushed and screened to obtain the block grading shown
in Table 2.

Laboratory tests were conducted on the discrete aggregate particles
and comparisons of test values were made with those specified by the
American Society for Testing and Materials (ASTM) designation C 331
"Lightweight Aggregates for Concrete Masonry Units" (18). Unit weight,
deleterious substances and concrete-making properties were evaluated in
accordance with the test procedures specified by ASTM C 331. In addi
tion, bulk specific gravity and water absorption tests were conducted.

DRY-LOOSE UNIT WEIGHT

Unit weight was determined in accordance with ASTM C 29 (17) using
the shoveling procedure. The net weight of dry-loose graded aggregate
required to fill a one-half cubic foot measure was determined and the
unit weight calculated.

ASTM C 331 specifies that the dry-loose unit weight of combined
fine and coarse lightweight aggregate must be less than 65 Ib/ft 3 . As
noted in Table 3, all unit weights were much lower, ranging from 39 to
49 lb/ft3 . The lower values are caused by a combination of low specific
gravity of the sintered aggregate and rough surface texture which pre
vents a tight packing condition. Most rotary-kiln produced lightweight
aggregates are slightly heavier and have smoother surface texture.

2in
I---r'----".....,

4 em

FIG. 5. - Sinter Cake and Crushed Block-Graded Material
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TABLE 2. - Sintered Aggregate Block Grading

Sieve Size

1/2 in.

3/8 in.

No. 4

No. 8

No. 16

No. 50

No. 100

Percent Passing By Weight*

100

90-100

65-90

35-65

10-25

5-15

*Conforms to ASTM C 331 grading requirements for combined fine and
coarse aggregate, 3/8-inch to 0 size.

DELETERIOUS SUBSTANCES

Organic Impurities

This test is used to detect the presence of materials in natural
sands which might cause harmful effects in concrete products. The pro
cedure followed was ASTM C 40 (17) (Alternate Procedure B) in which the
material to be tested is soaked in a sodium hydroxide solution for 24
hours at which time the color of the supernatant liquid above the test
sample is compared with a reference standard color. No organic impur
ities were indicated in any of the aggregate groups.

Staining Materials

This test is used to indicate the presence of iron compounds which
produce staining in concrete products. The procedure, ASTM C 641 (17)
involves material which is 3/8-inch by No. 30 sieve size. The aggregate
is wrapped in a filter paper, saturated with water, and placed in a
steam bath for 16 hours. The filter paper is then washed, dried, and
compared to photographic reference standards. The average staining
values were very light, light and moderate, as noted in Table 3. The
ASTM specifications for lightweight blocks state that aggregate must be
classified as lighter than heavy stain, thus all samples meet that
criteria.

Clay Lumps

The test was conducted as outlined in ASTM C 142 (17) the deter
mination of clay lumps and friable particles in natural aggregates.
The procedure involved covering the No. 4 to No. 16 samples with water
for 24 + 4 hours, rolling the particles between the fingers in order to
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break any that contain clay lumps, and then wet sieving the material.
The percent clay lumps and friable particles is calculated by dividing
the weight of dry material passing the sieve on which it was originally
retained by the original dry weight and multiplying by 100. The percent
clay lumps values were all less than the two percent specification.
Table 3 reports the test values.

Loss on Ignition

The loss on ignition test was performed in order to determine if the
material had been completely fired during the sintering process. Values
were determined in accordance with ASTM C 114 (16) (referee method).
Samples were heated to 950°C and held until constant weight was obtained.
The percent loss in weight was calculated.

As noted in Table 3, except for the rcp sample, the loss on ignition
values were all less than the five percent maximum specification.

CONCRETE MAKING PROPERTIES

Drying Shrinkage

The determination of the length change of the hardened concrete was
made in accordance with ASTM C 331 (18) and C 157 (17) using 100 percent sin
tered aggregate. The prism molds were filled in two layers, each rodded
33 times. After curing 23.5 + 0.5 hours, they were removed from the
molds and placed in saturated-lime water at 73.4 ~ 3°P. At an age of
seven days, the specimens were removed from the moist storage and an ini
tial length measurement was made. The specimens were then stored at a
temperature of 73.4 ~ 3°p and relative humidity of 50 ~ 2 percent. Sub
sequent measurements were made at 28 and 100 days. The percent change in
length was calculated after both measurements as the change in corrected
dial gage reading divided by the length of the specimen, 11.25 inches.
The length change data, reported in Table 4, indicates that all the speci
mens were below the 0.10 percent maximum permitted shrinkage at 100 days.

Popouts

Specimens of 100 percent sintered aggregate were evaluated by the
procedures described in ASTM C 331 (18) and ASTM C 151 (16). The mix
was prepared in the proportions of one part of cement to six parts sin
tered aggregate, by dry loose volume. The mix was prepared with a two-
to three-inch slump and was placed in a 3 x 3 x 11.5-inch prism mold in
two layers, each rodded 33 times. The filled mold was then cured in a
moist room for 24 + 0.5 hours, at which time the specimen was removed from
the mold and placed into an autoclave. The autoclave vessel was brought
to a pressure of 295 psi and that condition was maintained for three
hours, at which time a slow cooling period was begun. Upon removal from
the autoclave, visual inspection of the entire specimen indicated no pop
outs had occurred.
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Freeze-Thaw Durability

The specimens for the freeze-thaw test were prepared as specified in
ASTM C 331 (18), using air-entrained concrete. The determination of the
resistance of the concrete to rapidly repeated cycles of freezing and
thawing was completed in accordance with ASTM C 666 (17). The apparatus
used followed Procedure B - freezing in air and thawing in water. The
samples were made in prism molds measuring 4 x 3 x 16 inches, filled in
two equal layers, and rodded 32 strokes per layer. After curing one day
in the molds, the specimens were immersed in saturated lime water at 73.4
~ 3°F for 14 days. The specimens were then brought to a temperature of
42.5 ~ 5°F, immediately weighed, and tested for fundamental transverse
frequency as described in ASTM C 215 (17). The prisms were then placed
in the freeze-thaw chamber which subjects them to a 2.5-hour freeze/l.5
hour thaw cycle. The process of weighing and testing for fundamental
frequency is repeated at various cycle intervals. The freeze-thaw cycling
is continued until the specimen falls below 60 percent of its initial dy
namic modulus of elasticity or withstands 300 cycles of freezing and
thawing, whichever comes first. All specimens exhibited excellent freeze
thaw durability, as noted in Table 4.

BULK SPECIFIC GRAVITY AND WATER ABSORPTION

Since the absorption of sintered aggregate is higher and more vari
able than conventional aggregates, a select procedure standardized by
the Texas Highway Department as Test Method Tex 433-A (9) was used. This
method of testing is intended for use in determining the bulk specific
gravity (both dry and saturated surface-dry), apparent specific gravity,
absorption, and rate of absorption of both fine and coarse lightweight
aggregates.

The procedure basically involves placing an oven-dry weight of a
sample in a calibrated pycnometer jar and completely filling the jar with
water, taking care to expel all air bubbles. Timing begins the instant
the water is introduced into the jar. Combined weight of the pycnometer
jar, sample, and sufficient water to fill the jar are taken after various
time intervals. The weight increases with time because of extra water
added to compensate for absorption. A curve of weight versus time, exten
ded back to zero time, provides for an indirect calculation of the oven
dry bulk volume of the sample prior to water addition. The apparent
volume of the sample and the amount of absorbed water at any time can
also be calculated.

The percent absorption at any time is calculated by dividing the
weight of the absorbed water at any time by the oven-dry weight of the
sample. A plot of percent absorption versus time establishes the rate of
absorption. The bulk specific gravity is calculated by dividing the oven
dry weight of the sample by the volume of the sample. The bulk specific
gravity on a saturated, surface-dry basis at any time is ~alculated by
dividing the sum of the oven-dry weight of the sample and the weight of
the absorbed water at any time, by the bulk volume of the sample. The
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apparent specific gravity at any time is calculated by dividing the oven
dry weight of the sample by the apparent volume at that time.

As noted in Table 5, average dry bulk specific gravities ranged from
1.53 to 1.68. After lOa-minute and 24-hour soaks, the average bulk spe
cific gravities ranged from 1.59 to 1.77 and 1.63 to 1.81, respectively.
The average lOa-minute absorptions ranged from 3.78 to 6.16 percent while
increasing from 6.69 to 9.03 percent after 24 hours. Plots of absorption
versus time for the various block-graded aggregates are given in Fig. 6.
Specific gravities were slightly below average as compared to typical
lightweight aggregates. Absorption values were average to slightly above
average.

CONCRETE MASONRY BLOCKS

Concrete blocks of various sizes and shapes and containing many
different material compositions have been used for numerous years. The
current trend is to produce lightweight units with structural integrity
permitting use throughout the broad scope of activities in which concrete
blocks are applicable. Advantages of the synthetic aggregate lightweight
blocks include light weight effects which lower dead loads with no loss
in load bearing capacity while increasing construction productivity, and
the combination of good thermal insulation and moisture resistance, low
sound transmission, and high fire resistance due to the vessicular nature
of the noncombustible aggregate.

Sintered coal refuse was evaluated as an aggregate in producing 6 x
8 x 16-inch lightweight blocks using a small commercial machine. The
effects of varying cement and agricultural limestone (aglime) contents
were studied. Limestone aggregate blocks were produced for control speci
mens and samples were also obtained from a local commercial manufacturing
operation.

MANUFACTURING PROCESS

The experimental blocks were produced on a Fleming Model 180 block
machine, shown in Fig. 7, located at the University of Kentucky research
laboratory. The block mix is fed into the machine through the hopper at
the top. A chamber moves forward to fill and compact the mix in the mold
box (upside down in the picture), which then is inverted to release the
block onto the steel pallet. After the blocks were made, they were air
cured (in the closed steam room) for approximately two hours before being
subjected to steam curing, thus permitting initial preset. The steam
room was initially unheated. An approximate two-hour slow heating period
brought the room temperature to l40-l50 oF and this temperature was main
tained for 10 hours. A two-hour slow cooling period was allowed before
the blocks were removed from the steam room. They were then stored at
room temperature and humidity until the time of test, six days later.
A sintered aggregate block is shown in Fig. 8.
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FIG. 7. - Block-Making Operation
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~
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FIG. 8. - Sintered Aggregate Block
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MIX DESIGNS AND DESCRIPTIONS

Unlike designing a concrete mix, concrete block proportioning is
usually done by the trial and error method, utilizing past experience.
The amount of water required is a subjective evaluation. It was decided
to use a mix composition similar to that used in a local commercial oper
ation - Lexington Concrete Products (LCP) - with adjustments made to com
pensate for the difference in specific gravity of the materials. Thus,
knowing a typical commercial limestone block mix design, the sintered
aggregate mix designs were derived by weight-volume relationships. This
provided a check on the reliability of the block making procedure since
the limestone blocks could be directly compared to those units produced
by LCP. The mix design used by LCP was 3200.0 lb limestone block mix
and 300.0 lb block cement. This was proportionately reduced to an amount
(volume) that could be easily handled in the laboratory mixer: 250.0 lb
of limestone block mix and 23.4 lb of block cement. Eight six-inch
blocks could be made from each batch.

Since the specific gravity of the sintered aggregate is grossly
different from that of the limestone block mix, it was necessary to ad
just the weight of sintered aggregate used to replace the limestone
material, in order to maintain the same batch volume and an equivalent
volumetric cement factor. The same batch volume could be produced by
using only 160.0 lb of sintered aggregate in place of 250.0 Ib of lime
stone aggregate.

Several trial sintered mixes were made in an attempt to bracket the
optimum design. The 100 percent sintered aggregate mix proved to have
poor cohesion and low "green" strength and toughness, thus aglime was
added to the sintered mixes to promote good consolidation. The specific
gravity of the aglime is approximately that of the limestone block
aggregate. The final mix design for the optimum sintered mix was 127.8
lb of sintered aggregate, 50.0 lb of aglime and 23.4 lb of block cement.
Thus the batch volume and cement factor for the sintered mixes were the
same as those for the limestone control mixes.

Preliminary strength testing of the sintered aggregate and limestone
blocks (19) indicated that equivalent strengths could not be obtained at
equal cement factors. Therefore the cement factor for the sintered mixes
was increased by 30 percent. Design weights for the sintered aggregate
mixes and the limestone control mixes are given in Table 6. The block
aggregate data is present in Table 7.

LABORATORY TESTS

The concrete blocks were selectively tested for compressive strength,
water absorption, and block weight. Yield and cement factors were also
calculated. Eight units from each mix were used for testing purposes,
five for compressive strength tests, and three for combined absorption
and block weight calculations.
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TABLE 6. - Block Mix Design Data

Sintered Aggregate, Ib

Agricultural Limestone, lb

Cement, * Ib

Limestone Block Mix, Ib

Water, Ib

Sintered
Aggregate

Mixes

127.8

50.0

30.4**

13.2

Limestone
Control

Mixes (UK)

23.4

250.0

15.1

Limestone
Control

Mixes (LCP)

23.4

250.0

?

*"Speed" block cement.
**30 percent increase over control mixes.

TABLE 7. - Block Aggregate Data

Sieve Size Individual Percent Retained

3/8-inch

No. 4

No. 8

No. 16

No. 50

No. 100

No. -100

Moisture content, %

Bulk specific gravity (OD)

Bulk specific
gravity (SSD)

Bulk specific
gravity (prevailing)

Sintered
Aggregate

a

6.8

36.5

22.0

19.2

4.1

11.4

variable

1.53-1.68

1.59-1. 77

Agricultural Limestone
Limestone Block Mix

a a

2.8 7.8

39.7 41.5

24.8 22.3

17 .4 13.9

4.5 3.4

10.8 11.1

2.49

2.59

2.50
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Compressive strength

The testing of compressive strength of concrete masonry units was
done in accordance with ASTM Method C 140 (18). Having been cured in a
steam room as previously described, the blocks were stored at room tem
perature for six additional days at which time they were capped and
tested using a hydraulic testing machine. The compressive strength is
calculated by dividing the maximum load in pounds by the gross cross
sectional area of the unit in square inches.

Compressive strength test results are given in Figure 9 and Table 8.
The sintered aggregate blocks ranged in compressive strength from 1,210
psi to 1,520 psi. ASTM C 90 specifies that the minimum compressive
strength for Grade N-Type I (general use, moisture controlled) blocks
should be 1000 psi. All sintered units exceeded this requirement (18).

Limestone control blocks made with the small machine at UK compared
favorably with those obtained from the commercial LCP plant. The lime
stone units made at UK averaged 1,605 psi, while the LCP blocks averaged
1,690 psi. Even though the sintered aggregate produces a quality block,
it is inherently weaker than the limestone material.
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Block Weight and Water Absorption

The weight and absorption of the concrete blocks were determined by
ASTM C 140 (18). The specimens were immersed in water at room temperature
for 24 hours, then weighed submerged. The unit was then removed from the
water, allowed to drain for one minute while removing surface water with
a cloth, and weighed to obtain the wet or saturated weight of the unit.
The block was subsequently dried to a constant weight to obtain the dry
weight of the unit.

The dry and saturated block weights are given in Table 8. Dry
weights of the sintered units ranged from 19.6 to 21.0 pounds; the lime
stone control units averaged 29.5 pounds. In order to directly compare
the UK blocks with the LCP units, a factor was applied to the eight-inch
blocks to convert the data to six-inch equivalent block size. Saturated
weights exhibited the same trends as the dry weights.

Table 8 contains absorption data for the various block units. Ab
sorptions for the sintered units ranged from 12.7 to 15.1 Ib/ft3• Ab
sorptions for the limestone units were around 10 lb/ft3 . ASTM C 90
specifies that the maximum water absorption of blocks with a dry density
less than 105 Ib/ft3 should be 18 Ib/ft 3 and that 'normal weight units
which have a density of greater than 125 Ib/ft3 should have an absorption
of less than 13 Ib/ft 3• All units meet these specifications (18).

Yield and Cement Factor

The yield was calculated in terms of the number of blocks produced
per bag of cement. This value can be easily obtained by monitoring the
weight of constituents in the mix and weighing a fresh block as it is
produced. (Actually, the first two blocks were weighed together to in
crease accuracy.) Dividing the total weight of the mix by the weight of
a fresh block and dividing the weight of cement in the mix by that value,
the weight of cement in each block (the cement factor) is attained.
Finally, dividing the weight of cement per bag by the cement factor gen
erates the yield.

The yield of the limestone control group was calculated by dividing
the total weight of material in the mix by the saturated weight of the
block, dividing that value by the weight of cement in the mix, and then
multiplying by the weight of cement per bag. Table 8 presents the yield
data for the units. The sintered units ranged from 28.8 to 33.4 blocks/
bag. This compared to around 35 blocks/bag for the limestone units.

THERMAL ASPECTS

Materials to form parts of buildings and other containments of the
future will necessarily be closely analyzed for their thermal resistance
characteristics. Aside from the energy conservation aspects of construc
tion, the overall economics of construction must be carefully analyzed
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for establishing acceptable lifetime costs. The production of lightweight
aggregate by sintering coal mine refuse dictates the determination of the
energy conservation characteristics of construction components made from
lightweight aggregate. Thus, materials generated were tested for thermal
resistance in building block configurations. Although the results ob
tained were somewhat predictable they do give direction to optimum usage
of the materials as made available to the construction market.

New energy conservation technology requires effective insulating
materials in the field of building physics and economical usage of insu
lating materials requires increased knowledge of all types of solid
materials. There must be an evaluation of the thermal conductivity, or
inversely the thermal resistance, of materials in order to rate the effect
on the loss of heat from a structure. Here, thermal resistance is re
garded as a property of a particular body or assembly measured by the
ratio of the diff~rence between the average temperatures of two surfaces
with steady state in effect, as noted in ASTM C 168 (19).

Thermal Resistance =
Heat Flow

Temperature Difference

The specific mechanism employed in measuring heat flow through large
sections or multiple material sections is the Guarded Hot Box. The basic
procedure is fairly simple and is based on the steady state heat transfer
between a hot (warm) and a cold plate (flat surface). Even though the
mechanics of operations seem simple, comparison of results ongiven sam
ples, as determined at different locations or at different times may
vary. Points of contention seem to be the nonadiabatic (perfectly insu
lated) features of the test equipment and the nonadherence to taking
measurements at steady state conditions (thermal).

Materials testing was done using test equipment designed, built, and
utilized for the materials developed in this coal mine refuse utilization
program. This was necessary since the desired test equipment was not
otherwise available.

The test facility was built to accommodate concrete block wall sec
tions. Sample components tested were made from both sintered aggregate
and control limestone block. Structural details of the test facility are
shown in Figure 10. The procedure for the test is contained in ASTM C
236"Test for Thermal Conductance and Transmittance of Built-Up Sections
by Means of the Guarded Hot Box" (19).

A summary of test results is given in Table 9. The overall heat
transfer coefficient through the bounding surfaces of the wall decreased
by 0.26 Btu/hr, Ft2/oF (45 percent) with the substitution of lightweight
aggregate for the standard density limestone aggregate.

SUMMARY AND CONCLUSIONS

Synthetic lightweight aggregate was successfully produced from bi
tuminous coal refuse using an improved sintering grate process. The
improved process incorporates a sealed sintering facility with a multi-
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Wood Frame

Concrete 810 ck Test Material

FIG. 10.- Apparatus for thermal conduction tests of blocks

TABLE 9. - Thermal Conductivity of Concrete Blocks
(6 x 8 x 16-inch, 3-Cavity - Empty)

Surface Temperatures
(OF)

Material Density
(lbs/Block)

Thermal Conductivity (U)*
(Btu/hr, ft 2/oF)

Hot Side Cold Side

100 68
120 71
135 72

102 70
125 72
140 75

29.3 (Regular) 0.57
29.3 0.58 (0.58 avg)
29.3 0.60

20.7 (Lightweight) 0.30
20.7 0.32 (0.32 avg)
20.7 0.33

*Inc1udes inside (0.17) and outside (0.68) coefficients
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pass recycled draft and is particularly applicable to processing bitum
inous coal refuse since it alleviates some salient air-pollution problems
and provides an environmentally acceptable process.

Several benefits could be derived from using coal refuse as a raw
material for sintered lightweight aggregate. Coal refuse contains both
the raw product and the necessary solid fuel for sintering, thus assuring
a continued solid fuel supply, and an inherent energy savings that could
contribute substantially to providing an economical end-product. Approx
imately three-fourths of the fuel requirement for sintering is provided
by solid fuel in the raw feed. In conventional sintered aggregate oper
ations this fuel is normally supplied by coke breeze, anthracite coal, or
fly ash, and generally amounts to six to eight percent of the raw feed.
In some instances these fuel supplies are uncertain and expensive, and
several sintered aggregate plants have closed during recent years, re
portedly due to these uncertainties and costs. Also, the coal refuse
raw material is already mined and partially crushed, thus effecting cer
tain additional economic benefits, as compared to conventional sintering
plants requiring a considerable investment in equipment and expense for
associated mining operations. Utilization of a waste fuel source and
product are being simultaneously accomplished, with environmental benefits.
Additional savings in disposal costs at the preparation plant would also
be realized.

Concrete blocks produced using sintered aggregate met all quality
requirements specified by the American Society for Testing and Materials
for hollow load-bearing concrete masonry units. Co~pressive strengths
were well in excess of the specifications and absorption levels were main
tained below the maximum permitted. The addition of a quantity of aglime
to the sintered aggregate was necessary to provide adequate toughness and
"green" strength. Cement content was increased by about 30 percent in
the sintered block in order to obtain strengths equivalent to limestone
aggregate blocks. The increased cement resulted in an 11 percent de
crease in yield, as compared to the limestone blocks. The typical mix
design, by weight, for concrete blocks made with the sintered coal refuse
aggregate was 62 percent sintered aggregate, 23 percent aglime, and 15
percent cement. The percent aglime and cement, by volume, were sub
stantially less.

The dry sintered aggregate blocks weighed, on an average, 30 percent
less than the control blocks. This represents a significant savings in
handling and transportation costs. In addition, a 45 percent reduction
in heat flow through the lightweight blocks was effected, as compared to
the limestone units.

Although this research is based on aggregate produced by a pilot
scale operation and blocks manufactured on a small-scale commercial
machine, extrapolations of data and findings to commercial size opera
tions are believed justified.

Control of emissions during sintering the bituminous refuse on the
traveling grate is of paramount concern; however, technology is available
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to accomplish this. Complete combustion of the processing fuel must be
attained during the sintering process. This requires an optimum percent
age of solid fuel within the raw feed and a recycling of exhaust gasses
through the bed of partially sintered material to complete the combustion
process. Refuse containing a percentage of coal in excess of optimum
would either have to be diluted with a noncarbonaceous shale or clay or
preliminarly processed to remove a portion of the coal.

Bituminous coal refuse represents an essentially unlimited source of
raw material for the production of lightweight, sintered aggregate in the
coal producing areas of this country. A means is provided for utilizing
a waste product while gaining an economic advantage during the processing
of the inherent fuel value of the refuse. The lightweight properties and
economical production costs of the synthetic aggregate will provide for
relatively wide marketing areas. With the predicted high costs and
scarcity of fuels in the future, the relatively low energy requirements
of processing coal refuse will be even more attractive. In addition,
the uncertainty of natural aggregate supplies in some areas and the desir
ability for better insulative building products are apparent.
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INHERENT COMPRESSIVE AND TENSILE STRENGTHS OF STRUCTURAL BRICK

By Rad, P. F.

ABSTRACT: The structural brick is currently being reconsidered by the
construction technologists as a load bearing material. Due to its
high strength and pleasing decorative appearance, brick could be used
as a structural material as well as a finishing material. Standard
brick property tests apply varying constraint conditions to the brick
and may thus result in different values for the same brick. In an
attempt to infer the inherent strength of bricks, in this study tests
were conducted on brick core samples to find the tensile and com
pressive strength of two different types of brick. These strength
values were correlated to the values of the strength of the walls.
The tensile strength and overall average compressive strength of the
core samples are closely related to the compressive strength of the
brick walls.
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INHERENT COMPRESSIVE AND TENSILE STRENGTHS OF STRUCTURAL BRICK

By Paryiz F. Radl

INTRODUCTION

The structural brick is currently being reconsidered by the con
struction technologists as a load bearing material. Due to its high
strength and pleasing decorative appearance, brick could be used as a
structural material as well as a finishing material.

The standard brick property test calls for applying compressive
loads to the whole brick in the direction of extrusion. The results of
this test are generally satisfactory for a first approximation of the
brick material and hence the behavior of a brick prism. Howeyer, the
restraint provided by the top and bottom steel platens influence the
result to the extent that a brick nominally rated at 3629 psi may
appear to have a compressive strength of 6776 psi if the platens are
restrictive. If lateral expansion of the brick is facilitated by
lubrication, a compressive strength of 3322 psi is achieved and if the
restraint is minimized by using a one-half or one-eighth brick, com
pressiye strengths of 3261 psi and 2241 psi is achieved, respectively.

The purpose of the work reported here is to determine the com
pressiYe and tensile strengths of bricks in all three directions using
the cylindrical geometry commonly used for other construction materials
such as concrete, mortar, and rocks. A successful attempt is made to
correlate the inherent properties thus obtained to the strength of a
brick prism.

EXPERIMENTAL PROCEDURE

Core samples were prepared by drilling a cylinder .667 in. in di
ameter and approximately 1.3 in. long from whole bricks. Forty five
samples were prepared from each brick type, fifteen samples in each of
three directions. The core samples were marked to show the direction
of extrusion and the direction which they were drilled. Figure 1 shows
the brick orientation and coordinate system. The compression tests were
run by placing the core samples on end in a Universal Testing Machine
and loading the samples axially. Fiye samples were tested for com
pressiYe strength for each of three directions, x, y, z. The com
pressiYe strength was obtained by dividing the ultimate load by the nom
inal cross section. The tension tests were run by placing the core

lAssociate Professor, Department of Civil Engineering, Clemson
University, Clemson, S.C.
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samples on the side and loading them perpendicular to the axis of
rotation. Five samples were tested for each of six directions, xy, yz,
zx, xz, zy, yx. The tensile strength was determined by calculating the
term 2P/~LD where P, Land D are the ultimate load, length, and diameter
of the cylindrical specimen, respectively.

RESULTS AND DISCUSSION

Table 1 shows the compressive strengths of the Richtex and South
ern Bricks in each of the three orthogonal directions. The compressive
strengths of both of these bricks are highest along the length of the
brick; presumably due to shrinkage patterns after extrusion. The
average compressive strength of the Richtex Brick in all three direc
tions is 3560 psi. The average compressive strength of the Southern
Brick is 4794 psi. Table 2 shows the strength of various prisms made
with these two bricks and using standard Nand M mortars as well as
Sarabond-treated mortar. The average prism strength for Southern Brick
is 5283 psi whereas that of Richtex Brick is 3406 psi. The average
prism strength correlates closely to the overall average inherent com
pressive strength determined from the test cylinders. Their inherent
compressive strength can be used as a good tool in estimating the
average prism strength. A more accurate and systematic prism strength
estimation would be possible if in addition to the compressive strength
and bonding characteristics of the mortar the mortar's relative lateral
displacement characteristics with respect to the brick are determined.

Table 3 shows tensile strength of the bricks determined for all the
three directions by subjecting cylindrical specimens to diametrical
compression. The overall average tensile strength for the Southern
Brick and Richtex Brick is 1631 psi, and 1182 psi, respectively. Com
paring the tensile and compressive strength of each axis separately it
becomes apparent that the average ratio of compressive strength to. ten
sile strength for the Richtex Brick is 2.25 in the x direction, 7.13 in
the y direction, and 6.49 in the z direction. For the Southern Brick,
these values are 1.94, 8.98, and 6.09, respectively.

Some further correlation can be sought between the average tensile
strengths in the x and y directions and prism compressive strength which
is measured in the z direction. The prism compressive strength is
higher than the x-y average tensile strength by factors of 3.03 and 3.17
for the Richtex and Southern Brick, respectively.

SUMMARY AND CONCLUSIONS

The results of compressive and tensile strength tests on cylinders
cored from the three directions of brick show that the direction of
testing influences the results of tension or compression tests signifi
cantly. Therefore, brick's compressive and tensile strength data should
always be used in the light of the test direction. Further, standard
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brick property tests are susceptible to variations in end-constraints
and thus cause different stress fields in the brick resulting in wide
variations in results. It is debatable whether fully restrained,
partially restrained, or fully lubricated specimens simulated field
behavior of bricks accurately.

The values of inherent compressive and tensile strengths can be
used to estimate the average prism strengths made with a brick;
further retinent of the estimation can be conducted on the basis of
mortar strength and behavior. Tensile strength of the bricks show
very close correlation with prism strength; the latter being between
3.03-3.17 times the former. Further, the overall average compressive
strength was nearly equal to average prism strength.
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Table 2. Compressive Strength of Brick Prisms
Made With Various Mortar Types.
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Southern Brick Richtex Brick
Prisms, psi Prisms, psi

]\I mortar 4832 2842

M mortar 3732 3969

S mortar '7286 3'711

Average 5283 3406



xy y
x yz zy zx x
z

T
ab

le
3

.
T

e
n

si
le

S
tr

e
n

g
th

o
f

th
e

B
ri

c
k

s.

R
ic

h
te

x
B

ri
ck

15
43

!.
29

7

10
48

!.
31

5

79
4

+
16

8

60
0

+
14

6

68
5
~

22
9

24
24

+
18

4

S
o

u
th

er
n

B
ri

c
k

18
17

+
13

1

13
01

.:!:.
27

0

14
15

.:!:.
29

8

10
91

~
30

2

14
11

~
30

1

27
52

~
28

4

to I ex>



10-1

BEHAVIOR OF CONCRETE MASONRY STRUCTURES AND
JOINT DETAILS USING SMALL SCALE DIRECT MODELS

By Harry G. Harris
l

and Ivan J. Becica
2

ABSTRACT

The methodology of using small scale direct models of concrete
masonry structures has been presented. The basic strength evaluation
tests for compressive, flexural bond and shear strengths recommended
for prototype structures have been also developed with minor modifica
tions for the evaluation of model masonry strength. A systematic
analysis of the parameters which affect the strength and stiffness of
masonry under compressive, flexural and shear loadings has provided
the means to compare model and prototype test results. Correlation of
the model and prototype results ranged from excellent to good. For the
case of masonry in compression, the testing of prisms has shown that
the model masonry behavior is essentially the same as that reported
for prototype tests. Model tests on larger compression components
have also shown good correlation with prototype data. In the case of
flexural bond and shear strength of masonry, proper considerations
must be given to the tensile strength of the joint mortar including
the effects of the stressed volume. This implies that very small size
control specimens i.e. cubes or cylinders must be tested in order to
be sure that the small volume of the model joint bears the same rela
tion to its control specimen as the volume in the prototype mortar
joint bears to its respective control specimen. When proper consi
deration of the above effects are made, the correlation of model and
prototype masonry strength tests for evaluating flexural bond and
shear are shown to be satisfactory.

Excellent correlation of the elastic modulus of concrete masonry
in compression and shear was obtained from the model tests and the
limited stress-strain data of prototype masonry reported in the litera
ture. This work has produced a systematic approach to the direct
modeling of concrete masonry structures. Extensions of this approach
to the study of joint details between masonry bearing walls and pre
cast floor/roof systems has also been demonstrated. The versatility
of this approach for studying the inelastic behavior of concrete
masonry structures in a direct and relatively inexpensive manner has
been indicated.

1. Assoc. Prof. of Civ. Engrg.; Dept. of Civil Engrg.,
Drexel Univ., Philadelphia, Pa.

2. Graduate Assistant, Dept. of Civ. Engrg; Drexel Dniv.,
Philadelphia, Pa.
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BEHAVIOR OF CONCRETE MASONRY STRUCTURES AND
JOINT DETAILS USING SMALL SCALE DIRECT MODELS

By Harry G. Harrisl and Ivan J. Becica2

INTRODUCTION

Recent advances in reinforced masonry structures and the widespread
use of precast, prestressed hollow core floor slabs resting on masonry
walls have necessitated a closer examination of the structural behavior
of these components. One of the problems of prefabricated construction
is the additional attention that must be paid by the designer to the de
tails in the connection areas to insure that the various wall and floor
elements have adequate structural continuity and can work together to
accommodate the lateral as well as the gravity loadings. Such effects
as abnormal loadings due to internal high pressure caused by accidental
explosions, loss of members due to accidental impact and lateral loads
imposed on the building by wind or ground motion resulting from earch
quakes must be carefully evaluated with extensive experimental programs.

Due to the high cost of full scale testing a more economical method
to study the complete structural behavior of masonry structures is
needed. With this objective in view, the following effort was under
taken in the Structural Models Laboratory of Drexel University. A
direct small scale modeling technique which has been su~cg~sfully used
in both reinforced and prestressed concrete structures(/, ) is proposed
as an economical alternative to full scale testing. Appropriately, a
1/4 scale was chosen as a first step in modeling the behavior of hollow
core concrete masonry structures using carefully constructed 1/4 scale
masonry blocks supplied by the National Concrete Masonry Association.
Attention has been focused on the physical properties of the con
stituent materials and the necessary tests that must be performed to
ascertain the basic strength characteristics of the masonry units and
masonry components. To this effect, both the hollow core concrete
masonry block and the mortar that is used to bind th5,e units together
to form masonry structures were studied in detail(2, • It is im
portant to realize that units used in structural masonry components form
a composite mechanical action system because the two materials, the
masonry block and the masonry mortar, do not have identical mechanical
characteristics. A full understanding of both components is therefore
needed so that direct modeling will be achieved to a satisfactory level
of confidence for the masonry composite to function under loading in
the same manner as the prototype. Not only are we interested in
elastic behavior of the composite system but also the behavior beyond
cracking up to ultimate loading. It is this inelastic behavior
requirement which complicates the modeling problem and forces one to

1. Assoc. Prof. of Civ. Engrg.; Dept. of Civil Engrg.,
Drexel Univ., Philadelphia, Pa.

2. Graduate Assistant, Dept. of Civ. Engrg.; Drexel Univ.,
Philadelphia, Pa.
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adopt techniques in the modeling of masonry structures which parallel
those used in t~e modeling of reinforced and prestressed concrete
structures. (7,8 Additional difficulties arise, however, because the
masonry model specimens (walls, prisms, etc.) are not cast but must be
fabricated using techniques fully described in Ref. 2.

SIMILITUDE REQUIREMENTS

The most general and useful modeling techniques used in the design
and analysis of masonry structures subjected to static and dynamic loads
are those which can predict inelastic as well as elastic behavior and
have the ability to study with confidence the mode of failure of the
structure. These techniques are, however, very restrictive on the
choice of model materials and their methods of fabrication. Under the
assumption that there are no significant time dependent effects in the
loading which influence the structural behavior, the pertinent para
meters that enter the modeling process are listed in Table 1. For com
plete similarity of the structural behavior, including the inelastic
effects of cracking and yielding, a dimensional analysis will give the
prediction and design equations shown in Table 2. This assumes that
the stresses caused by the self weight of the structure are not
significant, as is usually the case in most masonry buildings. As can
be seen from the prediction equations (Table 2(b», the stress-strain
curves of both model and prototype masonry must be the same, presenting
a very difficult challenge to the model analyst. The approach taken in
this study was to attempt to achieve the above requirements at the
selected scale of 1/4 because of the availability of the model masonry
blocks at this scale.

1'able 1 Pertinent Variables for 'Che Hadel1ns of Reinforcltd
Masonry Strul:t:ures Under Static Loadings

Symbol

f~

f',
f

y

A

Definition

(a) Structural Parameters

Deflection at any point

Strain at. any point

Poisson I oS rat.io

Compressive st:rength of usonry

Tea.il. strength of masonry

Yield strength of the reinforcement

Wall thickness

Area of net section

Young'lI modulus of masonry

Young I S modulus of reinforcettlenr.

Basic
Dimension

M M~m.nt per Wlit length

Axial c~ress1on per unit length

(b) Loading Parameters

P'te5Sure loading

Line load

Point load

n-1
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Table 2 Predic.tion and Design Equations for
Re1nforced Mascn.ry Under Static Loading

t .,
m p

6
o .~
m 5

L
M

M • ~
m s~

p
p • ~
m 5

L

(a) Prediction Equations

Straie. in model 1s SiUll.e as in P'rototype

L
Deflections; 5t E r!- is the length scale

m

Sending moment per unit length

Compression load. pu unit hngth

t
t • ....e. Th,1cknus
m 5

L
A

A • .:...2. Areas
m s~

Em. E
p

Young's moduli

(f~)m • (f~)p Compressive Strength of lflaSonry

(f~\D • (f~)p Tensile strength of masonry

\) • v Poisson's ratio
m p

STRENGTH OF MASONRY IN COMPRESSION, FLEXURAL BOND AND SHEAR

In order to evaluate the basic strength of masonry structures in
compression, flexure and shear, tests are performed on representative
elements of the masonry construction. The validation of direct model
ing techniques applicable to concrete masonry structures focused, as a
first step, in the performance of model control specimens whose strength
and stiffness could be compared directly to available prototype data.
Model tests were thus developed for evaluating the compressive, flex
ural bond and shear strength of 1/4 scale concrete masonry structures.

The configuration of the units used in this study (Fig. 1) resem
ble the double corner and regular stretcher type of 8" x 8" x 16"
nominal size concrete masonry blocks. The quarter-scale units
2" x 2" x 4" nominal were manufactured using Ottawa sand and had two
distinct compressive strengths, one in the range of 1100 psi and the
other 315 psi on the gross area. These two types were easily distin
guished. Data on the physical properties of both model and prototype
units are given in Ref. 2 and their dimensions are shown in Fig. 1.

full scale hollow core masonry in-Because available test data on
corporates the use of ASTM type N
masonry mortar, it was necessary to
develop a similar type model mortar.
Using the proportion specification
as outlined in ASTM C190 as a guide,
three mixes were tested in an at
tempt to match the reported 28 day
strength of 750 psi on two inch
cubes. The development of model
masonry mortars (2) must take in to
account the workability of the mix
in selecting the aggregate gradation
and mix proportions. In addition,
the very small model joints exhibit
material volume effects on the

1,92"
17.62")

-3.93"- (15.62"r

BE]
- . .. - - . _..

.3i • -- .32'

'ton ... "00' .

.32 ..
____ ...:11.25"1.
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[PROTO-TYPE. DIMENSIONS)
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strength determination which
must be taken into account (2).
Strength vs. age properties
of the model masonry mortar
used in the present study are
shown in Fig. 2.

At the present time
there is no firm standard
for determining the compres
sive strength of concrete
masonry prisms. The Port
land Cement Association (PCA)
and the National Concrete
Masonry Association (NCMA)
presently recommend a prism
not less than sixteen inches
high with a height-to-thickness ratio of two. The ASTM E447-74(1) guide
lines are more general, specifying prisms of height to thickness ratio
from two to five with correction factors for slenderness effects. It
is generally felt that end restraints have a large effect on the
strength of two block prisms of full scale. At a reduced scale, such
effects are easily amplified and require careful consideration. The
majority of specimens used in this study, therefore, are three block
stacked bond prisms as shown in Fig. 3. Also, much of the available
data on prototype prisms are for the three block type and thus these
serve as the compressive strengths used to correlate the model data.

All prisms were capped on both
bearing surfaces with Hydrostone and
tested on a Baldwin-Southwark 50 kip
(222.5 kN) hydraulic testing machine,
Load was applied thru a roller to a
3/8" top bearing platen. The loading
rate varied depending on the specimen
being tested with failure occurring
in two to four minutes. The instru
mented specimens were loaded at a
slower rate to permit the recording
of strain data. As shown in Fig. 3,
both strain and deformation measure
ments were taken on some of the
series tested in order to evaluate the
consistency of the strain measure
ments. Two 4 inch SR-4 strain gages
were bonded to the face shell of the
prisms at the center line of the
specimen and crossing both horizontal
bond lines. The dial gages were at
tached to the face shells on stiff
aluminum brackets using 5-minute
epoxy. These recorded the deformation
over an identical 4 inch gage length

Figure 3 Compression Prism
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on opposite faces of the
prisms. The load vs.
strain data is shown in
Fig. 4 for two unrein
forced and two "Durowall"
reinforced three unit
prisms. The results,
shown in Fig. 4, indicate
a consistency within each
type of strain measure
ment i.e. strain gage and
dial gage with the rein
forced prisms having very
similar initial moduli
based on the two types of
strains. The unrein
forced prisms show more
erratic behavior between
the strain and dial gage
readings. All compres
sion prism specimens
failed by end splitting
(Fig. 5) as ls normally ob
served in prototype masonry.

Since masonry strength is directly related to the mortar
strength(4,9,10),the adjusted model strengths are compared to the pro
totype data (lO)as shown in Fig. 6 in which the prism compressive
strength on the gross area is related to the mortar strength. Com
parison of six series of model compression prism data with prototype
data obtained by Yokel et al. (10) is shown in Fig. 6. Model data were
obtained on the stronger hollow core units which had a compressive
strength of 1100 psi. on the gross area. Some imperfections were
noted in the scaling of the 1/4 scale masonry units used in this study.
In particular, the oversized web structures (see Fig. 1) caused per
haps most of the deviation in the compressive strength of three course
prism test specimens. To compensate for the increased tensile strength
that these units could sustain in splitting due to their increased web

Figure 5 Failed Compression Prisms



10-7

area, a correction to the apparent strength was made. In addition, the
effect of volume of mortar in the joints on the compressive strength
was taken into account by empirically determining the effect of size of
specimen on the unconfined compressive strength. The model data shown
in Fig. 6 have been corrected for scale and geometry effects. Note the
small deviation from the mean curve (shown dashed) suggesting that the
modeling technique developed for prisms in compression is indeed fea
sible.
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Figure 7 Flexural
Bond Specimen

The flexural bond strength was determined by testing two-block
high prisms that were clamped in metal frames at both the top and bot
tom of the prism and loaded eccentrically 4 inches from the centroid
of the prism as in Fig. 7. This method was duplicated from tests con
ducted by Yokel et. al.(IO)and as described in ASTM EI49-66. The
prisms were constructed of regular stretcher units with face-shell and
end web bonding. The prototype specimens in tests by Yokel et. al.(IO)
were constructed of similar units with only face shell bonding. Be
cause of the relatively weak bond developed
between units the mortar ultimate loads
were small and thus failure occurred within
one minute of load application. The typical
mode of failure was separation at the mor
tar-to-unit interface with one unit remain
ing free of mortar. The test results of
two model series consisting of 6 specimens
each are shown in Table 3 together with the
results of 3 prototype specimens. It should
be noted that series A prisms were cast us
ing dry blocks while series B were cast us
ing saturated surface dry units. The effect
of de-watering the mortar via the high block
adsorption is a probable contributor to the
reported strength difference within the
model study. The effects of end-web bonding
and high mortar strength have also
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contributed significantly to the differences between prototype and
model results.

TABLE 3 SUMMARY OF FLEXURAL TESTS ON MASONRY PRISMS

Specimen Mortar Compr. Age at Masonry No. of Mode of Test
Designation Strength time of Flexural Specimens Failure Conditions

2" Cubes test Strength

No. of Gross Area Net Area
psi specimens days psi psi

1 2 3 4 5 6 7 8 9

Prototype:
2-Block High 345 3 180 6 9 3 Separation at Dry
Prisms, 8-in mortar-unit
Hollow Block interface
ReL10

1/4 Scale A 882 6
,

15 42 50 6 -do- S.S.D.*
Hodel, 2-
Block High
Prisms B 588 6 14 48 58 6 -do- S.S.D.*

*Saturated surface dry (S.S.D.)

Figure 8 Shear Specimen

The model shear specimens, which had sides
only one third of the scaled prototype values
for reasons of economy, showed an average
shear strength of 38.5 psi in 6 specimens.

Determination of masonry shear strength usually consist of testing
square prisms by com~yession along one diagonal, with a resulting failure
in diagonal tension( 4) Two model series of tests were designed after
the work of Fishburn ( and the ASTM specification E519-74(1) for the
determination of masonry shear (diagonal tension) strength. This pro
cedure calls for the testing of small masonry walls with height to
length ratio (H/L) of one in diagonal compression. The model specimen
size was chosen to be two units long by four units high of the running
bond pattern. After curing, the specimens were instrumented with SR-4
strain gages placed along the compressive and tension diagonals of both
faces. These were wired in series to provide average strain readings.
In lieu of the loading shoes recommended by the ASTM specification, a
3 inch structural tube with 1/4 inch wall was cut into lengths which
fit at opposite ends of the specimen diagonal
such that the resulting bearing area encom
passed one unit height (2 inches). These
were then placed on a level surface and filled
with a stiff mix of Hydrostone capping
material. Fig. 8 shows a typical shear
specimen ready for testing. Fig. 9 shows the
plots of shear stress versus shear strain for
model series B and prototype tests. There
exist some differences in the method used to
measure the shear strains in model (strain
gages) and prototype (deflection gages) tests
but these are considered essentially the same
in the lower load range prior to cracking.
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The prototype shear strength
was found to be 18 psi. on an
average of 3 specimens. In
making a direct comparison
of the model and prototype
results, the assumption must
be made that uniform tensile
and compressive stresses
exist all along the diagonal
length of the specimen. A
part from the size difference
mentioned above, however,
the model mortar was 84%
stronger than the prototype
mortar based on 2 in.
(5.08 cm.) cubes. This in
crease in strength, ampli
fied by the volume of
stressed material differences
which exist between' the 1/8
in. model joint and the 2 in.
cube tested for strength de
termination, will result in
a higher apparent shear
strength in the model spec-
imens. The influence of the
higher mortar strengths of the model specimens are, however, harder to
evaluate under a combined stress state condition. Combined compressive
and tensile stresses exists all along the compressed diagonal of the
shear specimen but the volume effects in such complex stress situations
cannot be evaluated in the present comparison because no empirical data
exist to relate the strength of different size specimens under these
stress states as was the case of unconfined compression.

MASONRY COMPONENTS AND JOINTS

Small wall specimens two blocks long by three blocks high were fabri
cated in running bond and tested in axial compression. The lower
courses were laid in full mortar beds atop a 3/16" thick strip of
aluminum. This allowed for transport of the specimens and eliminated
the need for lower bearing surface capping. Another advantage of the
full mortar bed is to simulate actual boundary conditions. The first
series (Series A) consisting of 3 tests was used as a pilot study to
determine typical small wall compressive strengths. The specimens of
Series B were instrumented with 4" SR-4 strain gages. These were
placed at midheight at the center on both faces of the walls and wired
in series thus providing average readings. Series A specimens were
capped and tested within one hour of their removal from the wet room.
Series B specimens were removed from the wet room after 26 days and
allowed to dry for 4 days to allow for instrumentation. The stress
strain data collected for series B walls is plotted in Fig. 10. End
splitting became visible for specimens 4P6 and 5P6 at 570 psi which
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is 89% and 95% of ff for
4P6 and 5P6 respect~vely.
First end splitting appeared
at 500 psi or 85% of ff for
specimen 6P6. The dis~onti
nuities which appear at 63%
(400 psi), 70% (420 psi),
50% (300 psi) of ff for 4P6,
5P6, and 6P6 respe~tively is
attributed to tension incre
ments being recorded as a
result of face shell buckling.
These points, therefore,
represent the failures of the
interior web structures.
In addition, cracking was
audible at these load levels.
The average secant modulus
of elasticity at 0.5 ff was
found to be 505,500 ps~.
for the three model specimens.
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In concrete masonry

structures which utilize
precast hollow core floor and roof slabs, the horizontal wall-to-floor
joint plays a critical role. It must be able to accommodate the gravity
and lateral loading without appreciable distress. An evaluation of
horizontal wall-to-floor joint behavior under axially applied gravity
loading is therefore the first step in developing model techniques for
masonry with precast components. For this purpose the joint detail
commonly found in low rise masonry construction (Fig. 11) was used in the
present study. Two unreinforced and two "Durowall" reinforced joints
were tested to determine the strength and joint shortening for the full
range of loading. Hollow core precast slabs at 1/4 scale, developed in
the Structural Models Laboratory, Drexel University, under a study
sponsored by the U. S. Department of Housing and Urban Development (6 )
were used in these joints.

Joints M/PCP-J-l and
M/PCP-J-2 were unreinforced
joints and also served as pilot
studies for this program. The
fabrication of the joints was
very similar to the small wall
specimens described above.
Wall elements consisted of 3
units in height and 1-1/2
units in width, thus giving
a nominal 6"x6" wall panel
2" thick. The hollow core
floor units were 6" wide, 6" in
length and 2" thick. A gage

MIN. BR'G
6" HOllOW
CORE PLANK

6" HOllOW BLOCK

INTERIOR HORIZONTAL
JOI NT DElAll

Flaum 11
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length of 8" across the
joint was used to determine
the joint shortening. Load
vs. joint shortening for the
unreinforced joints is
shown in Fig. 12. Joint
M/PCP-J-2 appears to be
stiffer and stronger than
joint M/PCP-J-l. The mode
of failure of both joints
was by end splitting of
either the top or the bottom ~

masonry wall panel. Fig.13
shows the crack pattern of
joint M/PCP-J~2 which
failed by splitting of the
upper wall panel and Fig.14
shows joint M/PCP-J-l
which failed by splitting
of the lower wall panel.
The results of the two un
reinforced joints are
summarized in Table 4. The
compressive strength of the
1/4 scale masonry units used wa$ 1100 psi. as shown in Col. 2 of Table 4.
Col. 3 shows the compressive strength of the joint mortar and Col. 4 the
compressive strength of two 3 block prisms cast with the joints. The
ultimate joint load and joint strength on the gross area are given in
Cols. 5 and 6 of Table 4 respectively. A compressive strength reduction
of approximately 23% over the prism strength was shown by the average of

Figure 13 Joint M/PCP-J-2

Figure 14 Joint M/PCP-J-l
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Table 4 Summary of Horizontal Joint Test Results

Joint Compr. Streng. Compr.Streng Comp.Streng. Ult. Joint
Designation Unit Masonry Mortar 1"x2" 3 Course Prism Joint Strength

Gross Area Qrl, f;' Gross Area !.cad Gross A<-ea
f' f' P'

m u
(psi) (psi) (psi) (lbs) (psi)

1 2 3 4 5 6

M/PCP-J-l 1100 687 671 6140 560

M/PCP-J-2 1100 687 671 5260 479

Ave. 5700 519

M/PCP-J-3R* 315 1310 191 2925 267

M/PCP-J-4R* 315 1310 292-R* 2200 201

Ave. 2563 234

R* means wire reinf oreed as shown below:

Model "Durowall" reinforcing

I
~7 O.022in. diameter

1.5in deformed W1re

50

Vertieal
section, unit
masonry

Figure 15 Horizontal Joint Test
Set-up

the two unreinforced joints. This
reduction was anticipated because the
hollow core slabs provide only
partial support to the upper masonry
wall panel (see Fig. 11).

The second series of horizontal
joints tested under the present effort
were reinforced with model "Durowa11"
trusses having the configuration
shown at the bottom of Table 4. The
test set-up and instrumentation is
shown in Fig. 15. Scaled model rein
forcement was placed between the
second and third courses of the
bottom wall panel and between the first
and second courses of the upper wall
panel to simulate field construction
procedures. Companion 3 block com
pression prisms with and without the
"Durowa1l" reinforcement were also
cast at the same time as the joints
to determine the effect of the rein
forcement in increasing the compressive
strength. As can be seen from Fig. 15,
the shortening of the upper and
lower masonry wall panels was measured



by both dial gages and strain gages
to allow comparison of the results.
Four dial gages (two on each side),
with an accuracy to 0.01 mm. were
attached to each wall panel on
stiff aluminum brackets over a 4 in.
gage length as shown in Fig.1S.
In addition, 2 4 in. gage length
SR-4 strain gages were sYmmetrically
placed on each wall panel center
line and wired together to read the
average wall shortening. Two dial
gages were attached, one on each
end, across the joint (Fig. 15) to
measure the joint shortening over a
4 in. gage length. The joints were
loaded axially in 100 lb. increments
allowing adequate time for the 10
dial gage and 4 strain gage readings
to be made. The results of the
load vs. axial shortening of the
top and bottom wall panels of
joints M/PCP-J-3R and M/PCP-J-4-R
is shown in Figs. 16 and 17
respectively. As can be seen
from Fig. 16, the strain gage and
dial gage values are very close
for each wall with the bottom wall
showing considerably higher stiff
ness. The same general tendency
of increased stiffness of the
bottom wall is shown by the
average readings of joint
M/CPC-J-4R (Fig. 17) although
in this case the strain and dial
gage readings show considerable
disagreement.

Load vs. axial shortening
curves of the average dial gage
readings of the top and bottom
walls and across the joint are
shown in Figs. 18 and 19 for
joints M/PCP-J-3R and M/PCP-J-4R
respectively. The bottom wall
appears to be considerably
stiffer in both joints. From
these rather limited test re
sults shown in Figs. 18 and 19,
it appears that the top wall
and the joint have comparable
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stiffnesses. The results of the
two reinforced joints are summar
ized in Table 4. As can be seen
from Table 4, the type of model
masonry units used in the two re
inforced joints were of the very
weak kind with an average com
pressive strength of only 315
psi. in 6 specimens. The reason
for this was the fact that all
of the stronger units had been
exhausted in previous phases of
the program and the weaker units
were the only ones available. Al
though, it was realized that no
direct comparison could be made
between the two unreinforced and
the two reinforced joints because
of the large differences in com
pressive strength of the masonry
units, it was felt that a deter
mination of the wall strength as
influenced by the joint could
still be made. Thus, using the
results of the 3 course rein
forced prisms (Col. 4, Table 4)
of 292 psi. on the gross area,
as a measure of the wall
strength without joints, a
strength reduction of approxi
mately 20% was obtained from
the average of the two joints
tested (Col. 6, Table 4)
which had a compressive
strength of 234 psi. on the
gross area. This compares
favorably to the 23% reduc
tion obtained in the unre
inforced joints. Failure of
both reinforced joints was
sudden, with limited end
splitting of the bottom
wall in both cases turning
into a massive shear failure
across the full width of the
bottom wall panel. The two
end views of the failed
specimen M/PCP-J-3R are shown
in Fig. 20 and those of
specimen M/PCP-J-4-R are
shown in Fig. 21.
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Figure 21 Joint M/PCP-J-4R

Figure 20 Joint M/PCP-J-3R

CONCLUSIONS
The methodology of using small scale

direct models of concrete masonry struc
tures has been presented. The basic
strength evaluation tests for compressive
flexural bond and shear strengths recommen
ded for prototype structures have been also
developed with minor modifications for the
evaluation of model masonry strength. A
systematic analysis of the parameters
which affect the strength and stiffness
of masonry under compressive, flexural
and shear loadings has provided the means
to compare model and prototype test results.
Correlation of the model and prototype re
sults ranged from excellent to good. For
the case of masonry in compression, the
testing of prisms has shown that the model
masonry behavior is essentially the same as
that reported for prototype tests. Model
tests on larger compression components have
also shown good correlation with prototype
data. In the case of flexural bond and
shear strength of masonry, proper considera
tions must be given to the tensile strength
of the joint mortar including the effects
of the stressed volume. This implies that
very small size control specimens i.e. cubes
or cylinders must be tested in order to be
sure that the small volume of the model
joint bears the same relation to its control
specimen as the volume in the prototype
mortar joint bears to its respective con
trol specimen. When proper consideration
of the above effects are made, the correla
tion of model and prototype masonry strength
tests for evaluating flexural bond and shear
are shown to be satisfactory. Excellent
correlation of the elastic modulus of con
crete masonry in compression and shear was
obtained from the model tests and the
limited stress-strain data of prototype
masonry reported in the literature. This
work has produced a systematic approach to
the direct modeling of concrete masonry
structures. Extensions of this approach
to the study of joint details between
masonry bearing walls and precast floor/
roof systems has also been demonstrated.
The versatility of this approach for
studying the inelastic behavior of con
crete masonry structures in a direct and
relatively inexpensive manner has been
indicated.
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APPENDIX II - NOTATION

Length in model

Length in prototype

Moment per unit length

Bending moment per unit length in model

Bending moment per unit length in prototype

Area of net section

Net area in model

Net area in prototype

Young's modulus of masonry, also of model material

Young's modulus of prototype material

Young's modulus of reinforcement, also secant modulus

Yield strength of reinforcement

Compressive strength of concrete masonry unit

Compressive strength of masonry mortar

Compressive strength of masonry

Yield strength of model reinforcement

Yield strength of prototype reinforcement

Compressive strength of model masonry

Compressive strength of prototype masonry

Tensile strength of model masonry

Tensile strength of prototype masonry

Gage Length

Height of compressive specimen

Length of compressive specimen

A

A =
m

A =
P

E =
m

E =
P

E
s

f
y

f'

f' =
b
f' =
m
(f) =

y m
(f )

Y p
(f' )

mm
(f' )

m p
(f' )

t m
(f' )

t P
G.L. =

H

L =
L =m
L

p
M =
M

m
M

p
P = Axial compression per unit length

P Compression load per unit length in model
m

P = Compression load per unit length in prototype
p

P' Ultimate load
u

Q = Point load

- L /L
P m

t
m

t
p

=

=

Pressure loading

Scale of lengths,

Wall thickness

Wall thickness in model

Wall thickness in prototype
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Deflection at a point

Deflection of model

Deflection of prototype

Strain at a point

Strain in model

o
P

E =

w = Line loading

Greek Symbols

o =

o =
m

E =m
E Strain in prototype

p
v Poisson's ratio

v = Poisson's ratio of model material
m

v
p

Poisson's ratio of prototype material
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ABSTRACT

EFFECT OF GROUTING ON THE STRENGTH CHARACTERISTICS
OF CONCRETE BLOCK MASONRY

By Ahmad A. Hamid,l Robert G. Drysdale,2
and Arthur C. Heidebrecht 3

In this paper the behavioural characteristics of plain and
grouted concrete masonry under axial compression, shear, and
splitting tension are discussed utilizing the results of an
experimental program. Results for axial compression tests
are reported for prisms composed of three half blocks, using
different mortars and grouts. The prism test results in
dicate that the concept of matching the compressive strength
of the grout and the masonry units is not sound and it is
suggested that matching the deformational characteristics
would be more efficient. It is shown that the concept of
strength superposition highly overestimates the compression
capacity of grouted masonry. Also, the compression results
show that the mortar type is not the most significant
parameter for grouted masonry whereas it is for plain
masonry. Results for shear and tension tests are not pre
sented but are referred to in order to comment on their
respective behaviours. It is reported that the current
Code provisions concerning allowable stresses for shear and
tension for grouted masonry are very inconsistent in that
they may either underestimate or overestimate the contri
bution of grouting for different situations.

IDoctoral Candidate, 2Associate Professor, and 3professor,
Department of Civil Engineering and Engineering Mechanics,
McMaster University, Hamilton, Ontario, Canada.
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EFFECT OF GROUTING ON THE STRENGTH CHARACTERISTICS

OF CONCRETE BLOCK MASONRY

By Ahmad A. Hamid,l Robert G. Drysdale,2
and Arthur C. Heidebrecht 3

INTRODUCTION

Design practice has more and more incorporated the feature
of filling the cells in masonry with grout. This may simply
be for the purpose of anchoring nominal reinforcing steel in
the masonry to help develop a more ductile wall behaviour.
Alternatively, the grout may be necessary to share the com
pression, shear or tension stresses in a wall. In this
latter case, the recognized procedure embodied in North
American masonry codesCl,2'* is to base the analysis on the
gross section which combines the area of grout and of the
masonry units. They require that the grout be at least as
strong as the masonry units and hence the compressive
strength may be based on the strength associated with the
ungrouted masonry assemblage.

It is the purpose of this paper to review the validity and
adequacy of the above approach for grouted masonry. The
main emphasis will be directed toward behaviour under axial
compression stresses. Some comments will be made on com
parable behaviour for shear and tension conditions. This
discussion will be mainly based upon some of the experi
mental resul ts from a research program(3l at McMaster Univer
sity.

IDoctoral Candidate, 2Associate Professor, and 3professor,
Department of Civil Engineering and Engineering Mechanics,
McMaster University, Hamilton, Ontario, Canada.

*Numerals in parentheses refer to corresponding items in
Appendix I: References.
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BEHAVIOUR OF PRISMS UNDER AXIAL COMPRESSION

MATERIALS

For the ensuing discussion, the ranges of parameters have
been limited to one block size, a single strength of con~

crete block, two types of mortars and several types of
grout. Specific properties are discussed below:

Concrete Blocks: The autoclaved concrete masonry units
used in most of the test programl31 were standard hollow 6 inch
blocks having 2 cores. This gave a net to gross area per block
of 52.1 in 2 /87.9 in 2 = 0.59. However, since half blocks
were used for the axial compression prisms, they were ob
tained by cutting kerfed blocks which resulted in the cross
section shown in Figure 1. Physical and mechanical pro
perties of the half units, based on five test repetitions,
ar~ listprl hplnw.

3 7/16 11

Figure 1-

CROSS SECTION OF
HALF BLOCK UNIT

I~

1.0. 1

~I

.-_.--+--

3 1/16 11

=co
LO

LO

I

7.0 11

1 I

..
Physical Properties:

- gross area, Ag
net solid area, An
net to gross area ratio, ~

specific gravity
initial rate of absorption

39.4
24.5
0.62
130
36.3

in 2

in 2

in 2

lb/ft 3

gm/30 sq. in/min

Mechanical Properties:
- compressive strength, gypsum

cement capping, tested flat-wise
- flexural tensile strength

splitting tensile strenqth

2850 psi (v = 4.3%)
440 psi (v = 8.5%)
250 psi (v =11.5%)
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Mortars: Types Sand N mortars (ASTM 270-64T) were used.
Two different mixes for type S were adopted. The properties
of the three different mixes are listed in Table 1. The
proportions were actually controlled by weight rather than
by volume. Both measures are shown. The sand was sieved to
meet the specifications in ASTM C 144-62. The water con
tents were established by the mason's requirements for suit
able workability. This water-cement ratio was reproduced
for a particular mortar type with only slight variations due
to one possible retempering. The mortars were thrown out
after half hour period to avoid variations resulting from
excessive retempering. The control specimens were 2 inch
cubes which were air cured in the laboratory under the same
conditions and tested under axial compression at approx
imately the same age as the corresponding assemblages.

Table 1. MORTAR PROPERTIES

Mortar Proportions by Volume Initial Cube VC

Type (Weight) Flow Strength (% )
cement lime sand water ( %) (p s i )

Sl 1 0.5 4.0 (0.9) 115 2100 a 7.5
(0.21 ) (4.24)

$2 1 0.5 3.375 (0.73) 110 2640 b 5.9
(0.21) (3.58)

N 1 1. 25 6.75 (1.46) 118 830 b 4.5
(0.53) (7.16)

a -average of 6 batches, 3 cubes each
b-average of 3 cubes
c-coefficient of variation

Grout: Since this investigation was mainly concerned with
the influence of grout properties, an attempt was made to
include a wide range of both strength and flexibility of the
grout. The properties of the different types of grout are
listed in Table 2. It should be noted that the weak grout,
GW, and the strong grout, GS, do not satisfy the specifica
tions of ASTM C 404-62. Batching was controlled by weight.
The water-cement ratios were established to give about a 10
inch slump assuring a fluid grout which could be poured in
the cores without separation of its components. Two types
of control specimens were used; air cured 3 inch by 6 inch
high cylinders, and block moulded prisms using paper towels
as a porous separator so that water could pass through into
the blocks. The prism dimensions were 2 1/2 in x 5 5/8 in x
7 5/8 in. which gives nearly the same surface area to volume
ratio as the unit's cell. The control specimens were
tested under axial compression at the time of testing
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the corresponding assemblages. The compressive strength of
the grout, converted to equivalent strength for cylinders of
height to diameter ratio of two, was determined from the
prism strength using the following empirical formula adopted
for con cret er

4) :

Ps = 0.85 (0.56 + 0.697 d
(1 )P

(~h + h)
where

Ps = cylinder compressive strength
P = prism compressive strength
d = the maximum lateral dimension of the prism
h = height of the prism
v = volume of the prism

Table 2. GROUT PROPERTIES

Type of Proportions by Volume (Weight) Cylinder V
Grout Strength (% )

cement 1i me sand coarse water ( psi)
aggregate

GW 1 5 (loll) 1100a 8.0
(5.95)

GN l 1 O. 1 3.3 (0.70) 1990 b 9.0
(0.044)(3.55)

GN 2 O. 1 3.0 (0.66 ) 2550 a 3.8
(0.044)(3.22)

GN 3 1 O. 1 2.475 (0.60) 3010 a 5.0
(0.044)(2.66)

GS 1 1 1 (0.45) 5960 a 3. 1
(1.11) (0.9)

a - average of 3 cylinders b - average of 6 cylinders

These results from the block moulded prisms are used in the
discussion as being representative of the grout strength in
the block. The test results of the cylinders cast in non
absorbent moulds are shown in Table 2 and are representative
of the unmodified grout.

EXPERIMENTAL DETAILS AND TESTING PROCEDURE:

A total of 43 half block prisms were built in stack bond
with flush-cut joints. After 24 hours, different grout
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mixes were poured into the cells and puddled with a steel
rod. At the age of 28 to 42 days, the prisms were capped
using a gypsum-cement compound (ASTM C 140-56) and after 24
hours they were tested under axial compression. The load
was applied at the centroid of the net area of the ungrouted
prisms and at the centre of the gross area of the grouted
prisms.

The adopted three course prism, shown in Figure 2(a), having
a slenderness ratio of 4.2, was selected to eliminate the
effect of the platen restraint which can cause an erron-
eously high compressive strength'S). For this prism, the
central block will be free from artificial confining effects.

Mechanical gauge points were mounted on both faces of the
prisms using a 4 inch gauge length, so that the deformations
in the vertical direction (across the top and bottom joints
and on the middle block) and in the horizontal direction
(along the height of the central block which is free from
the confining lateral stresses produced from the platen
restraint) could be measured. The arrangement of the gauge
points is shown in Figure 2(a). Strain measurements were
taken at regular load increments up to about 90% of the
failure load.

DISCUSSION OF TEST RESULTS

The comprehensive strength of the tested prisms were calcu
lated on the basis of the net area for the plain specimens,
An, and on the basis of the gross area for the grouted
specimen~, Ag. The results of the tested prisms and their
corresponding control specimens are listed in Table 3.

Figure 3 shows the results of grouted prism strengths in
terms of the compressive strength of the grout (calculated
from block moulded prism strength) for type 51 mortar. The
most striking feature to be noted is that the average com
pressive strengths of the grouted prisms are all less than
the strength of the plain prism, f mp , which is also indi
cated in the Figure, even for grouts having higher strength
than that of the block. Apparently, little increase in
prism strength was achieved with a large increase in grout
strength, thereby indicating that the strength superposition
concept highly overestimates the compression capacity. In
fact, if the individual strength of plain masonry, f mp , and
the grout, 0 cg , are linearly combined as shown by the dashed
line in Figure 3, the extent to which superposition is not
valid is even more obvious. This finding contradicts the
commonly held opinion that design strength values may be
efficiently increased by increasing the grout strength.
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Using a linear regression analysis, the compressive strength
of the grouted prisms can be related to the strength of the
corresponding grout and the plain prism strength as:

f~g = II + 0.143 °cg
f~p ocb

The above relationship is shown in Figure 3 by the solid
line. It should be noted that this empirical equation is
obtained using one block size and a single strength of
concrete block.

( 2 )

The stress-strain relationships for plain and grouted prisms
are plotted in Figures 4(a) and (b) for both vertical and
horizontal strains, respectively. It can be seen that
grouted prisms have less axial stiffness and exhibit larger
tension strains compared to the plain prism. This behaviour
is expecially noticeable at high stress levels. Since the
loading conditions assures that uniform axial strains are
imposed in both the outer shell and the grouted core, it
would usually be considered that the compression load would
be shared in proportion to their axial stiffnesses. Com
pared to the test results of the plain prism, the prism with
weak grout, GW, (ocg = 2040 psi) exhibited large lateral
strain at much lower stress levels. A large increase in the
grout strength (ocg = 5500 psi) using the strong grout, GS,
resulted in vertical stress-strain behaviour (oy - EY)
approaching that of the plain prism. Therefore, it might be
assumed that axial strength of the outer shell is near to
being developed and is the controlling factor. However
when the corresponding lateral strains are reviewed, (Figure
4(b)) a different behaviour is very apparent. At stresses
above approximately 40% of the strength of the plain prisms,
the grouted prisms showed comparatively large lateral
strains. Although it was usually difficult to differentiate
between the failure modes for the plain and grouted prisms,
these lateral strain measurements provide a key to under
standing the failure mechanism.

It is suggested that at high stresses in the grout, the re
sulting inelastic deformations in the horizontal direction
produce high bilateral tensile stresses in the outer shell
as it tends to confine the grout. These stresses in com
bination with the vertical stresses cause a premature
splitting failure of the block under a state of biaxial
compression-tension stress(3 l

• This explanation indicates
that it might be more appropriate to match the deformational
characteristics of the grout to those of the block rather
than matching the strength as codesO,2) suggest.

In Figure 2(b) a photograph of a typical failure of a plain
prism is shown. The failure is similar to the behaviour of
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Table 3. RESULTS OF COMPRESSION TESTS

Type of
S~~~~~~ha

Grout b Compressive Strength
Prism Strength of Prisms

(p s i ) (p s i ) Individual Mean V( %)
psi psi

plain, 2310
Sl mortar 2260

2430
2440

2130 2440 2380 3.6
plain, 2390
S2 mortar 2290

2450
2640 2290 2360 3.3

plain, 2100
N mortar 2250

2190
830 2390 2230 5.5

Grouted, GN l 1510
Sl mortar 1550

2010
1450

2060 1790 1670 1640 13.6
Grouted, GN l 1770
S2 mortar 1780

1670
2640 2050 1780 1750 3.0

Grouted, GN l 1500
N mortar 1600

1430
830 2050 1510 1510 3.3

Grouted, GN 2 1820
Sl mortar 1860

2060
1760

2290 2500 1780 1860 6.4
Grouted, GN 3 2110
Sl mortar 1960

1780
1960 3630 1900 1940 7.2

Grouted, GW 1770
Sl mortar 1780

1670
1960 2040 1780 1750 3.0

Grouted, GS 1980
Sl mortar 2310

2280
1970 5500 2240 2200 6.9

a_compressive strength of mortar cubes

b-compressive strength of grout as calculated from block
moulded prisms
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solid brick masonry, where the differential deformational
characteristics of the units and the mortar joints produces
a splitting failure of the block. This is due to the
tendency of the mortar joints to expand laterally more than
the block, which then act to confine the mortar. These
confining stresses are balanced by lateral tensile stresses
in the block which upon failure usually results in splitting
of the blocks on either side of the joint. A photograph of
a typical failure of a grouted prism is shown in Figure
2(c). At failure, splitting of the prism as shown tended to
originate in the central block away from the confining
effect of the platen restraint. In many cases it was
possible to recover the grout core intact after extensive
splitting of the shell. In addition the grouted prisms
showed a more gradual failure.

Figures 5, (a) and (b) show the different stress-strain
relationships for deformations measured on the block com
pared to those measured across the joint for plain and
grouted prisms for types $1 and N mortars, respectively. For
plain prisms, the vertical strains measured across the joint
using a 4 inch gauge length are greater than corresponding
strains taken within the height of the central block. For
grouted prisms these strains are quite close. It would seem
that the continuity provided by the grout reduces the sig
nificance of the characteristics of the mortar joint for
axial compression loading. From a comparison of the results
for the two mortar types, it can be seen that the same trend
is evident. Figure 5 also indicates that the difference for
deformition across the joint compared to on the block are
higher for type N mortar than for type $1 mortar. Design
codes Cl

,2' designate that the compressive strength, fn" for
grouted masonry is considered to be equivalent to solid
masonry where only the mortar type affects this value for a
particular unit. The results in Figure 5 indicate that
there may be some inaccuracy associated with such a simple
approach. In fact, Figure 6 which shows the variation of
the compressive strength of plain and grouted prisms for
different compressive strength of the mortar cubes illus
trates this more clearly. The results indicate that the
mortar strength (within the range considered for types $ and
N) has little effect on the compressive strength of either
plain or grouted prisms. Also this figure clearly indicates
the strength reduction associated with grouted masonry com
pared to plain masonry and supports the conclusion that
matching the block and the grout strengths may overestimate
the strength capacity.

Figure 7 shows the variation of the modulus of elasticity
compared to prism compressive strength for plain and grouted
prisms, again for types ~ and N mortar. The modulus of
elasticity is based on the secant modulus at 50% of the
strength. It is shown that there is no direct correlation
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between the modulus of elasticity and the compressive
strength as the parameters affecting these two character
istics are not the same. At failure the interaction of the
different constituent materials (block, mortar and grout),
due to the high inelastic deformations, creates in the com
ponents complex states of stresses which are different from
those at early stage of loading. While it is possible to
get a strongcorrelation between the strength and the stiff
ness for isotropic homogeneous material, it is rather
difficult to achieve this correlation for an anisotropic
nonhomogeneous material such as masonry, which has two or
three materials of different inelastic deformation char
act e r i s tic s . Fig ur e 7 s how s, c1ear1y, t hat the cod e( 1>

formula (E a = 1000 f m) significantly overestimates the
elastic modulus of plain masonry constructed with type N
mortar. For type 51 mortar the code formula seems to over
estimate the stiffness for plain masonry and for grouted
masonry of high strength grout, while it 'underestimates the
stiffness for grouted masonry having low strength grout.

INDICATIONS OF BEHAVIOUR OF MASONRY ASSEMBLAGES
UNDER SHEAR AND TENSION

Limitations of space preclude a full treatment of the
results of tests(31 concerning shear and tension capacities.
However, a brief indication of the main trends will be
presented.

Under shear parallel to bed joints, the mode of failure for
both plain and grouted assemblages was that of a debonding
failure at the block-mortar interface followed instantly by
a. shear-slip failure of the grout for the latter. The
average shear stresses at failure were greatly increased by
grouting the cores and were significantly influenced by
increasing the strength of the grout. Providing precom
pression stresses increased the shear strength proportion
ally for plain and grouted specimens. A main conclusion was
that grouting increases the resistance to debonding and
thereby shows that the design provisions may underestimate
the shear capacity of grouted masonry.

To establish the tensile strength at different orientations
from the bed joint, plain and grouted masonry discs were
tested under splitting loads. As expected for anisotropic
material, the tensile strength varied with the orientation
of the principal tensile stress. Grouting contributed most
when the tension was normal to the bed joint, whereas there
was no contribution for tension parallel to the bed joint.
For the latter case the capacities of plain and grouted
specimens were almost the same no matter what the grout
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strength was. High tensile strengths of grout resulted in
proportionally higher tensile capacities under tension
normal to the bed joint. These results indicate that
tensile strength parallel to the bed joint, based on gross
area for grouted masonry, is smaller than for plain masonry
based on net area. This contradicts the code provisions.

CONCLUSIONS

The compressive test results indicate that the concept of
matching compressive strength of grout and masonry units is
not sound and that matching deformational characteristics
would be more efficient. Also for grouted masonry, the
compression results show that the influence of mortar type
is not the most significant parameter.

Although the test results for shear and tension were not
presented here it has been mentioned that the current
approaches by the codes<1,2) for grouted masonry are very
inconsistent in that they may underestimate or overestimate
the contribution of grouting.

It is recommended that the development of a more rational
basis for design of grouted masonry must include the study
of the complex interactions which exist between the con
stituent materials (block, mortar and grout). This is
particularly important for the development of an ultimate
strength approach to design where the potential of masonry
may be fully recognized.
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APPENDIX II - NOTATION

~ =net to gross area ratio of half block unit, An/A g

f~p=compressive strength of plain prisms

f'g=compressive strength of grouted prismsm .

f~gw=compressive strength of grouted prism, GW grout

f~gs=compressive strength of grouted prism, GS grout

0 cb=compressive strength of half blocks

0
C

=compressive strength of grouts as calculated from block
g moulded prisms

Ea =modulus of elasticity of prisms based on the secant
modulus at 50% of the strength
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ELASTIC AND CREEP PROPERTIES OF MASONRY

By E. L. Jessopl, N. G. Shrive 2 and G. L. England 3

ABSTRACT

At present there is a dearth of knowledge of the engineering proper
ties of masonry assemblies, restricting improvement in masonry design
techniques. A system of theoretical modelling is described by which
elastic, creep and shrinkage properties of masonry assemblies may be
predicted. Five stack-bonded prisms were tested in compression to failure
with strains measured on an individual brick unit, a mortar joint and for
a series of units and joints. Values of elastic modulus determined from
the individual components are used to predict the overall modulus.
Less than 20% error is observed between the predicted and measured values.
There is some explanation of possible causes for the difference and it
is thought that with better knowledge of in situ properties, the models
may well be of engineering use to masonry designers.

1 Associate Professor and 2 Assistant Professor, Department of
Civil Engineering, University of Calgary, Calgary, Alberta, Canada.

3 Reader of Mechanics, Department of Civil Engineering, King's
College, University of London, London, England.
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ELASTIC AND CREEP PROPERTIES OF MASONRY

By E. L. Jessopl, N. G. Shrive2 and G. L. England 3

INTRODUCTION

Sophisticated procedures are employed in the design of concrete and
steel structures; these design methods are continuously refined and im
proved. However, even though masonry has been used as a construction
material for hundreds of years, there is a paucity of basic engineering
data about the material. For example, the present Canadian Code (CSA
S304, 1976) indicates that the modulus of elasticity for brickwork be
calculated by taking 1000 times the compressive strength of a prism of
the appropriate bricks and mortar. Considering the (statistical) vari
ance of the strength of brickwork joints (1)*, and the scatter of data
presented by Plowman (2), there is clearly an inherent inaccuracy in such
a method of estimation.

If masonry design techniques are to be improved then basic engineer
ing data for the material must be available or predictable. Compressive
and flexural strength are important in design but knowledge of elastic,
creep and shrinkage properties are essential for determining the initial
distribution of stress in a structure under load, and how the stresses
may be redistributed with time.

Lenczner (3) has broached the problem of creep, and some stress
strain data have been presented by others (4, 5, 6). Base and Baker (5)
also used a simple theoretical model to predict the elastic modulus of
prisms. To our knowledge however, there has been no concerted attempt
to theoretically predict the elastic modulus, creep and shrinkage proper
ties of masonry assemblies. In this paper, a system of theoretical model
ling via which such properties might be predicted will be discussed,
together with some of the problems associated with the experimental de
termination of the necessary input data.

THEORETICAL MODELLING

The objective of this theoretical modelling is to use relatively
simple models to predict the elastic, creep and shrinkage properties of
masonry assemblies with sufficient accuracy for engineering purposes.
For reasons which are apparent later, we have been unable as yet to
determine whether or not the proposed type of models satisfy the objective
completely. It is therefore appropriate to discuss briefly the concept

1 Associate Professor and 2 Assistant Professor, Department of
Civil Engineering, University of Calgary, Calgary, Alberta, Canada.

3 Reader of Mechanics, Department of Civil Engineering, King's
College, University of London, London, England.
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and derivation of a model, with associated results, before concentrating
on the problems of experimental work.

The theoretical models are based on combinations of the series and
parallel models for two-phase composite materials (see Figure 1). Actual
properties of composite materials lie between the property values pre
dicted by these two systems. It follows that an actual two-phase material
is Some combination of the two systems. Masonry, with its regular struc
ture, can be easily broken down into different combinations of the series
and parallel models. Consider, for an example, a single wythe wall. A
side-elevation is shown in Figure 2. Two different repeating units are
shown - the larger unit is repeated both vertically and horizontally, and
the smaller unit is repeated horizontally but is displaced laterally in
the vertical direction. The smaller repeating unit may be broken down
into two different combinations of the series and parallel models as
shown in Figure 3(a). The larger unit can be divided into the same com
binations as the smaller unit and a further one (Figure 3(b». Thus
three different series and parallel combinations are obtained for the wall.

For an example analysis, the masonry unit and mortar are given dimen
sions a ~ f as in Figure 4. A vertical force, F, is applied and the
apparent modulus of elasticity for the combination is determined.

Consider the first combination for the smaller repeating unit
(Figure 3(a». Equilibrium and compatibility conditions may be applied
as follows:

(i) Equilibrium:

in the vertical direction

and within section (A),

where Am' and ~ and am' ab are the cross-sectional area and vertical

stress in the mortar and brick or block respectively.

(ii) Compatibility:

~(Total) = ~(A) + ~(B)
and within section (A),

in the vertical direction;

where ~(Total) is the total decrease in length of the combination and

~(A)' ~(B) are the decreases in length of sections (A) and (B). The

subscripts m and b again refer to mortar and brick or block respectively.
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If we assume that there is
different Poisson effects,
relate stress to strain in
(a=E s a = stress, S

no interference between the materials from
so that there are no lateral stresses, we can
the vertical direction using Hooke's Law
strain, E = modulus of elasticity).

The above conditons and assumption can be used to determine the
apparent modulus of elasticity, E b of the repeating unit.com

(b+e) (a+d) f E (acE
b

+ dfE )
m m

Ecomb =-----------------
A b [(a+d)fbE + aceEb + dfeE ]com m m

where A b is the apparent cross-sectional area of the combination.
com

A
comb

may be determined by putting

= Em'
Thus

~

since if ~

different.

= E
m

= Ecomb'

then the modulus of the combination should be no

A = (b+e)(a+d)(ac + de)f
comb [(a+d)fb + ace + dfe]

It should be noted that if a brick or block is cored - not solid as
in this example analysis - then by varying the values of dimensions a~ c~

d and f, allowance can be made for the different cross-sectional areas of
mortar and brick. If the core is not totally filled with mortar allow
ance could be made by introducing a third element, air, in the model but
the need for this has not yet been demonstrated.

Further. if the dimensions f and c are the same, then A b reduces tocom

A b = f(a + d) =c (a + d)com

as one might expect.

The remaining two combinations for the wall may be similarly analysed.
By choosing values of the dimensions a + f, the predictions of E b forcom
different values of ~ and Em may be compared for the three combinations.

Figure 5 is a plot of E hiE vs R IE
m

and it may be seen that all threecom m -b
combinations show similar trends.

To demonstrate how such models might be used to predict the effects
of creep and shrinkage in different geometrical masonry assemblies, a very
simple system was considered. The system is shown in Figure 6. If the
area of grout A is zero then the model approximates to a wall with

g
no vertical mortar joints: with A

g
= ~' a simple pier is approximated.

The model may be analysed for elastic response to load as in the analysis



12-5

above. Creep and shrinkage effects may be introduced by using specific
creep. The use and advantages of the concept of specific creep are des
cribed in detail elsewhere (7). Briefly, specific creep strains are the
strains of the unit stress creep curve normalized with respect to tempera
ture by a suitable function ¢(T). Thus at a given time:

creep strain = £ = c 0 ¢(T)
cr

where c = specific creep, 0 = stress and ¢(T) is a function of temperature.
The quantity c may be used as a pseudo-time parameter in creep analyses,
with the advantage that calculations may be carried out in isolation of
real time, and with greater ease than when the relationship between c and
real time is incorporated in the analysis.

In the model analysed here, once the elastic response is determined,
a step increase in specific creep of the mortar is allowed and the model
re-analysed. Shrinkage strains have been assumed to be a direct multiple
of the creep strains, and the properties of the grout a multiple of the
properties of the mortar. This latter is not entirely true for cement
paste (for which data is available) but is a reasonable approximation.
No in situ data has been found for masonry mortars.

In the pier model, the non-shrinking core of grout will provide
considerable restraint to shrinkage until it eventually begins to shrink
itself. In this particular analysis the grout was assumed to creep but
not shrink.

By assuming various values for the parameters involved, the creep and
shrinkage effects in the pier may be compared with those for the wall.
From Figure 7 it can be seen that the wall is subject to considerably more
strain than the pier (with the assumed values). However in order that the
calculations be realistic, the in situ properties of the mortar, grout and
brick (or block) should be known - that is, the properties of these com
ponents when in a complete masonry assembly rather than as separate materials.
The same requirement is true for the elastic property predictions. Hence,
attempts were made to determine some of the in situ properties of the
masonry components when in an assembly.

EXPERIMENTAL PROGRAMME

In order to determine values of elastic modulus (E) and Poisson's
ratio (v) for units and mortar in situ, five stack-bonded clay masonry
prisms were constructed in the laboratory using a simple prism-jig. The
prisms comprised of six units and five joints and care was taken both to
fill the unit cores with mortar and to finish the mortar joints flush
with the units. The prisms were tested in compression to failure.

Figures 8 and 9 show complete details of a typical prism. Strains
from the gauges and load were recorded on a fourteen channel recorder
and replayed later to obtain individual strain vs load curves. The LVDT
(Linear Variable Differential Transducer) displacements were recorded
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directly as functions of load. Suitable scale adjustment converted the
displacement readings to strain.

In Table 1, measured strain data are presented for three different
stress levels for the unit, mortar and prisms. In Table 2 average data
are presented together with data on statistical variances.

Data was also obtained for the two mortar batches from which the
prisms were constructed. 5.1 cm cubes were formed directly from the
mortar and also after the mortar had been laid on fresh units for two
minutes. Table 3 gives values of strain at similar stress levels to
those used for the prisms; the cubes were compressed to failure and
strains determined from the testing machine cross-head displacement.
MOrtar from batch I was used to construct prism 1 and batch 2 to construct
prisms 2 to 5 inclusive.

DISCUSSION

We found, as did Beard (4), considerable difficulty in obtaining non
eccentric loading, and this may account for some of the variability in
the results. Other factors will be the variability of the units, work
manship (even though one person constructed all five prisms) and the
different mortar batch for prism 1.

Nevertheless, if a direct linear relationship between stress and
strain is assumed for the units and mortar, that is a = E E, values of
the secant moduli of elasticity for the units, mortar and prism can be
determined. The assumption of no lateral interference between brick
and mortar due to Poisson's effect is clearly erroneous. As noted by
others (8, 9) the mortar must be laterally constrained, otherwise failure
of the prism would occur at lower stress levels than observed. It is of
interest to note here, that although the average vertical strains in the
unit and mortar are very different (Table 2, columns 4 and 5), the average
lateral strains are the same (Table 2, columns 6 and 7). Results for
individual prisms (Table 1) are not so clearly similar. The average data
however would appear to confirm lateral restraint of the mortar. All
measured strains therefore are not only dependent on the applied compress
ive stress but also on the lateral stresses which develop in the mortar
and unit.

Although mortar in the gross sense may be isotropic it is improbable
that pressed or extruded units are also isotropic. The bricks used in
our tests were extruded in the direction of the cores - that is the verti
cal direction of the prisms. The modulus of elasticity in the vertical
direction will therefore be different to the moduli in the lateral directions.
Furthermore if any lamination occurs, the moduli in the two lateral direc
tions will not be the same. Concomitant with different moduli will be
different Poisson effects between strains in the various directions. We
noted that failure of the prisms invariably occurred by vertical cracking
down the short side of the units. If the moduli of elasticity,Poisson
effects and failure stress were the same in the two lateral directions,
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the chance of the five prisms failing as noted is 1 in 32. It would appear
therefore that there are different properties in the two lateral directions,
and that the bricks are triaxially anisotropic. Hence, analysis of the
state of stress within prisms is more complex than previously suggested (8,9).

Since the intention of this work was to use simple models to predict
overall behaviour from individual component behaviour, values of secant
"elastic modulus" were calculated from strain values at given stress levels.
The results are shown in Table 4. Values of secant modulus for the mortar
cube tests were determined at 3 and 5 MFa together with tangent moduli at
initial loading. These are shown in Table 5, and are lower than the values
obtained for the mortar from the prism tests. The prism values will be
overestimates of the actual magnitude of elastic modulus because of the
triaxial compression of the mortar. This accounts for some of the discre
pancy. Also there are differences between the cube and prism mortar due
to the methods of curing and the loss of moisture from the mortar when the
prisms were constructed. Spreading the mortar on fresh units for 2 minutes
before casting cubes was an attempt to account for this water loss.

Using the values of moduli as determined from the prism tests, the
models described previously can be used to predict the overall prism
stiffness. These predicted stiffnesses are compared with the measured
modulus of the prism and also with the prediction using the theoretical
model proposed by Base and Baker (5). It can be seen from Table 6 that
the predictions are higher than the experimentally determined values.
As mentioned, lateral stresses in the prisms will induce an overestimate
of the mortar stiffness: such stresses will also induce an underestimate
in the brick stiffness. The overestimate of the mortar stiffness is
probably larger than the underestimate of the brick stiffness due to the
different magnitudes of lateral stress in the brick and mortar: this will
contribute to the over-prediction by the models. However, the predictions
using our models are on average within 20% of the measured values, which
suggests that with a more accurate method of determining the in situ
properties, the models may be of engineering use. However, greater know
ledge of the properties of the brick units is first required.

In Table 6 some predictions are also shown for when secant or tangent
moduli from the mortar cube tests are used. Although these predictions
are somewhat closer to the experimental values, use of mortar data of
this type is not recommended since different in situ properties of the
mortar will result from use with different bricks, and the variability
of spreading mortar on fresh units requires study.

SUMMARY & CONCLUSIONS

Theoretical models have been described which may be used to predict
the behaviour of masonry assemblies under load. In trying to determine
the engineering use of such models elastic behaviour was considered and
the models predicted values within 20% of the experimentally determined
elastic moduli. The problems of brick anisotropy and lateral constraint
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are thought to contribute to the error. With greater knowledge of
brick properties the models may well be of engineering use in predicting
elastic properties. For creep and shrinkage, again brick properties are
required and a method must be determined for measuring these properties
for mortar in situ. An experimental method has not yet been found in
which mortar can be reproduced as in its "in situ" state. Experiments
of this type are required for the determination of mortar properties.
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Stress Prisms LVDT UNIT MORTAR UNIT MORTAR
(Vert) (Vert) (Lateral) (Lateral)

3 MPa 1-+ 5 263 ± 126 171 ± 39 357 ± 111

3 MPa 2 -+ 5 291 ± 125 285 ± 61 412 ± 27 31 ± 10 31 ± 9

5 MFa 1 -+ 5 435 ± 215 182 ± 37 607 ± 189

~ MFa 2 -+ 5 484 ± 214 301 ± 57 695 ± 64 53 ± 17 52 ± 16

TABLE 2 Average strain readings ± standard deviation from prism data

Stress Batch 1 Batch 2
Level A B A B

3 MPa 960 ± 63 750 ± 124 968 ± 374 622 ± 172

5 MFa - 2092 ± 356 - 1720 ± 534

Maximum
Stress 4.3 ± 0.04 5.2 ± 0.15 4.1 ± 0.32 5.4 ± 0.20
(MPa)

TABLE 3 Strains ± standard deviation (three tests) at different stress
levels and maximum stress values for mortar cubes: type A were
straight from the mixer and B were made after the mortar had
been spread for two minutes on fresh units.

Stress Overall Unit Mortar Unit V Mortar V
Level Prisms E (GPa) E E
MFa (GPa) (GPa)

3 1 -+ 5 11.4 17.5 8.42
3 2 -+ 5 10.3 16.5 7.3 .17 .075
5 1 -+ 5 11.5 17.5 8.24
5 2 -+ 5 10.3 ; 16.6 7.2 .17 .072
16.5 1 -+ 5 7.9 19.0 -

TABLE 4 Values of "Secant Modulus" (E) and "Poisson's ratio",
without accounting for lateral stresses
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Batch Secant Modulus Secant Modulus Tangent Modulus
in GPa at 3 MFa in GPa at 5 MFa at zero MFa
Compressive Stress Compressive Stress

lA 3.13 ± 0.20 - 4.49 ± 0.24

1B 4.07 ± 0.63 2.43 ± 0.39 5.39 ± 0.41

2A 3.37 ± 1.07 - 4.99 ± 1.22

2B 5.07 ± 1.36 3.08 ± 0.83 5.99 ± 1.03

TABLE 5 Average secant and tangent modulus values ± standard deviation
(3 tests) for mortar cube tests.

Prisms Mortar Stress Model Experimental
Level
for Small Small Large Base Value

Secant rptg rptg rptg &
Modulus unit (1) unit (ii) unit Baker

1 -+5
N/A N/A 13.8 13.6 13.2 15.1 11.4

2 -+ 5 12.7 12.5 12.1 14.0 10.3

2A 3 MFa 9.5 9.0 8.2 10.6 10.3

2 -+ 5 2B 3 MFa 11.2 10.9 10.2 12.5 10.3

2B 5 MFa 9.2 8.6 7.8 10.2 10.3

2A Tangent 11.1 10.8 10.1 12.4 10.3
2 -+ 5

2B Moduli 11.9 10.7 11.1 13.2 10.3

TABLE 6 Predictions of elastic modulus (GPa) using theoretical models:
comparison with experimental value
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Figure 4: Dimensions of ''brick'' and "mortar"
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Figure 6: Simple model to demonstrate
effects of geometry on creep & shrinkage
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Figure 7: Comparison of wall and pier strains for
stress of 1 MPa. Creep and shrinkage considered.
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Metal plate embedded
in mortar joint -----f-- ·is:::::l-_

LVDT measures displacement
between the two metal plates

Strain-gauged brick

Strain gauged
centre mortar joint

Metal plate
embedded in mortar joint

-

12)

enlargement
indicating
strain gauge
numbering
for face
shown and
opposite face
- in brackets:
centre mortar
joint and brick
above

1"-- 9 (11)

FIGURE 8: Schematics of prism and enlarged view of centre mortar
joint and superior unit



FIGURE 9: The plate shows a prism in the testing
machine. The centre mortar joint and the unit
above this joint are strain-gauged. The LVDT
measured displacement over four bricks and joints.
The dial gauges were used to determine the machine
cross-head movement.
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THE PARAMETERS INFLUENCING SHEAR STRENGTH

BETWEEN CLAY MASONRY UNITS AND MORTAR

Larry K. Nuss 1, J. L. Noland2 and James Chinn 3

ABSTRACT: An investigation of shear strength between clay masonry units
and mortar is described in this paper. An effective, easily performed,
joint shear test was developed from which shear strength of masonry
joints could be determined. Quantitative results from the tests showed
the influence of mortar strength, mortar water content, mortar mix pro
portions, and clay unit water suction rate on shear strength. Linear and
quadratic polynomial equations relating shear strength to joint normal
compressive stress were fitted to the test data. Multiple regression
techniques were used in an attempt to relate shear strength to multiple
masonry parameters in a single equation.

lCivil Engineer, U.S. Bureau of Reclamation, Denver, Colorado

2Principal, Atkinson-Noland & Associates, Inc., Boulder, Colorado

3professor, Department of Civil, Environmental &Architectural
Engineering, University of Colorado, Boulder, Colorado



13-2

THE PARAMETERS INFLUENCING SHEAR STRENGTH

BETWEEN CLAY MASONRY UNITS AND MORTAR

Larry K. Nuss 1, J. L. Noland2 and James Chinn 3

INTRODUCTION

Brick masonry is being used more and more today in major buildings
as a structural material. If, however, it is to be utilized to its
optimum potential in resisting lateral forces, it is essential that better
knowledge of the shear capacity of its joints be obtained. The present
paper is a report on tests performed to obtain some of this knowledge.

TYPES OF SHEAR TESTS

Shear tests of joints in the past have generally fallen into two
categories, couplet tests or racking tests. Couplets have consisted of
two or three-unit-high assemblages, and attempts were made to produce
uniform shear stress or a combination of uniform shear and uniform normal
stress on the joint during testing. Racking tests have been on entire
masonry wall panels, and they have been loaded parallel to the joints or
along a diagonal.

In all the tests reported in the literature, some aspect of the test
specimen or test procedure has the potential of producing nonuniform
stresses on the joints.

DEVELOPMENT OF NEW TEST

For the tests from which results are reported herein, a new type of
couplet test was developed. A four-brick-high prism was built with
3/8 in. thick joints. The middle joint contained the standard mortar
being tested while the top and bottom joints were made with mortar
strengthened with Sarabond* admixture. The test specimen was then cut
from this prism at an angle to produce a smaller prism 3-9/16 in. wide by

* Sarabond is the trade name of a latex-base mortar admixture produced
by Dow Chemical Company.

lCivil Engineer, U.S. Bureau of Reclamation, Denver, Colorado

2Principal, Atkinson-Noland & Associates, Inc., Boulder, Colorado

3professor, Department of Civil, Environmental & Architectural
Engineering, University of Colorado, Boulder, Colorado
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2-5/8 in. thick by 7-1/2 in. long, with joints at a preselected angle
with the transverse direction. When this was loaded in the longitudinal
direction, shear and compression were produced on the mortar joint faces.

DESCRIPTION OF SPECIMENS

All materials used in test specimens were donated by their manufac
turer or supplier. Bricks were standard modular 2-2/3 x 4 x 8 in. solid
clay units, extruded and side-wire-cut from Colorado Brick Company and
Lakewood Brick Company. Compressive strengths of the bricks ranged from
10,000 to 14,000 psi, and the initial rates of absorption (IRA) ranged
from 5 to 20 grams per minute (gpm). Sand was furnished by the Rio
Grande Company of Denver, and it was sieved and blended to give a contin
uous grading meeting requirements of ASTM C144 Standard Specification for
Aggregate for Masonry Mortar. Portland cement was Type I, manufactured
by the Martin-Marietta Company. Lime was Type S, produced by the Flint
kote Company to meet requirements of ASTM C207, Standard Specification
for Hydrated Lime for Masonry Purposes.

Mortar was mixed in a Hobart dough mixer following ASTM C270,
Standard Specification for Mortar for Unit Masonry, and procedures de
vised by D. J. Frey(7). Prisms were laid up by Mr. Judd Harvey, a jour
neyman mason with over thirty years of experience. Prisms were cured for
seven days at 70°F in a 100% humidity room. They were then taken to a
diamond-blade masonry saw where the smaller test specimens with the
joints at the desired angles were cut from them. These were then air
cured at 70°F until they were load tested.

A set of shear specimens, identical except for joint angles, was
termed a "shear family." Joint angles used were nominally 45°, 50°, 55°,
60° and 65° (Photo 1). Not all angles were represented in all shear fami
lies, however.

Three series of tests were run in which mortar proportions, mortar
flow and brick IRA were varied. In series I, the mortar proportions were
the only variable. The mortar flow was 130 + 5%, and clay units had IRA
of 5 to 10 gpm. Testing was done at age 14 ~r 28 days.

In series II, the mortar flow was varied. Three flows were used,
110, 120, and 140, + 5%. Two mortar types, 1:1/4:3 and 1:1:6 (cement:
lime:sand by volume), were used. The clay units had IRA's in the range
of 5 to 10 gpm. Tests were performed at 28 days after prism construction.

In series III, two different suction rates were used, an IRA of 10
to 15 gpm and one of 15 to 20 gpm. Three mortar types, 1:1/4:3, 1:1:6,
and 1:2:9 were used. Mortar flow was held constant at 130 + 5%. Tests
were performed 28 days after construction.

Each shear family of specimens was assigned a test designation num
ber that identifies its mortar type, mortar flow, age at test, and clay
unit IRA as explained in Table I.
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COMPANION TESTS

Whenever prisms were made for shear specimens, companion four-brick
high prisms with 3/8 in. thick joints were made for testing to obtain
prism compressive strength, fm'. Two-inch mortar cubes were also made for
testing to obtain mortar compressive strength, f c '. Mortar flow was
measured for every mortar made, and clay unit compressive strength, fbI
and IRA were determined on random samples. All tests were in accordance
with the applicable ASTM standard methods of test.

TESTING PROCEDURE

Before testing, shear specimens were capped on both ends (Fig. 1)
with Cylcap, a commercial sulphur-clay capping compound in the capping
fixture shown in Photo 2. Measurements showed caps were parallel within
1°.

Specimens were tested in uniaxial compression in a 300,000 lb. capa
city Baldwin-Southwa~k-Emeryuniversal testing machine. Load was applied
through a spherical bearing block at a constant rate of 20,000 lb/min
until failure occurred. The nature of the failure was noted, and com
pressive and shear stresses on the joint at failure were calculated.

TEST RESULTS

Results from tests of 115 shear specimens, 87 mortar cubes, 48 mor
tar flow tests, 15 IRA tests, 10 clay unit compression tests, and 60 clay
unit compression prism tests are presented in Tables II through XI.
Tables II, III, IV and V contain test data for Series I, 28-day tests;
Series I, l4-day tests; Series II tests and Series III tests, respect
ively. Test data for all mortars are listed in Tables VI and VII. Com
pressive strength and IRA for five randomly-selected clay units from each
of three major clay unit groups are found in Table VIII. Tables IX, X,
and XI contain compression prism test data and strengths for Series I,
Series II and Series III tests, respectively.

All the shear specimens failed randomly in shear along one of three
failure surfaces in the test joint. The failure surfaces were along the
top interface between the mortar and clay unit, along the bottom inter
face between the mortar and clay unit, or a combination of the two with a
crack running across the mortar bed connecting the two planes. Close
examination of the failed surfaces revealed mortar particles on the clay
unit face, but no clay unit particles in the mortar. Typical shear fail
ures are shown in Photo 3. These specimens, made with 1:1/2:4-1/2 mortar
having a flow of 130 and clay units having an IRA of 5 to 10 gpm, were
tested on the 14th day after construction.
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ANALYSIS OF TEST RESULTS

Applied longitudinal stress (ax)' shear stress on the joint (T), and
normal stress on the joint were calculated for each specimen from the shear
specimen test data in Tables II through V, using the equations:

p
(J

Ax
P load of failure

2 e in which A of prism(J (J cos area
n x

8 angle between joint
0 and transverse plane

x
sin 28T

2

One of the main objectives of the test program war:; to investigate whe
ther a general relationship existed relating shear stress (T) and compres
sive stress (0 ) in joints at joint failure. Failure stress values were
plotted with Tn as the ordinate and on as the abscissa for each shear family
as in Fig. 2. Test points always clustered about a straight line or a slightly
curved line, both intersecting the T axis at some positive value and
both having positive slopes.

Least squares techniques were applied to fit linear and quadratic equa
tions to the results of each shear family in the forms:

T = alan + TO
and

2
T = a20 n + alan + TO .

Typical linear and quadratic equations, are given on Fig. 2(A) for a shear
family made with 130 percent flow, 1:1/4:3 mortar and clay units having 5
to 10 gpm IRA, tested on the 28th day after construction.

Linear and quadratic least squares equations are grouped according to
test series and plotted in Figs. 3 through 8. The lines on Fig. 3 show
joint shear strengths when mortar mix proportions were varied. The lines on
Fig. 4 show joint shear strengths when 1:1/4:3 mortar percent flows were
varied. In Fig. 5, the lines show joint shear strengths when flows of
1:1:6 mortar were varied. The lines in Figs. 6, 7 and 8 show joint shear
strengths when clay unit IRAs were varied for 1:1/4:3, 1:1:6, and 1:2:9
mortars, respectively.

The pure shear strength of a joint, (TO)' is the shear capacity of the
joint with no compressive stress acting normal to the joint bed. The ordi
nates of the least squares curves at (In equal to zero in Figs. 3 through 8
are the pure shear strengths of the joints. Relationships between TO and
other masonry properties were investigated. Average values of TO' seven-day
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mortar cube strength (f'), 28-day prism compressive strength (f~), clay
unit compressive strength (fb), clay unit Initial Rate of Absorption (IRA),
and water-to-cement ratio by weight (W/C) were included in the investiga
tion as listed in Table XII.

Joint pure shear strength was not a function of prism compressive
strength alone, nor of seven-day mortar cube compressive strength alone.
Small changes in water-to-cement ratio (Fig. 9) and variation in clay unit
IRA (Fig. 10) greatly influenced joint pure shear strength. It was influ
enced by many masonry parameters. Multiple regression techniques were
therefore applied in an attempt to relate joint pure shear strength to se
veral independent masonry variables in the forms

TO a + bx + cy + dz

and
b c d

TO = ax y z

where a, b, c, and d are multiple regression coefficients; x, y, and z are
independent masonry variables, and TO is joint pure shear strength.

Masonry parameters that influenced, or when combined with other para
meters might correlate with, joint pure shear strength, were used in the
multiple regression analyses. Eight measurable masonry parameters were cho
sen: seven-day mortar cube strength, prism compressive strength, clay unit
compressive strength, clay unit Initial Rate of Absorption, and four mortar
water content ratios w/C, WIL, W/(C+L), and L/c, all by weight.

The results from the multipl~ regression analyses using the data in
Table XII but excluding Series I, l4-day tests are listed in Table XIII.
Each row contains regression coefficients calculated from one multiple re
gression analysis. The correlation coefficients in column 11 indicate that
joint pure shear strength was more a function of f', IRA, and some form of

cmortar water content than any other parameters.

When joint pure shear strength was expressed as a function of f~, IRA,
and mortar water content, the calculated values for Series II tests showed
less correlation with the test values than did the Series I and III calcu
lated values. This is logical because mortar strength and joint pure shear
strength are two independent quantities. Mortar strength is independent of
the clay unit properties, and joint shear is dependent upon bond between
clay unit and mortar as well as upon strength of the mortar as modified by
clay unit suction. An increase in mortar water content produced a decrease
in mortar cube strength but an increase in joint pure shear strength. It is
believed, therefore, that joint pure shear strength can be more accurately
related to mortar cube strength, IRA, and mortar water content if the mor
tar percent flow is relatively constant.

The multiple regression coefficients were therefore reevaluated,
using the same independent variables in Table XII, but using only the data
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from the 28-day shear tests of Series I and III. The results of these
linear multiple regression analyses are listed in Table XIV.

Using multiple regression analyses, the following two equations were
fitted to the strength data for mortar flow of 130 ± 5 percent:

f' (W/C)1. 70

8.0 c
TO

lRAl . 50

and

f' [.Ji..-]3.0

18.0 c C+L
TO =

lRA1.55

For the 28-day Series I and III, the actual joint pure shear strengths are
plotted against those calculated from these equations in Figs. 11 and 12.

GENERALIZED JOINT SHEAR EQUATION

The slopes of the straight lines fitted to the joint shear stress
compressive stress test data were relatively constant. An average of
these slope values was 0.772 with a 95 percent confidence interval of
~ 0.043. Generalized expressions for the 28-day joint shear strength of a
shear specimen while keeping the mortar flow constant at 130 + 5 percent
are then:

f' (W/C) 1. 70
0.772 + 8.0 c

T crn
lRA1.50

or

f' [.Ji..-]3.0

0.772 + 18.0
c C+L .

T crn
lRA1.55

SUMMARY

The prime objective of the research reported herein was to study shear
strength of joints in clay masonry. The specimen developed to test joint
shear produced very satisfactory and consistent results when simple test
procedures were followed diligently. The test was economical and easy to
perform and could be run in any laboratory that has access to a compression
testing machine, fog room, and masonry saw. Relationships between joint
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pure shear strength and multiple masonry variables could be expressed in a
single equation. These relationships showed strong correlations; however,
they should not be used in design at this time. The authors believe that
the shear specimen test can be used in future research studies to develop
design equations.
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1:1:6 Mortar ",__--- ,-----------
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T,l\8LE I

Proposed Masonry Joint Shear Test Series

r Test Proposed Masonry Properties

Ir---rTesta Mortarb F1at·/ Test I
: 5~Y'ies! Design Type % ±5S~ IRAd Dav I

I (1) ! (2) (3) (tt) (5) (6) I
~--- ------+---------------------- ------:=j

I
11-M-28 t-l(1:!i\:3) 130 - 5-10 -;;-,

1-5-28 5(1 :~:412) II II II I
1-r~-28 ~1(1:1:6) II " II

Vl 1-0-28 0(1:2:9) II II II

(l) 1-~1-1L1. r,,1(1:~:3) II II 14
~ 1-5-14 S(1: 1'5: 4\i) II Ii II

V) 1-N-14 N(1:1:6) II " II

1-0-14 0(1:2:9)" " II

M-140 M(l :~:3) 140 5-10 28
:::::: r~-120 M(1:~:3) 120 II "I

I
I Vl M-110 M(1:~:3) 110 .' II I

CJ I N-140 N(1:1:6) 140 II "j
! ~ N- 120 N(1: 1: 6) 120 I' II

I V) I N- 11 0 ~l ( 1: 1: 6) 11 0 " II

r -- - ----~,1-v~2~---M(1: \~-3)l-30---10-1-5 --- 28---'

I
ri-\':et N(1:1:6) II " 1I I

Vl O-I·Jet 0(1:2:9)" II II I
I .~. r1-[)ry r1(l :14 :3) " 15-20 II

I ~! i j - Dry iJ ( 1: 1: 6)" II ,,!
I V) la-Dry 0(1 :2:9)" " "I
~- ==--==-==::.-===:.::======::.=--:-==-:-====--~~-=-~~---- ..... --"'- ._'::.:~\

a) Test Designation

13-15

b) X(C:L:5)

X
C
L =
5 =

ASTM C270 Designation
Part cement by volume
Part hydrated lil:1e by vo1un,e
Part aggregate by volume

c) Percent Flow by ASTM C230 Test

.j ) Ir'-~ti::l1 of Ahsorrti on ue; i r"J rST" rr,
'~' ,:
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TABLE II TABLE III

SHEAR SPECIMEN TEST DATA
SERIES I, 28-DAY TESTS

SHEAR SPECIMEN TEST DATA
SERIES I, 14-DAY TESTS

Test Data
Testa

Des;Cjn
(l) .

I Test Data I
Testa If--p-;-b---e-C--t--;d--t-e--

Design w d
(1) (2) (3) (4) (5)

I'+- 69,000
...... 33,750

~ t- 31,250
..J.. 57,500
:. 4- 28,000

~ 39,750
18,000

43.0
55.0
65.0
44.0
49.5
55.0
64.5

2.44
2.69
2.56
2.63
2.66
2.63
2.50

3.56
3.56
3.56
3.56
3.56
3.56
3.56

4- 42,750
~ 21,750

'

16,250
50,750

: 26,000
4-~ 1 22 ,750

I 12,500

46.0
55.0
63.0
44.5
50.0
55.0
65.5

2.69
2.50
2.56
2.63
2.63
2.63
2.63

3.50
3.56
3.56
3.56
3.56
3.56 I
3.56 !

3.56
3.56
3.56
3.56
3.56
3.56

3.56
3.56
3.56
3.56
3.56
3.56
3.56

3.56
3.56
3.56
3.56
3.55

2.44
2.56
2.56
2.56
2.56
2.63
2.56

2.63
2.56
2.56
2.69
2.69
2.44

2.63
2.56
2.63
2.53
2.50

45.0
55.0
65.0
45.5
50.0
55.0
65.0

54.0
64.0
45.0
50.0
53.5
64.0

46.0
50.0
56.5
60.0
64.0

'<:t
r--i

I
o

I......

3.56
3.56
3.56
3.-56
3.56
3.56
3.56

2.38
2.50
2.69
2.63
2.56
2.63
2.55

45.0
55.0
66.0
45.0
55.0
60.0
64.5

15,450
~ 11,700

I
6,050

19,000
13,175
7,000
5,500

N
t-

C:J
C'-.:

I
(/)

I
r--i

c::J

'"Io
I

r--i

i
47,500 45.0 2.56 3.56 i 36,250

~ 26,750 53.0 2.50 3.56 ~ ! 24,750
27,750 64.0 2.31 3.56 ~ ! 20,800
50,000 46.0 2.69 3.56 J: /25,250
38,500 50.0 2.63 3.56 I N 35,000

~ 24,500 58.0 2.56 3.56 ...... t- I' 30,750
20,750 65.0 2.38 3.56! 13,500

~__ I- I'---- ~_I---.:..-J ---j

I ! 35,750 45.0 2.56 3.56 ...... ! 22,250
I ~ 1 21 ,000 56.0 2.63 3.56 t- i 12,125

15,400 65.0 2.56 3.56 ~ ! 27,250
44,750 45.0 2.50 3.56 'I 124,500

:. N 33,250 50.0 2.56 3.56 ...... ~ I 16,225
t- 27,250 59.0 2.50 3.56 I 8,950

16,250 64.0 2.50 3.56 I

'I 16,375
10,050

I 9,350
I 8,050
I 8,050

-~~·=~~,·c+..=============~

a) Test oesignation legend in Table I
b) Failure load in pounds
c) Joint angle in de9rees
d) Shear specimen \'!idth in inches
e) Shear speci~en depth in inches
f) T\>.'o shear families testerl
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TABLE IV TAI1LE V

SHEAR SPECIMEN TEST D,l\TA
SERIES II

SHEAR SPECIMEN TEST DATA
SERIES III

r -

1Test Data Test Data
Testa pb eC t d t e Testa pb eC t d t e I

Design I Design Iw d w d I

i
(1) (2) (3) (4 ) (5) I (l) (2) (3) (4) (5) I

45 0 2 75 3 69 I74 00083 500 39 0 2 5n ~ 56I , . . .,). , . .
I 78,250 45.0 2.56 3.56 olJ

37,000 55.0 2.56 3.690 I OJ
: ~

I
o:::r 53,250 49.0 2.56 3.56 16,250 60.0 2.56 3.69....... t I

I 46,000 55.0 2.56 3.56 L
1 21,750 64.0 2.50 3.69:z:

I 26,500 65.0 2.63 3.56
I

1 43,000 45.0 2.56 3.69i I63,750 46.0 2.63 3.56 ! olJ

\30,750 54.5 2.56 3.69I OJ

I 50.0 :?;:
24,250 59.0 2.63 3.69 I0 - - - I

Z I
N 32,500 55.0 2.56 3.56 I 15,250 63.0 2.50 3.69 I....... iI 37,000 59.0 2.44 3.56 i:::: !

I25,000 65.0 2.56 3.56 I29,000 45.0 2.63 3.69
olJ

55.0 2.63 3.69(1) I 13,000

I
I

--..
50,250 46.0 2.63 3.56 -"- 60.5 2.63 3.69I I 16,000

....... 1 46,000 54.0 2.59 3.56 0
1 11 ,300 64.5 2.56 3.69r-

I
35,000 65.0 2.63 3.56 I

I 0 41,000 52.0 2.69 3.56 I 8,250 51. 0 2.56 3.69 I
I ....... j
I ...... 25,250 54.0 2.69 3.56 >. 10,500 55.0 2.63 3.69 II I s-

I
I 0

,
:E". N 43,250 59.0 2.69 3.56 6,OaO 60.0 2.50 3.69r- I...,..

16,500 62.0 2.50 3.56 ~ 10,750 65.0 2.50 3.69

L 24,000 65.0 2.50 3.56
25,500 43.0 2.56 3.69I

41, 000 40.0 2.44 3.56 >. 17,750 50.0 2.50 3.69
37,000 45.0 2.44 3.56 s-

22,775 54.0 2.50 3.690
0 31,500 51.0 2.56 3.56 I

10,875 60.0 2.56 3.690;;;;- "'-
...... 27,000 54.0 2.47 3.56 5,600 62.0 2.50 3.69I
~ 26,700 60.0 2.63 3.56 -

24,025 64.0 2.. 56 3.56 16,775 45.0 2.50 3.69
. >, 6,025 51. 0 2.50. 3.69

I

I 46,750 39.0 2.69 3.56 s-
11.300 54.0 2.44 3.69 Ic I39,750 44.0 2.63 3.56 I
4,425 60.0 2.56 3.690 I

0 34,750 50.0 ·2.63 3.56 8,250 63.0 2.50 3.69 !
N I....... 26,000 55.0 2.69 3.56 ~=- - I

I -
z 24,000 61.0 2.56 3.56

19,250 65.0 2.56 3.56 I See Table II for notes.

I 49,250 39.0 2.50 3.56
I 56,750 44.0 2.69 3.56i
I 0 34,500 49.5 2.63 3.56I .......
I ...... 33,75Cl 54.0 2.69 3.56I!
~ 17,500 59.5 2.75 3.56! 6,575 64.0 2.56 3.56

I

- - . - - ..-- - -- ._- - - - -
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TABLE VIII

CLAY r1ASONRY UNIT TEST DATA

13-19

Water Suction Rate Compressive Strength
Testa Test

b t e t f f,d t e t f
Series No. IRAc w d b w d

(1) (2) (3) (4 ) (5) (6) (7) (8)

1 6.0 7.63 3.56 12,572 3.80 3.56

...... 2 7.2 7.63 3.56 15,622 3.75 3.56

......
-0 3 12.6 7.63 3.56 13,961 3.75 3.56
s::
ttl 4 11.7 7.63 3.56 12,521 3.80 3.56

......
5 9.3 7.63 3.56 13,672 3.85 3.56

1 18.7 7.73 3.70 8,940 3.50 3.70
.--..
>, 2 22.7 7.70 3.70 12,606 3.50 3.70s-
o
"'-" 3 16.2 7.70 3.75 9,274 3.65 3.70
............ 4 19.5 7.75 3.73 12,125 3.70 3.70......

5 22.0 7.73 3.70 12,553 3.80 3.70

1 10.7 7.73 3.73 clay units III (dry)
2 11. 2 7.70 3.73 and III (wet) ~ere

from the same batch
.--.. 3 13.6 7.73 3.70 except units III-+-J

ClJ (~et) were modified::=: 4 12.7 7.75 3.73"'-" in the laboratory to
...... 5 13.1 7.70 3.75 have a lower IRA as............ explained in Chapter

IV

Note: 1 psi = 6.895 krVm2; 1 inch = 25.4 mm
-== •

a) Test series where units were used
b) Five tests per clay unit group
c) Initial Rate of Absorption in gpm
d) Compressive stress in psi
e) Width in inches
f) Depth in inches
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TABLE IX

COMPRESSION PRISM TEST DATA
SERIES I

rTest
a
-'

Compression Prism Test Data

Design pb t C t d flc
w d m

(1) (2 ) (3) (4) (5)

I 343,000 7.625 3.625 12,410
I 1-t1-28 342,000 7.625 3.625 12,370
I
I 345,000 7.625 3.625 12,480I
!

I
238,000 7.625 3.563 8,760I

i 1-5-28 234,000 7.625 3.563 8,615,
I 247,750 7.625 3.563 8,750
I I
I

I 185,500 7.625 3.563 6,830
I
I 1-N-28 179,750 7.625 3.563 6,620

184,250 7.625 3.563 6,780

124,000 7.625 3.563 4,565
1-0-28 137,250 7.625 3.563 5,050

137,500 7.625 3.563 5,060

332,000 7.625 3.625 12,010
1-:"-14 324,000 7.625 3.625 11,720

357,000 7.625 3.625 12,920

209,250 7.625 3.563 7,700
1-5-14 215,250 7.625 3.563 7,925

213,500 7.625 3.563 7,860

175,500 7.625 3.563 6,460
l-r:-14 165,500 7.625 3.563 6,090

166,000 7.625 3.563 6,110
I

110,500 7.625 3.563 4,070 I
1-0-14 114,250 7.625 3.563 4,205

118,750 7.625 3.563 4,37~J
=-. - - - I --I

- - I
I flote. 1 lb - 0.453 kg, 1 In. - 25.4 mm, .
I 1 psi = 6.895 kN/m 2 !
~-, .. ==-=---~-:. --- - -:--===:.=-:-:--==-=.~:::-~--:=--.::::.......:.' ---:~

a) Test designation legend in Tatle I
b) Failure load in pounrls
c) Prism width in inches
d) Pris~ depth in inches
e) Prism comrressive stren9th in psi
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Photo 1. Family of Shear Specimens

Photo 3. Typical Shear Failures
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Photo 2. Capped Specimen
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APPENDIX II - NOTATION

f'
b

f'
c

f'
m

P

w/c

wi (C+L)

e

T

= compressive strength of a clay masonry unit determined using
ASTM C67 test procedures.

compressive strength of seven-day, two-inch mortar cubes
determined using ASTM C109 test procedures.

compressive strength of four-unit-high, clay, single-wythe
stack-bond 3/8 inch joint prisms determined using ASTM E447
test procedures.

failure load applied to a shear specimen or compression
prism along the centroidal longitudinal axis.

the water-cement ratio by weight of a given mortar.

= the water-to-(cement plus lime) ratio by weight of a given
mortar.

the compressive stress normal to the mortar bed in a shear
specimen.

the compressive stress applied to a shear specimen calculated
by dividing the failure load, P, by the cross sectional area.

the acute angle of the joint bed of a shear specimen measured
from a transverse plane.

the pure shear strength of a joint of a shear specimen.

the shear strength of a joint of a shear specimen subjected
to normal stress on the joint.
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THE EFFECT OF SLENDERNESS AND END CONDITIONS ON

THE STRENGTH OF CLAY UNIT PRISMS

J. L. Noland 1 , K. T. Hanada 2 , C. C. Feng 3

ABSTRACT: An experimental program was conducted to study the effect
of slenderness and end conditions on the ultimate compressive
strength of stackbond clay-unit prisms. The prisms were constructed
using different mortar mixes to permit the influence of that factor
to be observed. One type of solid clay unit was used and slender
ness varied from hit = 1.44 to 5.12.

Two test series were done in parallel. One series involved
prisms whose ends were directly in contact with the test machine
surfaces. The other utilized lateral friction relief material at
the machine-prism interface in order to be able to observe the
effects of end lateral restraint. The prisms with no friction
relief at the interface failed in various combinations of shear and
lateral tensile splitting while those with friction relief failed
by lateral tensile splitting alone.

Analyses of results revealed that: 1) the difference in ulti
mate compressive strength between prisms tested with restrained ends
and unrestrained ends was much greater for prisms made with high
strength mortar, 2) for the units used, ultimate prism strength was
quite mortar dependent for all slenderness ratios, and 3) for the
prisms tested with unrestrained ends (as is current practice),
slenderness correction factors found in presently used codes in the
U.S. are inaccurate.

A hypothesis was formulated that ultimate compressive strength
of prisms with unrestrained ends could be related to the total
lateral force exerted by the mortar joints. It was observed that
(for prisms of 3 or more joints) a factor based upon the relative
volume of mortar to units in prisms when multiplied by prism failing
stress resulted in a constant value of ultimate compressive stress.

Iprincipal, Atkinson-Noland & Associates, Boulder, Colorado.

2Formerly Graduate Student, University of Colorado, Boulder,
Colorado.

3professor of Civil, Environmental, & Architectural Engineering,
University of Colorado, Boulder, Colorado.
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THE EFFECT OF SLENDERNESS AND END CONDITIONS ON THE
STRENGTH OF CLAY UNIT PRISMS

J. L. Noland 1 , K. T. Hanada2 , and C. C. Feng 3

INTRODUCTION

The prism test 4 is widely used as a means to establish the
ultimate compressive design strength, f', of masonry. Its importance
is magnified because the value f~ is us~d not only to establish design
allowable compressive stress, but frequently design allowable flexural
and shear stresses (1,12,17,18,24).

At the current time, there are inconsistencies due to the method
of test and interpretation of results. Primary among these, in the
authors' opinion, are those related to the effects of the interface
between the prism and test machine (9,23,25,26,27), and the effects
of slenderness.

The nature of the interface between a prism and a test machine
affects the failure mode of the prism. It has been widely observed
that the basic failure mechanism of full-scale masonry under
centroidal axial compression is lateral splitting (3,7,10,23,14,15,
18-22). However, that failure mode is inhibited in a prism whose
ends are placed directly in contact with the loading surfaces of a
test machine; friction forces develop which tend to restrict lateral
deformation of the prism (2,3). The restriction affects the end
units of the prism the most, with the inner units experiencing varying
degrees of combined shear and lateral tensile failure (2). The
question then arises: How representative of full scale masonry
strength is prism strength when the prisms are subjected to lateral
friction restraining forces at the machine-prism interface?

One approach to a solution has been to make prism failure mode
resemble full-scale masonry failure mode by basing design f~ on a
prism slenderness ratio of five (18). Prisms of that slenderness
ratio fail primarily by lateral tensile splitting with shear failure
confined to the end units and units adjacent to the end units.

Iprincipal, Atkinson-Noland & Associates, Boulder, Colorado.

2Formerly Graduate Student, University of Colorado, Boulder,
Colorado.

3professor of Civil, Environmental, & Architectural Engineering,
University of Colorado, Boulder, Colorado.

4A compressive test of a small masonry assemblage composed of
two or more units laid in stack bond.
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Another approach has been to base design f~ on prism slenderness
ratio of two (24). Apparently the governing philosophy here is that
a value of design f~ based on the short prism is representative of
pure material strength without slenderness effects.

An intermediate position has been adopted in Australia where the
bases for design f~ is a slenderness ratio of three (17).

The result of all this is that the designer of clay unit masonry
in the U.S. is confronted with two means of determining design f~
based upon prism test. The results of the prism test are modified by
"correction factors" which purport to convert the strength of a given
prism with a particular slenderness ratio (expressed as height, h,
divided by the least lateral dimension, t) to that of either a
slenderness ratio of two (24) or five (18).

An analysis (3) of "correction factors" used in various standards
in the U.S., Canada, Australia, and New Zealand concluded that (as of
1973) the correction factors apparently have a common source, i.e.,
Krefield's work (8) in 1938. The study reports that he delineated the
limitations of his work which was based upon one solid clay unit and
one mortar type, and that he observed that the effect of other factors
e.g., unit strength and mortar strength required investigation. The
report observes that the correction factors due to Krefield " ... have
apparently been accepted as being of general validity, not only for
brick, but for concrete masonry as well".

OBJECTIVE

The primary objective of the research (6) was to study the
influence of slenderness (hit ratio), the nature of the machine
prism interface, and mortar upon the compressive strength of solid
clay-unit masonry prisms. Specifically, the relationship between
slenderness and compressive failure stress was studied-for prisms
with "restrained interfaces" and "unrestrained interfaces" for each
of three mortar types.

SCOPE

The test series conducted was designed to observe only the
effects mentioned earlier, hence a single type of solid clay unit
was used throughout. The specimens built and tested are defined in
Tables I and II.
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Table I

Test Series I: Restrained Interface

Hortar 1 Number Slenderness 2 Number of 3

Set Type of Units Ratio Specimens

1 1:!t;:3 2 1. 44 3
3 2.18 3
4 2.91 2
5 3.65 3
6 4.39 3
7 5.12 3

2 1: 1: 6 2 1. 44 3
3 2.18 3
4 2.91 3
5 3.65 3
6 4.39 3
7 5.12 3

3 1:2:9 2 1. 44 3
3 2.18 3
4 2.91 3
5 3.65 3
6 4.39 3
7 5.12 3

lRefers to parts by volume of portland cement, lime, and
aggregate.

2Based upon average measured dimensions of each group. Slender
ness ratio equals the height divided by the least lateral dimension.

3The basic sample consisted of three prisms. If excessive
scatter was observed in the first three, two more were built and
tested. Occasionally, a prism was damaged. If the remaining two
tested to nearly the same value, a third was not built. No results
were omitted in the data analysis.



Table II

Test Series II: Unrestrained Interface 1
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Mortar Number
Set Type of Units

1 1:~:3 2

Slenderness Number of
Ratio Specimens

1.44 3
3 2.18 5 I

4 2.91 5 I5 3.65 3
6 4.39 2

I7 5.12 3

2 1:1:6 2 1. 44 3
3 2.18 3
4 2.91 3
5 3.65 3
6 4.39 3
7 5.12 3

I
I 3 1:2:9 2 1.44 3I

I 3 2.18 3

I 4 2.91 3

I 5 3.65 3
! 6 4.39 2

7 5.12 3

lSee notes to Table I.
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CONSTITUENTS

Clay Units. The solid clay units used were of a single clay mix
using local clays. The units were manufactured by the stiff-mud
extrusion process, were wire cut, and fired at 1990oF. The units
conformed to the requirements of ASTM C216-7Sa, "Facing Brick". The
final shape and dimensions of the clay unit are shown in Figure 1.
Table III presents results of unit tests.

3 Holes, Note: Clay Unit
1.25 in. Diam. 2.25 in. Thick

11
'-0

'"
('t)

~
[1. 75" 2.00" 2.00" j7.50"

Figure 1. Dimensions of Clay Unit

The solid clay units were delivered to the laboratory in SOO
unit "cubes". Units were selected randomly for use in constructing
prisms with only those with obvious defects rejected.

Mortar. Mortar used was made from portland cement, lime, and
sand ingredients. The amount of water used for each different mortar
mix was that which produced a flow of 130 ±S% per ASTM C109-73. The
proportions of the ingredients for each mix were controlled by weight
measurements in order to maintain constant properties (2,4).

Mortar was mixed in accordance with ASTM C305-65. Cube compres
sive tests per ASTM CI09 were performed periodically for quality
assurance. The mixes used in the study were l:~:3, 1:1:6, and 1:2:9
proportions of cement:lime:sand by volume.

Only fresh Type I portland cement meeting the requirements of
ASTM C1So-73a manufactured by Martin-Marietta Corporation was used.
The lime used was Type S meeting the requirements of ASTM C207-68
manufactured by the Flinkote Company.
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Table III

Solid Clay Unit Properties

Compressive Strength2 (psi)

Test

Initial Rate l

of Absorption
(g/30 in2 Imin.) Symmetrical

Section
Unsymmetrical

Section

1 6.64 11828 10798
2 9.64 11362 10996
3 13.67 12422 11630
4 10.29 12040 10872
5 11. 46 11659 9670

Average 10.34 11862 10793

lIRA was determined in accordance with ASTM C67-73.

2Flatwise compression tests per ASTM C67-73. The ASTM Standard
requires that the specimen be of equal length and width with 1 in.
variance permitted. The specimens termed "symmetrical sections" were
essentially a half-unit cut from the center while the "unsymmetrical
sections" were essentially formed by cutting a unit in half. The
difference in compressive strength is believed to be due to eccen
tricity effects inherent in the unsymmetrical specimens.

A commercially available blended sand was used which satisfied
the requirements of ASTM C144-70. The average fineness modulus was
2.26. Results of sieve analysis are presented in Figure 2.

PREPARATION OF PRISM SPECIMENS

The prisms were laid in stack bond with a 3/8 inch mortar joints
which were given a concave finish. Bed joints were only lightly
furrowed, if at all. Care was exercised to level each unit as it was
placed. All prisms were constructed by a single, experienced mason.

Completed prisms remained in place for approximately four hours
to allow some set to occur prior to placing in a fog room at 70°F and
100% humidity for seven days. Subsequently, the prisms were dry
cured in laboratory air at 71° ±5 and a relative humidity between 20%
and 50%.
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100

80

/;)!) 60
C

OM
(J)
(J)

C'j
P-<

.u 40
c Test 1
OJ
u Test 2l-<
OJ

P-< Test 320

O~ ..,...- ~ ~ --r- """":'

100 50 )0 16 4
Sieve Number

Figure 2. Comparison of Sample Sand with ASTM Specifications.

Approximately 2 days prior to testing, prisms were capped (1/8
in. thick) with a sulphur-clay compound marketed under the name
Cylcap and manufactured by DFC Ceramics, Inc. The material satisfies
the requirements of ASTM C617, Part 10. The results of a test series
performed by Commercial Test Laboratory, Denver, Colorado are pre
sented in Table IV.

Table IV

Compressive Strength Tests of Cylcap
I

Lot Test Age Compressive Strength (psi) i
No. (hr) I

1 2 3 Average I
020576 2 4980 4990 5060 5010

6 5250 5460 5390 5360
12 5440 5500 5470 5470
24 5510 5600 5625 5580
48 6160 6000 6050 6070

022376 2 5600 5710 5550 5620
6 6040 5925 6025 5995

12 5850 5825 5910 5860
24 6210 6375 6250 6280
48 6500 6785 6700 6660
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A criterion for parallelism of the capped ends, about both
lateral axes, of ±0.5° was used. The requirement was established
during a previous program (2) in which it was determined that,
within the accuracy limits of the equipment used, that amount of
angular deviation had no appreciable effect upon results.

INTERFACE MATERIAL

The interface material used to eliminate lateral end restraint
consisted of a 0.003 in. plastic sheet between two thin layers of
grease 1 • This was a departure from the material used in a pilot
study by Baur (2) who used light lubricating oil between two thin
sheets of teflon. The switch to plastic was for purposes of economy.
Comparative prism tests revealed that both materials provide very
nearly the same degree of friction relief and that in both cases,
full lateral splitting failure is attained (6).

TEST PROCEDURE

Prisms were placed on the lower platen of the compression
machine very carefully so that the centroidal axis of the prism and
center of thrust of the machine were aligned. As the upper spheri
cally seated platen was brought to bear on the prism it was rotated
by hand to be parallel with the prism cap.

Load was applied in accordance with the requirements of ASTM
E447-74, i.e., at any convenient rate up to about one-half the
expected maximum and then adjusted to provide failure within 1 to 2
minutes.

TEST RESULTS

Compression Failure of Prisms with Restrained Interface. The
end units in prisms with a restrained interface, i.e., the capping
in direct contact with the platen, appear to serve as load
introduction for the inner units. Figure 3 depicts the post-test
appearance of a 4-unit prism built with 1:2:9 mortar. Note that the
end units are scarcely damaged. Prisms built with 1:2:9 mortar
exhibited a relatively slow progressive cracking leading to failure
while prism with high strength (1:~:3) mortar failed in a sudden,
explosive manner. Results of Test Series I are presented in Table
V.

lKeystone Specialized Lubricant, mfg. by Keystone Lubricating Co.
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Table V

Prism Compressive Strength - Restrained Interface

Uortar f1eight-to- Prism Standard
nb: Thickness, Strength lI.ver<loe Devia tion

hit (psi) (psi)

1:%:3 1.439 11,39:-
1:~.: 3 1.439 11,438 11,458 66
1:'0:3 1.439 11,525

1:1s:3 2.175 10,01'5
1:1.l:3 2.175 11,102 10,874 7E9
1:%:3 2.175 11,503

1:~:3 2.912 10,602 10,771 2831:%:3 2.912 10,939

1:1.l:3 3.649 9,8t!6
1:~:3 3.649 10,673 10,3012 409
1:1s:3 3.649 10,461

1:1s:3 4.386 10,700
1:1.l:3 4.386 10,266 10,454 223
1:1;;:3 4.386 10,396

1:%:3 5.123 10,00S
1:\:3 5.123 9,246 9,655 386
1:1.l: 3 5.123 9,745

1:1:6 1.439 9,682
1:1:E 1.439 8,G!!3 8,553 1199
1:1:6 1.439 7,294

1:1:6 2.175 7,511
1:1:6 2.175 7,250 7,337 151
1:1:6 2.175 7,250

1:1:6 2.912 7,381
1:1:6 2.912 7,587 7,225 460
1:1:6 2.912 6,708

1:1:6 3.649 6,838
1:1:6 3.649 7,120 6,749 350
1:1:6 3.649 6,425

1:1:6 4.386 7,315
1:1:6 4.386 6,664 7,094 364
1:1:6 4.386 7,272

1:116 5.123 6,653
1:1:6 5.123 6,838 6,595 276
1:1:6 5.123 6,295

1:2:9 1. 439 5,947
1:2:9 1.439 6,077 5,867 259
1:2:9 1. 439 5,578

1:2:9 2.175 4,536
1:2:9 2.175 5,535 5,108 515
1:2:9 2.175 5,252

1:2:9 2.912 4,862
1:2:9 2.912 4,883 4,854 33
1:2:9 2.912 4,818

1:2:9 3.649 3,994
1:2:9 3.649 4,471 4,464 467
1:2:9 3.6·:9 4,927

1:2:9 4. Je5 4,363 4,374 151:2:9 4.386 4,384

1 2 9 5.123 4,308
1 2 9 5.123 4,254 4,178 HO
1 2 9 5.123 3,972
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Figure 3. Prism Failure, 1:2:9 Mortar.

Compressive Failure of Prisms with Unrestrained Interface. The
failure mode of the prisms with the grease-plastic interface was pre
dominately lateral tensile splitting on the narrow side for the full
heighth of the prism. Figure 4 presents photographs of 2, 3, 4, and
6 unit prisms after test. Prisms made with high strength mortar
failed suddenly with a "popping" sound, while cracks would appear
and slowly grow until ultimate load was reached in prisms made of
low strength mortar.

Results of Test Series II are presented in Table VI.

ANALYSIS AND EVALUATION

Analysis Method. Bivariate regressio~ analyses were done of
the results of Test Series I and II with f mt as the dependent
variable and slenderness (hit) as the independent variable. Five
bivariate models were used to determine the best curve fit for the
data collected, i.e., linear, power, exponential, logarithmic, and
quadratic. The basic forms of the resulting equations are:
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Figure 4a. Failure of Two
Unit Prism, Unrestrained
Interface.

Figure 4b. Failure of Three
Unit Prism, Unrestrained
Interface.



Figure 4d. Failure of Six
Unit Prism, Unrestrained
Interface.

14-13

Figure 4c. Failure of Four
Unit Prism, Unrestrained
Interface.
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Table VI

Prism Compressive Strength - Unrestrained Interface

l!ortar Jleight-to- Prism Standard
Hix Thicitness, Strength Average Deviation

hit (psi) (psi)

I:ls: 3 1.439 8410
1:1t: 3 1.439 8790 8905 562
l:ls: 3 1.439 9517

1:~ :3 2.175 7510
I:It: 3 2.175 9246
1:1;: 3 2.175 8486 8306 738
I:~: 3 2.175 7607
1:l.t :3 2.175 8682

I:~: 3 2.912 8436
1:~ :3 2.912 8616
1:~: 3 2.912 9799 8232 1137
1:l.t: 3 2.912 7314
1:1t: 3 2.912 6945

1:l.t: 3 3.649 7488
1:1;: 3 3.6';9 7922 7669 226
1:1;: 3 3.649 7596

1:l.t :3 ';.386 7510 7336 246
.J.: l.t: 3 4.336 7162

1:l.t:3 5.123 7227
1:l.t:3 5.123 6121 6735 563
1:l.t:3 5.123 6958

1:1:6 1.439 7543
1:1:6 1.439 7294 7514 207
1:1:6 1.439 7706

1:1:6 2.175 7359
1:1:6 2.175 6129 7069 318
1:1:6 2.175 7120

1:1:6 2.912 7271J
1:1:6 2.912 6165 6860 604
1:1:6 2.912 7142

1:1:6 3.649 6708
1:1:6 3.649 6317 6462 214
1:1:6 1.649 6360

1:1:6 4.386 6773
1:1:6 4.386 6187 6498 295
1:1:6 4.386 6534

1:1:6 5.123 6491
1:1:6 5.123 6404 6346 181
1:1:6 5.123 6143

1:2:9 1. 439 4905
1:2:9 1.439 5361 -5231 284
1:2:9 1.439 5426

1:2:9 2.175 4394
1:2:9 2.175 4927 4616 280
1:2:9 2.175 4536

1:2:9 2.912 4601
1:2:9 2.912 1,666 4619 41
1:2:9 2.912 4590

1:2:9 3.649 4297
1:2:9 3.649 4319 4297 22
1:2:9 3.649 4276

1:2:9 4.386 4363 421>7 107
1:2:9 (. 386 4211

1 2 9 5.123 4048 ..oj,1 2 9 5.123 4145 49
1 2 9 5.123 4031J
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linear:
,

A+ Bx (1)y

power: y' AxB (2)

,
A+ (3)logarithmic: y B.Q,nx

exponential:
,

AeBx
(4)y

quadratic:
,

B
1
x 2 + Bx + A (5)y

in which: y' is the estimated value of f~t for slenderness values
hit, and A and B are constants determined during the curve fit
process and x is hit. A regression computer program was used to
develop the best-fit expr~ssions (13) and to determine the coeffi
cient of determination (r ) for each as a measure of goodness of
fit. The resulting expressions were used to 1) evaluate currently
used prism test "correction" factors, 2) assess the effects of inter
face frictional restraint, and 3) assess the effects of height (hence
number of mortar joints), upon prism compressive strength for each
mortar used.

Evaluation of Correction Factors. Best fit curves/equations for
each of the five bivariate models previously discussed were developed
for the results of Test Series I - Restrained Interface. The equa
tions were then used to determine the "correction factors" which would
convert the strength of the prisms tested to strength at slenderness
ratios of two and five in order to permit a comparison with the
correction factors contained in widely used codes.

The results of the regression analyses are presented in Table
VII. Note that the coefficients of determination are generally high
for all bivariate models for each individual mortar, but that when
data for all mortars were processed, the coefficients were drastically
lower. The power curve equations are plotted in Figure 5 for each
mortar along with the average of test results for each mortar and
slenderness ratio from Table V.

Correction factors, for the prisms tested, developed in terms
of hit = 2 and hit = 5 are shown in Figures 6 and 7 respectively
compared to those from currently used codes. One may observe from
Figure 6 that for values of hit exceeding 2, the Code correction
factors are unconservative, and for hit values less than 2, the
factors are conservative. Note also that correction factors are
mortar dependent for prisms made of the unit used in this study.

Examination of Figure 7 will reveal that with the exception of
a small portion of the curve for prisms made with 1:2:9 mortar, the
Code correction factors are conservative. Again, the correction
factors for prisms made of the units used in this study are mortar
dependent.
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Table VII

Regression Analyses - Restrained Interface Prism Tests

~ortar ~:odel Equation I Coefficient
Detennlnation

1: It: 3 Linear f:"t:" -0.4131{h/t) +- 11.949 0.900

Power f;'t" 11.979{h/t)-O.1126 D.867

Exponential f;at" 12.0De-0.0392{h/t) 0.895

Logari thmi c f;"t" 11.912 - 1.19481n{h/t) 0.881

Quadratic t~~ = -0.OO539{h/t)2_0.3777{h/t)+-11.900 0.900

1: 1:6 Linear f:"t " -0.4257{h/t) +- 8.£.612 0.727

PC'o'er f.:.o r = 8.8()2(h/t)-0.1773 0.849

Expon€cntial f:".. " 8. 722e-O.05E3{h/t) 0.746

Loga ri th.';]i c f~t= 8.79 - 1.337 In{h/t) 0.839

Qua~ratic f';"t = O.1725{h/t)2_1 •5575{h/t)+10. 245 0.865

1:2:9 linear f;;"t= -OA279{h/t) ... 6.2114 0.908

Power f~t" 6.375{h/t)-O.Z{;19 0.987

Exponential f;.ot = 6.356e-O.08711 (hit) 0.933

Logaritho:ic f';';t = 6.2';0 - 1.299 In{hlt) 0.979

Quadra ti c f~t" O.1l42(h/t)2_1.1775(h/t)+7.261J1 0.932

All linear f;.ot" -0.4222(h/t) ... 8.941 0.047

Po'"er f;'t = a.7EO(h/t)-O.1839 0.055

Exponential f";"t = 8.737e-O.0610(h/t) 0.052

logarith:d c f;;'t = 8.963 - 1.277 In(h/t) 0.051

Qua~ratic f;,;t = 0.0937tl(h/t)2_1.037(h/t)+9.S02 0.016

If' . fmt 1S the predicted ultimate comvressive strength or a prism
with a given slenderness ratio, hit. f mt is in kips/in2 .

Evaluation of End Restraint. Bivariate regression analyses of
the results of Test Series II - Unrestrained Interface, of the same
kind done for the results of Test Series I, were performed to
establish best fit curves/equations. The results are presented in
Table VIII. Again, the coefficients of determination are quite high
for all bivariate models for each mortar.
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Table VIII

Result of Regression Analysis for Unrestrained Interface Prisms

Coefficient
Mortar />'oodel Equation Determination

1 :l.: 3 Linear f.j"r· -0.5554(h/t) + 9.686 0.9n

Power f;"t. 9.71l1S(h/trO.2017 0.907

Exponen t 141 fTnt. 9.E967e·O.07134(h/t) 0.969

Logarithmic f;"ra 9.6nfl5 - 1.5821 1n(h/t) 0.927

Quadratic f;',t· 0.03434(h/t)2 - 0.3300(h/t) + 9.3705 o,'8~

1:1:6 Li near f';'t - -0.30fl3(h/t) + 7.e03 0.906

Power f';"t - 7.S677(h/trO.1350 0.%9

Exponen t i a1 f1.t. 7.fl546e-o.O~49(h/t) 0.914

Logarl thmic f';"t· 7.U1il5 - 0.9313 1n(h/t) 0.968

Quadratic f';"~ - 0.CS05(h/t)2 - 0.B3G4(h/t) + 8.5417 0.976

1:2:9 Linear f;et a -0.271~(hft) + 5.415 0.1:64

Power f';"~ a S.4863(h/t)-C.1780 0.939

Exponenti"a 1 f';"1.. 5.4731e-O,059C5(h/t) 0.883

Logari thmic f~t· 5.4331 - 0.8249 In(h/t) 0.932

Quadrati c f';"t- 0.C6722(hft)2 - 0.71286(h/t) + 6.0322 0.983

lSee footnote to Table VII.

For each mortar, the quadratic expression had the highest
coefficient of determination. Figure 8 illustrates the quadratic
curve equations plotted along with the average of test results for
each mortar and slenderness ratio from Table VI.

9

.~q
~

4~ ~ ~ -.- ~_·_

1 2 J .5

Hcight-to-ThicY~eS3 Ratio (hit)

Figure 8. Quadratic Bivariate Equations, Unrestrained Interface
Prisms
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Additional analyses were performed which included two mortar
parameters as well as hit, i.e., the lime/water (L/W) ratio and the
cement/water (C/W) ratio for the data of Test Series I and Test
Series II for purposes of end restraint evaluation. A multivariate
regression expression of the power form, i.e.,

f 1

mt
(6)

proved in both cases to have the highest coefficient of determinatio~

The selection of L/W and C/W as parameters was the result of
step-wise multiple regression methods which initially considered
many parameters in addition to L/W and C/W. The parameters which
were observed to have the strongest influence on f~t were those in
Eq. (6) above.

Using both the bivariate expressions and the multivariate expres
sions, values of f~t were calculated at several values of hit for
both the case of the restrained interface and the case of the unre
strained interface. The effect of lateral restraint at the interface
was evaluated by means of the following relationship:

% restraint
f' (restrained IF) - f' (unrestrained IF)
mt mt

f~t(restrained)
(7)

The results are presented in Table IX.

It may be noted that for prisms built for a given mortar, the
percent restraint, whether determined by bivariate or multivariate
models was essentially the same for all values of hit. Further, the
effects of end restraint upon f~t are more pronounced for low-lime
mortar than for higher-lime mortars.

Effects of Height on f~t. Present theory suggests that, for
prisms tested with restrained interfaces, as prism slenderness
increases, f~t will decrease towards a constant value as the influence
of end restraint is progressively diminished (3,5,8,16,18), i.e., as
most of the failure mode becomes lateral splitting.

Accepting this, one could conclude that if interface restraint
were eliminated, then prisms of the same materials would fail at the
same load regardless of slenderness (if general instability is not a
factor). However, as observed in this study, prisms unrestrained (at
least to the degree obtained in this study as presented in Table IX)
at the test machine-prism interface do indeed reflect the influence
of slenderness.
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A popular explanation of lateral splitting failure (7, et al.)
was reviewed, i.e., essentially that the lower poisson's ratio of
mortar will induce lateral tension in the units as compressive load
is applied to the prism. It had been noted that all prisms tested in
this study with the unrestrained interface failed by lateral tensile
splitting from top to bottom with no apparent general instability
effects.

A hypothesis was formed that the total lateral force exerted by
the mortar joints was directly related to the ultimate compressive
load carried by a prism, and that total lateral force effects could
be related to the relative volume of mortar in the prism as compared
to the volume of the units.

Since all prisms tested in this study were built with 3/8 in.
thick joints and all the units were the same size, the relative
volume effects (hence total lateral force effects) may be measured
in terms of number of joints and number of units. In those terms,
the relative volume of a two-unit prism is 1/2, i.e., one joint/two
units, that of a three-unit prism is 2/3, and so on. As prism height
increases the relationsh~p approaches one, i.e.,

l' #J 1~~
h~

in which: h prism height

#J number of joints

#u number of units

(8)

and the total lateral force exerted by the mortar joints hypothe
tically approaches a constant value.
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If the total lateral force is a direct influence affecting the
ultimate prism compressive strength then the strength value attained
by a given unrestrained interface prism may be "normalized" by a
factor related to the total lateral force~ i.e.~ the factor #J/#U.
The normalized value would be f~ - the constant value to which tall
prisms tested with restrained interfaces appear to converge
(5~8~11~16). This relationship may be expressed by:

f'
m

f'K mt (9)

in which: f'
m

the basic ultimate compressive strength~ i.e., the
"constant" value.

f'
mt

the ultimate compressive strength of a given prism
test or as predicted by experimentally developed
relationships.

K = I,IJ/#U, i e number of joints
t •• , number of units

The experimentally determined bivariate equations which had the
highest coefficient of determination for the case of unrestrained
interface prisms were used to predict the failing stress, f~t, of
prisms tested at hit ratios corresponding to whole integer numbers
of clay units from 2 to 7. The values obtained were then multiplied
by the appropriate "K" value to obtain f' as defined by Eq. (9).
The results are presented in Table X. m

Note that for each set associated with a different mortar, the
value of f~ stabilizes for prisms of 4 or more units. The values
for prisms of two and three units is less in each case; one could
speculate that the capping used, having a total thickness of ~ inch
(1/8 in. each end), could have had the effect of another partial
mortar layer thus reducing the f~ value.

CONCLUSIONS

Since the test program was a modest one involving one type of
solid clay unit, one brand of portland cement, one brand of Type S
lime, and one type of sand, generalizations may not be made. However,
the results and analyses revealed characteristics of a kind which, in
the authors' opinion, have a strong liklihood of being found~ in
various degrees, for solid clay unit prisms of other constituents.
These are summarized as follows:

1) For improved consistency, the flat-wise unit test standard
possibly should be more specific with respect to preparation of the
specimen. In the present study, unit compressive strengths were
about 10% higher for symmetrical ~ units cut from the center of the



Table X

Calculation of Constant-Value Prism Strength (f~)
for Unrestrained Interface Prisms
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No. of K hit f' = Kxf'
Equation1 Units m mt

1 :~: 3 Mortar 2 1/2 1.439 4.412

-0.3434(~)2_0.3300(~)+9.371
3 2/3 2.175 5.662

f' = 4 3/4 2.912 6.089mt 5 4/5 3.649 6.167
6 5/6 4.336 6.050
7 6/7 5.123 5.810

1:1:6 Mortar 2 1/2 1.439 3.753

0.0805(~)2_0.8364(~)+8.542
3 2/3 2.175 4.738,

3/4f 4 2.912 5.092mt 5 4/5 3.649 5.250
6 5/6 4.386 5.350
7 6/7 5.123 5.459

1:2:9 Mortar

f' = 0.06722(~)2_0.71286(~)+6.032 2 1/2 1.439 2.573m t t 3 2/3 2.175 3.202
4 3/4 2.912 3.395
5 4/5 3.649 3.461
6 5/6 4.386 3.498
7 6/7 5.123 3.551

lSee Table VIII

f' and f' are in kips/in2
m mt
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unit than for unsymmetrical ~ units prepared by cutting a unit
through the center.

2) Prism test correction factors, found in most codes and
standards, which are used to convert the test ultimate compressive
stress, f~t' to design ultimate stress, f~, at a standard slenderness
ratio may be quite inaccurate. Results of this study indicate that
correction factors are mortar dependent, and that they are uncon
servative for a wide range of hit values for factors based on a
hit = 2 standard and essentially all conservative for factors based
on a hit = 5 standard. Regression analyses indicated a very poor
correlation between prism strength (restrained interface) and hit
if mortar type is not considered.

3) The use of thin plastic between thin layers of grease as
an interface between a prism and the test platens reduced friction
enough to permit a complete vertical splitting failure for prisms
ranging from 2 units high to 7 units high.

4) For a given mortar, the percentage of lateral restraint of
restrained prisms, for several values of hit, as compared to inter
face unrestrained prisms was essentially constant.

5) The percentage restraint imposed upon interface restrained
prisms increased with the strength of mortar used.

6) A constant or single value of design f~ may be obtained
from tests of prisms of 4 or more units and with unrestrained inter
faces by modifying f~t, the test ultimate stress, by a factor based
upon the relative volume of mortar and units in a given prism.

RECOMMENDATIONS

The results of the study reported herein suggest that the
whole issue of prism testing to determine design f~ needs to be
evaluated. While the tests performed used only one type of clay
unit, the results cause some concern over the validity of presently
used "correction" factors.

Substantiating tests are needed, but indications are that some
type of restraint~releasing interface material could be made a
standard practice in prism testing in order to permit the constant
value of f' to be determined.

m
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APPENDIX II - NOTATION

f'
m

f'
mt

the ultimate compressive strength of masonry used as a basis
for design.

the ultimate compressive strength of masonry prisms. f' may
mt

be a predicted value or a measured value.

h - prism height

t - the least lateral dimension of a prism.

L/w - lime to water ratio in mortar by weight.

c/w - cement to water ratio in mortar by weight.

#J - the number of mortar joints in a prism.

#U the number of units in a prism.

K - fIJlflU

r 2 - coefficient of determination
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THE INTERACTION OF MASONRY WALL PANELS AND A STEEL FRAME

By James Colville 1 and Richard Ramseur 2

ABSTRACT: A series of tests of pre-fabricated brick masonry wall
panels, constructed with a high-bond strength saran polymer mortar
additive, and a single-story, single-bay steel frame, subjected to
lateral racking forces were conducted in order to investigate the
contribution of nonstructural cladding of curtain wall panels to
the lateral load resistance of framed structures.

A total of nine load tests were performed and the major variables
in the test program included the magnitude of lateral load and the
number of connectors used to attach the wall panel to the frame.

The results indicated that a considerable amount of load trans
fer can exist and that between 30%-40% of the lateral load is trans
ferred to the nonstructural wall panels.

lAssociate Professor of Civil Engineering, University of Maryland,
College Park, Maryland 20742.

2Formerly Graduate Research Assistant, Department of Civil Engineering,
University of Maryland, College Park, Maryland 20742.
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THE INTERACTION OF MASONRY WALL
PANELS ,AND A STEEL FRAME

by

James Colvillel and Richard Ramseur
2

INTRODUCTION

This paper presents the results of an experimental study of the
interaction of pre-fabricated brick masonry wall panels constructed with
a high-bond strength saran polymer mortar additive and a single-story,
single-bay steel frame, subjected to lateral racking forces. The brick
panel is not an infill panel, but rather is located outside the plane of
the frame and is attached to the frame by a series of special insert bolts
and clip angles. The purpose of the study is to investigate the contri
bution of nonstructural cladding of curtain wall panels .to the lateral
load load resistance of framed structures.

This contribution has been measured experimentally in a series of
nine (9) load tests, using three separate wall panels and two different
arrangements of connection bolts. Details of the test specimen along with
pertinent test results and the significance of these results are given in
the paper.

MATERIALS AND CONSTRUCTION

A typical single-story, single-bay test structure is shown in Figure
1. The same steel frame was used in all of the tests described below and
three prefabricated brick wall panels were used in the test program. Each
single wythe wall panel, laid in running bond, measured approxima tely 8' - 4"
square. Standard size Baltimore "Norvel" cored clay bricks, grade SW, in
accordance with ASTM C62-69, "Standard Specifications for Building Brick
(Solid Masonry Units Made From Clay or Shale)", were used throughout. The
average compressive strength of the brick was 6800 psi with an average ini
tial rate of absorption of 31 grams/minute/30 sq. inches as determined in
accordance with ASTM C67-66, "Standard Methods of Sampling and Testing Brick".

The walls were constructed in the laboratory by experienced bricklayers
and the work was considered to be of good quality workmanship. No special
curing procedures were employed and the specimen were air-cured over a
temperature range of approximately 600 to 850 F and a relative humidity of
65-75%.

The mortar mix utilized a high-hand liquid saran polymer called SARABOND
(Dow Chemical Company Registered trademark) with Type I portland cement. A
workability additiv~ of pulverized ground limestone was used in the mix and
the mortar was allowed to be retempered twice, as necessary, during con
struction of the wall panels. The following proportions were used in the

lAssociate Professor of Civil Engineering, University of Haryland, College
Park, Maryland 20742.

2Formerly Graduate Research Assistant, Department of Civil Engineering, Uni
versity of Maryland, College Park, Maryland, 20742.
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mortar mix:

lbs)
lbs)

3~ cu. ft.
1 bag (94
1 bag (50
4 gallons

workability to

The results
Table 1.

Mason Sand
Type I Portland Cement
Pulverized Limestone
SARABOND

Water - as required for
gallons.

of tests at 35 days of 2 inch mortar cubes

Table 1 Mortar Cube Strengths

a maximum of 4

are given below in

No. of Average Camp.
Specimen Strength in Remarks
Tested psi

3 8940 Air cured, mortar retempered twice
6 6010 Moist cured, mortar retempered twiCE
3 12210 Air cured, mortar not retempered
6 8520 Moist cured, mortar not retempered

From Table 1, it is apparent that higher compressive strengths were
obtained when air curing rather than moist curing was used. Also, retem
pering significantly reduced the mortar cube compression strength. Never
theless, since the air cured specimen exhibited significantly higher
strength than the brick strength, it was concluded that retempering would
have no detrimental effect on the wall panel compressive strengths.

Fifteen (15) seven brick high flexural prisms were tested in accord
ance with ASTM C78, "Standard Method of Test for Flexural Strength of Con
crete (Using Simple Beam with Third Point Loading)" as recommended by the
Dow Chemical Company. The results of these tests were used to evaluate an
approximate ultimate tensile strength of the high-bond J11 0rtar brick con-·
struction. While a considerable variation in the modulus of rupture, ft,
values was obtained in these tests, the average results indicated f = 400
psi for untempered mortar, and f = 265 psi for retempered mortar. t

t

During construction of the walls, five (5) brick each in the second
course from the bottom and the next to last top course were cut with a
water-cooled diamond tipped masonry saw to accommodate placement of speci
ally bent, 7/16" diameter, A36 steel insert bolts for attachment of the
panels to the steel frame. The slots in a brick were lz" by 2~", from one
head joint end of the brick to one of the core holes. The specially bent
bolt was then positioned in the slotted brick so that the threaded end
projected from the panel at the intersection of a head and bed joint.
Figure 2 shows the orientation of the connec ting bolt in the slotted con
nector brick, along with details of the bolt shape. Slotted connector
angles (lz" thick) were welded to the steel frame at appropriate locations
to accommodate the threaded ends of the connecting bolts which protruded
from the prefabricated wall panels. A detail of this connection is shown
in Figure 3.
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Connecting
Bolt

Spotted Brick

End View

o
I I I I

II I IIr' I
!L J: :.!
, .-..--' I I

Elevation

Figure 2 Details of Connecting Bolts
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INSTRUMENTATION

Application of the horizontal load to the top of the steel frame was
monitored by two strain indicator load cells, one for each of two jacks
arranged in tandem to provide monotonically increasing loads. Horizontal
displacements at the top of the frame, H , and the wall, H , were taken at
the far end of the structure away from tte point of load aWplication. Ver
tical wall deflections, V , were recorded at the loaded end of the structure.
All deflection measuremen¥s were made with 0.001 ins Ames dial gages.

Steel strains were recorded using SR-4 electrical resistance strain
gages, and wall strains were measured with a hand-held mechanical Whitte
more strain gage.

The locations of these strain gages and the displacement gages are in
dicated on Fig. 1.

TEST SEQUENCE

A total of nine (9) full scale load tests were conducted as described
in Table 2. The major variables in the test programs included: magnitude
of lateral load; number of connectors used to attach the wall panel to the
frame; and the use of a tension tie-rod located near the loaded end of the
assembly in order to minimize wall rotation (Fig. I).

EXPERIMENTAL RESULTS

The most significant data recorded during the tests were the hori
zontal displacements of the wall and frame, and the vertical displacement
of the wall adjacent to the point of application of the horizontal load.

Strain readings in the wall were not successfully recorded, due to the
small magnitudes of these strains, and are, therefore, not included herein.

In the series of tests using wall panel 1, with 5 connectors top and
bottom (Test 2), a considerable amount of wall rotation was observed due
to the clearance in the vertically slotted holes in the connecting angles.
Thus small shims were cut and wedged in place to minimize the possibility of
slippage at the wall-frame connection. These shims were used in all sub
sequent tests.

The maximum lateral load applied using wall panel 1 was 40 kips and the
relationship between the frame horizontal deflection, H

f
, and the lateral

load, P, is given in Fig. 4 for Tests I, 2, 3 and 4.

Tests 5 and 6 were conducted using wall panel 2 in order to provide a
second set of data showing the influence of the number of connectors on the
horizontal deflection of the frame. Relationships between Hf and P for these
tests are compared to data obtained for the frame acting alone (Test 1) in
Fig. 5.

Tests 7, 8 and 9 used the third wall panel and in each test,S connector
bolts were used top and bottom. However, in an attempt to further investi
gate the significance of vertical slip in the slotted connection between
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TABLE 2 DESCRIPTION OF TESTS

Max.
Test Wall Panel No. of Load Remarks
No. No. Connectors (Kips)

I Frame 24
Only

80

2 1 5 40 No shims

3 1 5 40 Shims

4 1 3 40 Shims

5 2 5 36 Shims

6 2 3 40 Shims

7 3 5 80 Tie-down bolted

8 3 5 80 No tie-down

9 3 5 80 Welded tie-down
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the wall panels and the frame, the nuts on the bolts protruding from the
wall panels were welded to the angle attached to the frame. In addition,
angle tie downs were installed adjacent to the loaded edge of the panel.
in Test 7 and 9. The tie-down was bolted to a cross plate extending over
the top of the wall in Test 7, and welded to a similar cross plate in Test
9. Relations between H

f
and 8 for these tests are given in Fig. 6 along

with corresponding results from Test 1.

The ratio between the vertical deflection of the wall panel, V , and
the horizontal panel displacement, H , is given for all tests in Ta~le 3.

w

DISCUSSION OF RESULTS

From the results given in Table 3, the average ratio of V /H for
Test 2 was about 0.85, indicating a significant lifting of thewwaYl near
the loaded edge. This ratio decreased to an average of about 0.76 in
Tests 3 and 4 due to the use of the shims described above. For wall panel
2, the average ratio of V /H was about 0.61. Thus although the shims did
reduce the lifting of theWpaWel there was still a significant amount of
vertical displacement in comparison to the horizontal displacement.

Ratios of V /H for Tests 7 and 8 are essentially identical indicat
ing that the bol¥edWtie-down was not effective in reducing V. However,
welding the 'nuts of the connecting bolts to the clip angles ~educed the
ratio of V /H to around 0.5 in Tests 7 and 8.w w

A significant reduction in V occurred in Test 9, where the tie-down
wwas welded in place.

From a linear regression analysis of the deflection results given in
Figs. 4, 5 and 6, the approximate linear stiffness values given in Table
4 were obtained for each of the nine tests.

TABLE 4 LINEAR STIFFNESS VALUES

Test Stiffness Percent Increase Percent Load
No. Kips/lnel. In Stiffness Carried by the

Wall Panel

1 63.9 0.0 0.0

2 71. 6 12.1 10.7

3 98.6 .54.3 35.2

4 90.9 42.3 29.7

.5 104 . .5 63.5 38.9

6 89.1 39.4 28.3

7 109. 5;~ 71. 4 41. 6

8 94. 1;~ 47.3 32.1

9 104 . .5;~ 63.5 38.9

*Va1ues obtained for loads up to .56 kips.
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TABLE 3 RATIO OF H /H
v w

Wall Panel 1 Wall Panel 2 Wall Panel 3

Load Test Test Test Test Test Test Test Test

in 2 3 4 5 6 7 8 9

Kips

4 .86 .87 .83 .63 .53 .45

8 .89 .67 .74 .63 .56 .44 .32 .18

12 .87 .70 .78 .63 .60 .43

16 .86 .71 .78 .62 .61 .41 .36 .15

20 .87 .73 .78 .61 .61 .41

24 .73 .76 .61 .62 .43 .38 .13

28 .74 .76 .62 .62 .45 .13

32 .76 .77 .62 .63 .46 .41 .14

36 .76 .77 .62 .63 .48 .44 .15

40 .72 .76 .78 .64 .49 .46 .15

48 .51 .49 .16

56 .52 .50 .17

64 .52 .52 .17

72 .53 .54 .17

80 .54 .54 .16
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As a result of the information presented in Table 4, the following
observations are presented:

1) With the exception of Test 2, all results obtained using 5 con
necting bolts (Test 3,5,7,8,9) give reasonably consistent values
of the lateral stiffness of the composite structure.

2) With 5 connecting bolts installed along both the top and bottom
edge of the wall, the average load carried by the wall is approxi
mately equal to 3/8 of the total load applied.

3) Results from Test 4 and 6 are in excellent agreement, and indicate
that with 3 connecting bolts, about 3/10 of the total load is
transmitted to the wall.

4) Although the shims and tie-downs reduced the panel vertical dis
placements, they did not significantly affect the lateral load
resistance of the wall-frame assembly.

SUMMARY

The results of an experimental study on the interaction of prefab
ricated brick masonry wall panels and a steel frame are presented. These
results indicate that a considerable amount of load transfer can exist
between these elements at service loads and that between 30%-40% of the
lateral load is transferred to the nonstructural wall elements.

Of course, in practice the actual interaction between structural com
ponents is greatly affected by the rigidity of the interconnection be
tween elements. However, it is significant that substantial load shar
ing was exhibited in the test described, herein, using relatively flex
ible bolted connections.

The implications of these results are of particular importance for
existing and/or new construction requiring consideration of seismic
loads in design, since in these cases it is necessary for proper design
that the contribution of all parts of the structure to lateral load re
sistance be considered.
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THE EFFECT OF JOINT REINFORCm·lliNT ON VERTICAL LOAD CAi~RYING CAPACITY
OF HOLLOW CONCRETE BLOCK MASONRY

By Hatzinikolas, M., Longworth, J., and Warwaruk, J.

ABSTRACT: The effectiveness of wire joint reinforcement in load
bearing masonry is experimentally evaluated. Tests on prisms and full
scale walls were conducted under axial and eccentric loads. #9 gauge,
truss type wire reinforcement was used as joint reinforcement. It was
used in two forms: as supplied (normal) and flattened to 60% of the
original diameter.

All reinforced specimens failed at lower loads than the
plain specimens. Those reinforced with normal reinforcement
lower failure loads than those with flattened reinforcement.
reduction in capacity is attributed to stress concentrations
by the joint reinforcement.

exhibited
The

produced
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THE EFFECT OF JOINT REINFORCEMENT
ON VERTICAL LOAD CARRYING CAPACITY

OF HOLLOW CONCRETE BLOCK MASONRY

By M. Hatzinikolas 1
, J. Longworth 2

, and J. Warwaruk 3

Most building codes specify a certain mlnlmum amount of
reinforcement to be placed in the horizontal joints of reinforced
masonry walls. The Canadian Code(l) in article 4.6.8.1.1, specifies
that reinforced masonry load-bearing and shear walls shall be rein
forced horizontally and vertically with steel having a minimum area
calculated in conformance with the following requirements:

area of vertical steel per unit of length of wall
area of horizontal steel per unit length of wall
gross section area per unit length of wall
reinforcement distribution factory varying from 0.33 to
0.67 as determined by the designer.

A =
v

~

where Av
Ah
Ag
a

0.002 A ex
g

0.002 A (1 - a)
g

[1]

[2]

The pu~pose of the horizontal reinforcement is to provide a
certain amount of two way action for resisting lateral loads. Theo
retically, there is no reason to expect that joint reinforcement will
increase the load bearing capacity of concrete masonry walls, especially
with the construction procedures commonly used in Canada. The actual
effect on vertical load capacity is not well defined.

As a result of the substantial difference in the elastic
properties of steel and mortar it can be assumed that the stress distri
bution in the mortar joint will be similar to the one for a plate with
a rigid inclusion. Figure 1 shm"s the shape of the stress in a uni
formly loaded reinforced mortar joint. This stress distribution has a
has a peak of at least 1.56 W, where W is the uniformly distributed
load acting on the joint. This distribution is based on the assumption
that the steel is infinitely stiffer than the mortar. This is a
realistic assumption considering that the ratio of modulus of elasti
city of steel to that of mortar is of the order of 40. In reality the

2

3

Graduate Student, The University of Alberta, Edmonton, Canada
T6G 2G7
Professor of Civil Engineering, University of Alberta, Edmonton,
Canada T6G 2G7
Professor of Civil Engineering, University of Alberta, Edmonton,
Canada T6G 2G7
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stress distribution is more complex because of the presence of confine
ment stresses and inelastic action. Exact analytical evaluation of the
stress distribution in anisotropic plates is complex and beyond the
scope of dlis paper. Reference (1) gives a complete detailed account
of stress patterns created in anisotropic plates under various loading
conditions.

The purpose of this investigation is to experimentally
examine the effect of joint reinforcement and its shape on the load
carrying capacity of hollow concrete block masonry.

SPECIMEN ~UWUFACTURE

Walls and prisms were constructued of 8x8xl6 in. (nominal)
concrete blocks. The blocks were manufactured locally using 4 parts of
light weight aggregate mixed to 1 part sand. The mean compressive
strength of the block was 2350 psi. Type S mortar, proportioned by
volume, was used. The mortar was mixed in an electrically driven
mixer and the workability adjusted to the blocklayers requirements.
The average water cement ratio of the mortar (w/c) was 1.2. The mean
strength of 50 - 2x2x2" mortar cubes tested was 2500 psi. The hori
zontal joint reinforcement was #9 gauge truss type wire as shown in
Figure 2. This reinforcement was used either as supplied or in a
flattened form. The wire was flattened to 60% of its original diameter
by passing it through a set of rollers. The diameter of the wire was
reduced by about 40% in this process. Walls and prisms were constructed
by a skilled blocklayer and were cured in laboratory environment at 72 0

F temperature and 42% relative humidity.

A total of 30 two-block prisms, as shown in Figure 3, were
built. Twenty prisms had no joint reinforcement. Ten of these
unreinforced prisms were fully bedded in mortar. All other prisms were
constructed with face shell mortar bedding. Five of the prisms had
"normal" truss-type joint reinforcement and five had "flattened" rein
forcement.

A total of 30 short walls, as shown schematically in Figure 4,
were constructed in running bond (blocks overlapping by 50%). Ten walls
were plain and seven were horizontally reinforced at every second
course, five with normal and two with flattened reinforcement.

In addition to the prisms and short walls, twelve full scale
walls, 16 blocks high and 2 1/2 blocks wide, were built in running bond.
Six were plain and six had normal #9 gauge wire joint reinforcement.

All specimens were tested at an age of at least 28 days.
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TEST METHODS

All two-block prisms were tested in axial compression in a
1.6 million lb. hydraulic testing machine, with flat-end conditions.
1/4-inch plates were placed at the ends, and even bearing was achieved
by capping the specimen with high strength plaster of Paris. The walls
were tested with pin-ended conditions using a roller and channel
arrangement shown in Plate 1. To avoid local failure in walls tested
with eccentric loads, the top an bottom courses were fully grouted.
The full scale walls were tested in double curvature using the same
arrangement as shown in Plate 1.

TEST RESULTS

a) Prisms

Failure loads and resulting stresses for the axially loaded
two block prisms are given in Table 1. Average stresses for each
group of similar specimens are also listed.

The average failure stresses were 2090 psi for the fully
bedded prisms, 2009 psi for the face shell bedded, 1895 psi for
the prisms with flattened joint reinforcement and 1642 psi for
those with normal #9 gauge wire joint reinforcement.

b) Short Walls

Table 2 summarizes the test results for axially loaded short
walls and Table 3 summarizes results for eccentrically loaded walls.

The average failure stress for the axially loaded specimens
was 2323 psi for the plain, 2129 psi for those with flattened
joint reinforcement and 1856 psi for those with normal joint
reinforcment.

c) Full Scale Walls

The results of tests on wall specimens subjected to double
curvature are shown in Table 4. The stress at failure is calcu
latedusing linear stress distribution and the mortar bedded area.
P-~ effects are neglected in the stress computations. The
average stress at failure for plain walls was 3662 psi and for
walls containing joint reinforcement was 3215 psi.
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DISCUSSION OF TEST RESULTS

a) Prisms

The average failure stresses for prisms with normal joint
reinforcement was 18% lower than for plain prisms. For prisms with
flattened joint reinforcement the reduction w~s 8%. The results for
fully bedded prisms indicate that the load capacity is influenced
directly by the area of block covered by mortar. Failure for fully
bedded specimens occurred at an average stress of 2090 psi as com
pared to 2009 psi for prisms with face shell mortar. The average
failure load was in the order of 35.5% higher for the fully bedded
prisms.

Failures were caused by splitting of the block at the cross
webs for plain specimens and splitting at the flanges for the reinforced
ones. These types of failures are illustrated in Plate 2.

b) Short Walls

Axially loaded short walls failed in a similar manner to
prisms. Failure modes are illustrated in Plate 3. Short walls with
normal joint reinforcement failed at average stresses 20% less than
plain ones, and specimens with flattened joint reinforcement at 8%
less than plain specimens. Fully bedded specimens carried only 10%
additional load than specimens with face shell mortar. Eccentrically
loaded short wall specimens with normal joint reinforcement failed at
an average stress 22% less than the plain specimens.

c) Full Scale Walls

The average stress at failure for full scale walls with
normal joint reinforcing tested under axial and eccentric loads was 12%
less than for the plain walls. However, for eccentricities larger than
3.0 inches there was no effect due to the presence of the joint rein
forcement. If the results from tests with a 3.5" eccentricity are
excluded, the average failure stress for walls with joint reinforcement
was 16% less than plain walls.

The results indicate that the presence of joint reinforcement
reduces the load carrying capacity of hollow concrete block masonry.
It was observed that the mortar joint at failure, for prisms with joint
reinforcement was completely crushed, whereas in the case of plain
specimens, a ring of hard mortar remained on both blocks. Plate 4
shows this ring of hard mortar at the middle of the flanges and webs of
a block after failure. This observation further strengthens the
assumption of premature mortar failure at the location of the joint
reinforcement.



16-6

CONCLUSIONS

On the basis of experimental evidence it is concluded that:

1. Joint reinforcement reduced the ultimate load bearing capa-
city of masonry walls as a result of a stress concentration created by
the presence of the reinforcement.

2. The reduction in strength was less in the case of flattened
reinforcement.
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TABLE 1 - Results FroID Axially Loaded
Two Block Prisms

Prismf Hortar Joint Load at Stress at Stress based on
bedded Rein£orc. Failure Failure Based Gross Area of

Area in. 2 kips on Mortar psi in. 2

Bedded Area

* 1 58.3 132.4 2271 1111
2 " 117.5 2015 986
3 " 112.9 1936 947
4 II 150.1 2574 1259I=l
5 " .r! 106.6 1828 894ro
6 " rl 127.9 2193 1073P-<
7 " 129.8 2226 1089
8 " 136.0 2332 1141
9 " 90.0 1543 755

10 " 115.7 1984 971

Average 121. 9 2090 1023

11 39.1 75.7 1936 635
12 " 100.0 2557 839
13 " 68.9 1762 578
14 11 78.8 2015 661
15 " I=l 94.3 2411 791'r!
16 " ro 90.0 2301 755rl
17 " P-< 60.0 1534 503
18 " 65.5 1675 5l.9
19 " 87.5 2237 734
20 " 65.0 1662 545

Average 78.57 2009 659

21 " 90.0 2301 841
22 " Flattened 98.5 2519 826
23 " 119 Gauge 60.4 1544 506
24 " Wire 60.6 1549 508
25 " 50.8 1299 426

Average 72.06 1842 621

26 " 60.5 1547 507
27 " 119 45.8 1171 384
28 " Gauge 55.2 1411 463
29 " Wire 60.1 1537 504
30 " 70.0 2790 841

Average 58.32 1646 540
/

*

**

Specimens 1 to 10 were fully bedded.

For specimens 11 to 30 mortar was placed at the face shells only.
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TABLE 2 - Results of Tests on Short 'valls
Axially Loaded

Specimen Hortar Joint Load at Stress at Stress Based on
Bedded Reinforc. Failure Failure Based Gross Area

Area in. 2 kips on Hortar psi
Bedded Area

psi

* 1 152.5 plain 257.4 1687 553

2 152.5 plain 260.0 1704 558

----- ----- !----- f----- ------- 1-----------__Avg~_ I-l5~.1. _ 1696 555
~---- 1----- ------- 1---------

** 3 100 plain 215.5 2155 706

4 100 plain 249.1 2491 816

1----- ----- ----- 1----- ------- 1-----------
I- _Avg~_ ----- 232.3 2323 761,...---- i----- ------- 1---------

5 100 Flattened 234.8 2348 769

6 100 #9 Gauge 191.1 1911 626
Wire

1----- ----- i------1----- ------- 1---------_ _Avg:-. __ ,...lll·1 _ 2129 698------ ----- ------- r---------
7 100 #9 Gauge 200.0 2000 655

8 100 Hire 171. 2 1712 561

~---- ----- ----- ----- ------- '---------__Avg~ _ 185.6 1856 608
1----- ----- --- -- ------- ,---------

* Specimens 1 and 2 were fully bedded in mortar.

** For Specimens 3 to 8 mortar was placed only at the face shell.
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Short Wall Specimens
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Specimen Nortar Joint Eccen- Load at Homent Stress at
Bedded Reinforc. tricity Failure at Failure Based

Area in. 2 in. kips Failure on Nortared
k-in Area (psi)

1 100 plain t/6=1. 27 1f 196.9 250.0 3537

2 II II t/6=1. 27 1f 150.1 190.6 2696

3 " " t/3=2.54" 119.3 303.0 3094

4 " " t/3=2.54" 158.7 403.0 4115

:----- '----- ----- ----- f----- ---- -------
:-- AVii'_

~---- ----- ----- f--- -- ---- 3360-------
5 " fi9 Gauge t/6=1. 27" 160.0 203.2 2875

6 " Wire t/6=1. 27" 149.1 189.35 2679

7 " " t/3=2.54" 92.75 235.5 2405

8 If " t/3=2.54" 105.5 264.9 2717

9 " " t/3=2.54" 92.75 235.5 2405
1----- 1----- f------ ----- 1------ ---- - --26iC;--
I-- AVK·_ 1------- 1------ ------ ;---- ---- -------
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TABLE 4 - Loading Conditions and Test Results
From Full-Scale Hall Segments

Wall Joint hit Eccen- Eccen- Failure Maximum Stress
Reinforc. tricity tricity Load at Failure

of top at bottom kips Based on
in. in. Hortared Area

psi

Dl plain 19.97 0.00 0.00 218.3 2183

N1 II " +1.27 -1.27 191.3 3511

N2 II " +2.54 -2.54 158.6 4236

N3 II II +3.00 -3.00 154.9 4606

N4 If " +3.50 -3.50 123.3 4072

N5 II " +1.27 0.00 183.5 3368

--- ------ ---- ----- -~--- ----- ---3662--Av£._ ---- ----- ----------- ----_. -------

F1 #9 Gauge " 0.00 0.00 160.0 1600

F2 Hire " +1.27 -1.27 160.0 2936

F3 " " +2.54 -2.54 144.6 3862

F4 II If +3.00 -3.00 124.6 3705

F5 " " +3.50 -3.50 128.8 4253

G1 II " +1. 27 0.00 160.0 2936

--- ._----- - -- -- ----- ----- ----- -------
AVK·_ ---- ----- ----- 3215------ ------ --------



! I I I !

16-1i

t i i 1

FIGURE 1 - Stress Distribution in a Plate
With Rigid Inclusion

FIGURE 2 - U9 Gauge Wire Joint Reinforcement
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FIGURE 3 - Tva Block Pris~

A -

FIGURE 4 - Short Hall Specimen



PLATE I - Loading Arrangement for Prism and Walls
Tested With Pin-Ended Conditions
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PLATE 2 - Typical Failures of Prisms With No. 9
Gauge Wire Joint Reinforcement
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PLATE 3 - Short Wall Specimens With and \.)ithout

Joint Reinforcement After Failure
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PLi\TE 4 - Ring of Hard Mortar on Fully
Bedded Prism After Failure
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THE INFLUENCE OF
FLAWS, COMPACTION, AND ADMIXTURE

ON THE STRENGTH AND ELASTIC MODULI OF CONCRETE MASONRyl

by

M. E. Miller2
, G. A. Hegemier2

, and R. O. Nunn2

ABSTRACT

This paper reports the results of tests conducted to determine
the effects of admixtured grout and vibration compaction on the strengths
and elastic moduli of unreinforced concrete masonry under field and
controlled slump conditions. Four specimen groups consisting of two
grout types, standard and admixtured; and two compaction types, pud
dled and vibrated, were fabricated and over ninety tests performed.
Flaws in the form of grout bridges are shown to seriously degrade uni
axial strengths and elastic moduli based on prediction of assemblage
properties from component data. Use of admixture and vibration under
field conditions is discussed and recommendations are made based on
test results.

1
Research was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2 As sociate Development Engineer, Profes sor, and Research As sistant,
respectively; Department of Applied Mechanics and Engineering
Sciences, University of California, San Diego; La Jolla, California
92093.
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THE INFLUENCE OF

FLAWS, COMPACTION, AND ADMIXTURE

ON THE STRENGTH AND ELASTIC MODULI OF CONCRETE MASONRyl

by

M. E. Miller 2, G. A. Hegemier 2, and R. O. Nunn:3

INTRODUCTION

Flaws in concrete masonry adversely affect the strength and
elastic moduli of an assembla g e and render prediction of assemblage
properties based on component data difficult and perhaps unreliable.
Flaw mitigation is consequently an item of major importance.

Specimen sawcutting associated with the masonry research pro
gram at the University of California, San Diego (1), has afforded an
excellent opportunity to observe flaws in concrete masonry. Test speci
mens are fabricated in 8 x 8 foot wall sections according to standard
field practice and are subsequently precision sawcut to the desired test
size of 64 x 64 inches. Approximately one hundred panels have been cut
to date. The majority of these specimens have exhibited flaws in the form
of grout-block separation, mortar-block separation, grout voids, and
shrinkage cracks forming grout bridges. A typical vertical sawcut
through a wall section is shown in Figure 1. The grout bridges (parabolic
flaws adjacent to each bed joint or attendant mortar intrusion) are parti
cularly evident in this example.

In addition to full - scale panels, three and four-course stack
bond prisms are tested as controls. These specimens provide additional
information concerning the influence of flaws. Figure 2 shows a 3-course
stack bond prism failed in uniaxial tension. The domed grout cores ap
pear to be air-cured grout and show little evidence of failed material.
The shape of these grout domes corresponds closely to the parabolic shape
of the cut section in Figure 1. A projected area analysis of the failure
cross section, and use of grout material strength in tension, predicted
the actual prism failure load to within a few percent. Figure 3 illustrates
this method. The cros s -hatched area was judged to be failed grout materi al

1 Research sponsored by the National Science Foundation under Grant
NSF ENV 74 14818.

2 Assoc. Development Engineer, Professor, and Research Assistant,
respectively, Dept. Applied Mech. And Engr. Sci., University of
California at San Diego, La Jolla, California, 92093.
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Fig. 2. Puddled Prism Failed in Tension

Inioct Grout

Flowed Grou I

Fig. 3. Projected Area Analysis

Fig. 1. Vertical Sawcut Through Masonry Wall Section
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while the remalnlng area repre sents a flaw where a bond was not evi-
dent. The tensile strength of the prism was found equal to the area of
integrity times the grout strength in tension. This assumes the mortar
block bond strength to be negligible relative to the grout material strength.
The fact that this load was only 66% of the total based on the full grout core
area is alarming.

In view of the serious strength degradation resulting from the
presence of grout flaws, and in cooperation with local masonry industry
representatives, two series of tests were initiated to determine the
effects a commercially available grout admixture and grout consolidation

by vibration have on the strength and elastic moduli at fully grouted
unre info reed masonry.

TEST PROGRAM

The two test series are shown in test matrix form in Tables 1
and 2. Table 1 is the test matrix for the field practice specimens;
Tab Ie 2 is the matrix for the controlled group. The field practice
prisms were constructed by journeyman masons according to accepted
field practices while the controlled group of prisms and panels were
constructed with emphasis on producing specimens of known origin. In
the field practice group the grout was judged by the masons to be of
workable consistency, as is field practice, while in the controlled
group the grout slump was rigorously maintained at 10 inches, as mea
sured by a 12 inch concrete slump cone (ASTM C143). Time intervals
between grout place~nt, consolidation and reconsolidation were also
carefully controlled. Temperature and humidity at the construction
site during the cure period were recorded for additional infornlation on
variables possibly affecting the control group. The field practice prisms
were constructed, grouted and consolidated with a minimum of controls
to determine what resuItsmight be expe cted from the use of admixtured
grout and/or vibration at an actual job site, while the controlled series
was an attempt to better understand the individual and combined effects
of admixture and vibratjon under specified conditions.

Test Matrices

The two test serles are subdivided into two grout types, STD
and ADM, and two consolidation methods, puddled and vibrated. The
standard grout (STD) was a o-sack coarse grout of the same design
mix used previously in approximately sixty panel tests. An admixture
grout (ADM) was produced by adding Sika Grout Aid to the STD design
mix at 6 Ibs/ cubic yard of grout, as supervised by a Sika Chemical
representative.
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Grout consolidation was by puddling with a 1 x 2 inch pine stick
or by vibrating with a Waco 5000 RPM vibrator. The puddled speci
mens are listed by grout type alone, without a suffix denoting this
method of consolidation. Thus, standard grout with puddling is listed
as STD, while standard grout with vibration is listed as STD VIBR.
Admixture grout is s imilarl y ADM and ADM VIBR.

The prisms tested in tension were sawcut to 22 inches in length
to accomodate the testing facility. This is approximately 3-courses.
The prisms tested in compression were sawcut to 30 inches in length,
or just under the original 4- cour.se construction height. The panels
constructed for the controlled group were precision sawcut to 64 inches
square, oriented as shown in Figure 4. Cores were taken at three
levels in each panel and the grout-block bond strength tested in single
shear (2). Figure 4 also shows the core locations.

Fabrication

All test specimens were constructed adjacent to the structural
test laboratory at the Harbor Drive Facility of General Dynamics,
Convair Division, San Diego. Work was performed by journeyman
masons in accordance with current field practices. The prisms were
fabricated by leveling the first block of each prism in a bed of sand.
Subsequent courses were aligned with a carpenter1s level to minimize
any load eccentricity due to prism geometry. One full day was allowed
for complete cure of the mortar joints prior to grouting. The panels
were fabricated on 12 in. x 12 in. x 10 ft. I-beams. The first course
was bedded in mortar and struck level before additional courses were
added. The twelve panels were initially laid to 6-courses or mid
height, and then completed to 12-courses. All specimens were con
structed us ing the s arne block, mo rtar, and grout design mixes.

Materials

The specimens in both series were fabricated using 8 x 8 x 16
inch grade N, normal weight, two cell hollow concrete block (ASTM
C90j, type S 3/8 inch mortar joints (ASTM C270), and 6-sack coarse
grout (ASTM C476). Aggregate proportions by volume are listed in
Table 3.

Block material properties were tested using coupons 4 x 6
inches cut from full blocks. The coupons were tested in tension as
well as compression and the results are listed in Table 4. Absorption
tests were conducted to determine initial moisture content and the
24-hr. absorption percentage. These results are listed in Table 5.
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Core Locations

Panel Orientation

- Masonry Wall
Section

Fig. 4. Panel Orientation for Uniaxial Tests

Steel Plate

Ml LiOd~1I
Boll Joint

I I
Aluminum Load

Platen

Lvor

I
Prism

Aluminum LoadI I Platen

l-J4---;1 Spherical Bearing

......---;Hydraulic Cylinder

%

Fig. 5. Compression Test Set- Up Fig. 6. Tens ion Test Set- Up
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Mortar was m.ixed in accordance with ASTM standards and dis
carded I hour after initial :mixing. Test cylinders 2 inches in dia:meter
by 4 inches in length were :manufactured and allowed to air cure with
the pris:ms and panels for 28 days. Tests were conducted in co:mpres
sion with the results listed in Table 6.

Grout :material properties for both STD and ADM grout were
obtained fro:m tension and co:mpression tests perfor:med on 3 x 3 x 8
in:::h rectangular pris:ms. The grout pris:ms were :manufactured at the
construction site and allowed to air cure with the pris:ms and panels
for 28 days. Grout :material properties are listed in Table 7.

Test Methods

Figure 5 illus trates the test set-up us ed to obtain the c:o:m
pr~ssive failure loads and deflections for the 4-course pris:ms. A
300 kip MTS load cell was attached to the lead screw controlled cross
head. A 9 inch ball and socket and 6 x 8 x 16 inch alu:minu:m load
platens were seated above and below the test speci:men. The ball
and socket insured proper initial align:ment and prevented application
of :mo:ments prior to and during failure. The solid alu:minu:m bearing
platens diffused any load irregularities and produced a :more unifor:m
load distribution than that obtainable with the one and one-half inch
steel plate prescribed by ASTM C140. Load was :measured by a MTS
load cell while displace:ments across a 28 inch gage length were :measured
by ± .050 inch DC LVDTs (Linear Variable Differential Transfor:mer)
on both long sides of the pris:ms. The two LVDT signals were averaged
and plotted versus the conditioned load signal on a HP 7045A X- Y plotter.

The pris:m tension tests were perfor:med in a 50 kip MTS dosed
loop servo controlled testing fra:me illustrated in Figure 6. Specialized
fixtures were required for testing the pris:ms. A 50 kip Lebow load
cell is attached to the screw thread adjustable crosshead. An axially
loaded spherical bearing connects the load cell to a 6 x 8 x 16 inch
alu:minu:m load platen. As in the co:mpression test set-up, bearing
platens were used above and below the pris:m to insure unifor:m load
distribution at the speci:men boundary. The hydraulic actuator was
attached to the lower bearing platen with a spherical bearing identical
to that used at the load cell. The alu:minu:m load bearing platens were
epoxy bonded to the pris:m and post-test re:moval was acco:mplished by
heating the alu:minu:m with cartridge heaters. Load was :measured by
the Lebow load cell while displace:ments across a 20 inch gage length
were :measured by ± .050 inch DC LVDTs on both long sides of the
pris:m. The signals were processed and recorded as described in the
co:mpression test set-up.
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TEST RESULTS

Field Practice Specimens

Table 8 lists the compressive strengths for the 4-course field
practice prisms. The stresses are based on a net area of 118.7 square
inches. The ST D VIBR, ADM, and ADM VIBR groups had mean
strengths of 2316, 2323, and 2215 psi, respectively. These results
are statistically identical and approximately 50% higher than the 1524
ps i mean compres s ive strength of the ST D group. This suggests that
a similar compressive strength increase may be obtained by vibration
compaction and adrnixtured grout used individually or in combination.

Table 9 lists the tensile strengths for the 3-course field prac
tice prisms. The STD, ADM, and ADM VIBR groups had mean tensile
strengths of 107.7, 105.5 and 112.1 psi, respectively. These results
are 21, 18 and 26% higher than the 89.3 psi mean tensile strength of
the STD group. This suggests that vibration and admixture may pro
duce approximately the same increase in strength when used indivi
dually, but the increase may be slightly higher when vibration and
admixture are used in combination.

Controlled Specimens

Table 10 lists the compressive strengths for the controlled
slump series of 4-course prisms. The mean strengths differ drama
tically from thos e obtained from field practice prisms. The ADM
group had the lowest strength with a mean of 1673 psi. The STD group
had a mean of 1984 psi, or 19% above the ADM group. STD VIBR and
ADM VIBR recorded mean compressive strengths of 2171 and 2566 psi,
respectively. The increase in mean compressive strength obtained
with vibration compaction was 9% for the ST D grout and 53% for the
ADM grout.

The 3-course tensile strengths are listed in Table 11. Again,
the ADM group had the lowest strength with a mean of 83. 9 psi. The
STD group had a mean of 95.7 psi, or 14% above the ADM group. The
STD VIBR and ADM VIBR groups recorded mean tensile strengths
of 114.6 and 162.4 psi, respectively. Vibration compaction increased
the mean tensile strength of the ST D grout by 20% while the increase
over the ADM grout was a surprising 94%.

The tensile strengths obtained from the panel tes ts are lis ted
in Table 12. The STD and ADM groups had similar mean strengths of
89.6 and 92.0 psi, respectively. STD VIBR and ADM VIBR recorded
means of 114.8 and 115.5 psi, respectively. The effect of admixture
is statistically negligible while vibration compaction incre ased the
mean tensile strength of the STD grout by 28% and of the ADM grout

by 26%.
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The results of the core shear tests are dis cus sed in reference
(2) and are not presented here. The component tests are listed in
Tables 4-7. The relationships between component and assembly
strengths will be discussed in the next section.

DISCUSSION

Generalizations made about complex material and assemblage
behavior based on a limited number of tests may be misleading if the
number of tests is not sufficient to support statistical analysis. Mean
values and standard deviations are statistical tools employed to char
acterize the behavior of a group of specimens with the minimum number
of parameters. Increasing the number of test specimens will generally
incre as e the confidence Ie vel as so ciated with each mean value. Con
sequently, predictions of masonry assemblage behavior based on com
ponent properties and failure mode theories will be improved as the
number of tests increases. The number of specimens in each of the
previously discussed test groups was the minimum number necessary
to es tablish statistical mean values and, consequently, the results of
these tests are of preliminary importance.

Several conclusions are supported by the results listed in Tables
4-15. Two major effects are noted as well as several which can only
be supported by further testing. As w ill be seen, masonry strengths
and elastic ITlOduli may be improved and perhaps predicted through the
use of admixtured grout and vibration compaction.

Inspection of the data in Table 8-12 immediately discloses that
ADM VIBR consistently produced the strongest prisms and panels.
This result is true in both tension and compression. In the Field
Practice prisms, the increase in compressive strength over the STD
group was 45% while the increase in tensile strength was 26%. In
the Controlled Slump prisms the increases in compressive and tensile
strengths were 29% and 70% respectively. These strength increases
are very significant and easily recognizable through the use of Grout
Aid and vibration compaction.

The second major effect, one that is perhaps more important
than ultimate strength, is the predictable strengths obtained with
vibration compaction. In all test groups, vibrated standard grout
produced consistent mean strengths. The Field Practice and Con
trolled Slump compressive strengths were 2316 and 2171 psi, res
pecti vely, despite the fact that ST D grout strengths were 1524 and
1984 ps i. Vibration compaction of standard 6- sack coarse grout
appears to yield consistent 2200-2300 psi prism compressive strength.
The puddled standard grout strengths varied considerably and may
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have been slump sensitive. Further testing might reveal vibration
compaction to be an important factor in reducing the sensitivity of
grout strength to grout slump, an important factor in field construc
tion. The mean tensile strengths of the Controlled Slump STD VIBR
prisms and panels, Tables 11 and 12, were statistically identical at
115 psi. This is extremely significant because prediction of full-size
or macroelement behavior may be possible from knowledge of com
ponent strengths and failure mechansims. Specifically, uniaxial
tensile strength coincident with grout core axes appears to be de
pendent on grout material strength alone. Mortar - block bond
strength in tension has little or no effect on as semblage strength.
Table 7, Grout Material Strengths, lists the mean tensile strength
of STD grout as 230 psi. Average grout core cross section in the
hollow core blocks used in these tests is very nearly 50% of the gross
block cross section. Assembly tensile strength based on grout core
tensile strength is calculated by mUltiplying grout strength by the
ratio of grout area to total area. Thus, vibration compaction allowed
STD grout to develop full 115 psi mean tensile strength based on a
simple failure model and mean grout strength. The puddled STD grout
panels, at 90 psi tensile strength, were 22% below the predicted mean.
Similarly, the ADM VIBR Controlled Slump prisms, Table 11, developed
full assembly strength based on mean ADM grout tensile strength. The
ADM prisms, at 84 psi tensile strength, were 48% below predicted mean
tensile strength.

Predicting assemblage compressive strength based on component
behavior is far more difficult and will require a complex failure model.
Grout, block and mortar properties interact in three dimensions and
seve ral failure modes are poss ible. Additional component and ass embly
testing is required to develop a suitable compressive failure model.

The use of admixture grout with puddling produced conflicting
results. The Field Practice ADM prisms showed significant strength
increases over the STD group, but the Controlled Slump ADM prisms
and panels were weaker or only as strong as the STD group. This
suggests that puddled admixtured grout may be sensitive to initial
slump or water content, and may produce unpredictable results from
job to job. Again, additional tests investigating the slump sensitivity
of admixtured grout are necessary to determine if controlled use will
produce the desired strength increases and improve predictability.

The variation of elastic moduli with grout type and compaction
was similar to the variation in mean strengths. Tables 13-15 list the
mean initial tangent elastic moduli fo r the Controlled Slump series of
specimens. The ADM VIBR specimens were by far the stiffest, while
the ADM and STD specimens were consistently the most compliant.
Vibration compaction increased the elastic moduli of both STD and ADM



Table 14. Initial Tens ile Tangent Modulus
of Controlled Slump PrisITls

STD STD VIBR ADM ADM VIER

1.72 2.03 2.01 2.24

I. 95 2. 19 2. 16 2. 17

Young's Modulus, E 2. 10 2.27 2.67
6 .

t
(x 10 pSI) 2.47 2.47 2.25 2.55

2.21 2.21

2.15

2.27

2.10

mean 2. 12 2.23 2.17 2.41

std. dey. .22 • 18 • 12 .24

Table 15. Initial Tensile Tangent Modulus
of Controlled Slump Panels

STD STD VIBR ADM ADM VIER

2.36 2.51 2.18 2 57

Young's Modulus, E
t

2. II 2.23 2.55 2.88

(x 10
6

psi) I. 91 2.53 I. 93 2.73

mean 2.13 2.42 2.22 2.73

std. dey. .23 • 17 .32 • 16

Table 16. Ratio of COITlpressive Elastic Modulus
to COITlpressive Strength

17-15

E
_c
f
c

mean

std. dey.

STD

1130

241

STD VIBR

1081

102

ADM

1193

126

ADM VIBR

1028

93.6
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grout. Table 16 lists the r/atio of elastic cOITlpressive ITlodulus to
cOITlpress ive strength of the Controlled SlUITlp 4- course stack bond
prisITls. The values of 1000-1200 are in the range assUITled in the
197 6 UBC (Table No. 24-H) and provide an indication of the relation
ship between f' and cOITlpressive ITlodulus. The vibrated groupsITl
provided the be st agreeITlent with the UBC as sUITled values of 1000.
The values of one standard deviation were sITlaller for the vibrated
groups, indicating less data scatter or ITlore reliable ITlean values.
It is significant to note that the tensile elastic ITloduli of the panels,
Table 15, are very s iITlilar to those obtained during the tensile prisITl
tests listed in Table 14. MacroeleITlent behavior based on sITlall-scale
laboratory tests appears to be reliably predicted.

SUMMARY

It has been shown that flaw forITlation in concrete ITlasonry
construction seriously degrades strength and elastic ITloduli pre
venting full strength des ign based on cOITlponent properties. This
paper has reported on a preliITlinary series of tests (3) initiated to
deterITline if flaw ITlitigation and subsequent strength increases
could be obtained through the use of adITlixtured grout and vibration
cOITlpaction. The ITlost significant conclusions and recoITlITlendations
forITlulated froITl the test results are:

Vibration cOITlpaction produced spe ciITlens with fewer flaws,
iITlproved strength and predictability, and reduced data scatter than did
puddling cOITlpaction. Consequently, vibration cOITlpaction is recoITlITlended
over puddling for all concrete ITlasonry construction.

Puddling cOITlpaction, with and without adITlixtured grout, pro
duced speciITlens with extensive flaws in the forITl of grout bridges, voids,
and shrinkage cracks at grout-block interfaces.

Sika Grout Aid and vibration cOITlpaction produced speciITlens
with the highest uniaxial strengths and elastic ITloduli. Strength varia
tions froITl test series to test series indicates that further testing is
needed to deterITline the effect of initial water content or grout sluITlp
on adITlixture grout.

Vibration cOITlpaction produced speciITlens with the ratio of
elastic cOITlpressive ITlodulus to com.pressive strength closer to the UBC
value of 1000 than did puddling cOITlpaction.
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ABSTRACT

Results of an experimental program on concrete masonry
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PRISM TESTS FOR THE COMPRESSIVE STRENGTH
OF CONCRETE MASONRyl

by

G. A. Hegem.ier
2
, G. Krishnam.oorthy3, R. O. Nunn4, T. V. Moorth y5

INTRODUCTION

The Prism. Test

Present working stress design m.ethods are based upon a
knowledge of the m.asonry com.pressive strength, fl. In practice,
f I is usually determ.ined by prism. tests. The im.pghance of proper
pIf\sm.-test procedures and data interpretation is thus evident.

The word "prism." is synonym.ous with sm.all specim.ens of
m.asonry; in the case of ungrouted prism.s the lim.iting case is the
single block unit. For the determ.ination of com.pressive strength the
prism.s are capped at both bottom. and top with a capping m.aterial (e. g. ,
sulphur, gypsum. plaster, m.ortar, fiberboard, plywood, etc). The
failure load in uniaxial com.pression is divided by the net cross-sectional
area of the block for ungrouted prism.s, and the gross area for grouted
prism.s, to obtain the value of f'.

m.
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Current Practice

It is standard practice to cOITlpute f' on the basis of 2-course
priSITlS laid in stack bond and capped with a liPgh- strength sulphur fly
ash compound or a high-strength gypsum plaster ("Hydrostone ll or
I'Hydrocal White") according to ASTM C140. Compression test pro
cedures correspond to ASTM E447.

In the United States, current masonry codes (9,11) not only
allow the foregoing practice, but encourage the same by adopting
universal correction factors for prism geometry (see Sec. 2404. C. 2
of the Uniform Building Code (UBC) (9)). These correction factors,
given in Table 1, purport to enable conversion of the strength of a prism
of a particular geometry to that of a standard 2-course prisITl, (more
precisely, hi t == 2.0 where h, t denote prism height and least lateral di
mension, respectively) the correction factor for which is unity. This,
and the manner in which the correction factors are used (fl is taken as

m
the compress ive strength of the specimen multiplied by the correction
factor) implies that a strong correlation exists between hit =2.0 and
full-scale masonry. In view of the handling problems associated with
larger assemblages, as well as the limited clearance in the universal
testing machines, it is natural for commercial laboratori'es to prefer a
2-course prism.

Potential Problems and the Present Study

An extensive literature review of prism testing (2) revealed
that cur rent test procedures on prisms and the use of prism data in
practice are open to serious question in the case of ungrouted concrete
masonry. Items of particular concern include: 1) the code(s) correc
tion factors for prism geometry; 2} the influence of prism construction,
geometry, bond configuration, curing process, and capping procedures
on strength; 3) the influence of bearing-plate thickness; and 4) corre
lation of prism strength with full-scale wall strength.

As noted, the foregoing literature review concerns ungrouted
masonry. Sufficient information to allow judgements on grouted
ITlasonry, which is ITlore relevant to ITlultistory, reinforced concrete
ITlasonry construction in seisITlic zones, is not available in the current
published literature.

Consequently, an experimental study was initiated to comple
ment the available literature via an investigation of grouted concrete
masonry within the context of the foregoing items. The results of this
study together with correlation of previous works are presented herein.
The significant findings are dis cus sed and recommendations pertinent
to general practice, and to building codes, are ITlade. The original
stress-strain data is included in reference (3).
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Table 1. Code Correction Factors Table 2. Component Properties

hit':' ratio 1.5 2.0 3.0
Correction Factor 0.86 1. 00 1. 20
':' h = height of specimen

t = minimum dimension of specimen

4.0
I. 30

5.0
1. 37 mean 3711 1720

std. dey. 399 312
':'Tests conducted on coupons

Grout
2649

615

Table 3. Comparison of Code Correction Factors

"Code hi t =
Source factor' I l.2.- b.Q. b2 1.&

Krefeld 0.59 0.67 0.75 0.80

New Zealand Standard 1.50 0.58 0.67 0.74 0.80

Australian Standard 1.25 0.68 0.74 0.80

Canadian Code (concrete) 1.50 0.57 0.67 0.74 0.80

Canadian Code (brick) 0.93 0.68 0.74 0.80

Uniform Building Code 1.50 0.57 0.67 0.74 0.80

National Bureau of Standards 1.50 0.57 0.67 0.74 0.80

Structural Clay Prods. lnst. 0.93 0.68 0.74 0.80

~ 2.:..Q. 2.:.Q.

0.89 0.96 1.00

0.89 0.95 1.00

0.88 0.93 0.93

0.89 0.93

0.89 0.93

Fig. 1- Test Set- Up
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TEST PROGRAM

Objectives

The specific objectives and scope of this test program include
the following:

1) Determine the source of the correction factors for prism
geometry in the Uniform Building Code.

2) Determine the validity of the correction factors.
3) Investigate the effect of capping materials on prism

compressive strength.
4) Investigate the effect of the hit ratio and the number of

courses on prism compressive strength for a given capping material.
5) Investigate the influence of bond configuration (running

versus stack) on prism compressive strength.
6) Correlate prism strength with full-scale wall strength,

where possible.
7) Recommend changes, if necessary, in prism construction/

test procedures, and building code modifications, based upon the test
results and literature review/evaluation.

Materials

Prisms were fabricated using 8 x 8 x l6-inch Grade N normal
w,=ight two- cell concrete block (ASTM C 90), with type S mortar 3/8 inch
thick (ASTM C270), and grouted with a coarse 6-sack grout (ASTM
C476) having an 8-10 inch slump (ASTM C143). Grout compaction
was accomplished by puddling. One set of specimens was laid in stack
bond with full mortar bedding; a second set was laid in stack bond with
face shell mortar bedding; a third set was laid in running bond (using
a combination of full and half blocks) with face shell mortar bedding.
Prisms were constructed by professional masons using conventional
field techniques in 2-, 3-, 4-, and 5- course sets1

; each set was field
cured for at least 28 but not mo re than 40 days prior to testing.

In addition to prisms, component samples were tested as
control variables. These included 3-inch square x 5-inch high grout
prisms, 2-inch dia. x 4-inch high mortar cylinders, and 4 inch x 6~

inch high block coupons. Preparation and testing was conducted ac
cording to ASTM procedures with the exception that grout and mortar
samples were field cured with the prisms. Component properties for
the field cured prisms, determined as noted above, are given in Table 2.

lRunning bond specimens were fabricated only in 3- and 5- course sets
to avoid a head joint adjacent to the load platen; the latter was thought
to induce premature prism fracture.



18-6

Methods

In the ITlain test series, preclslOn cutting was utilized to obtain
the desired hit ratio and SITlooth parallel loading surfaces; cutting was
conducted with a 30-inch diaITleter, dynaITlically balanced diaITlond-
edge saw on an air-driven turbine attached to fixed rails; feed rates
were sufficiently slow to prevent any speciITlen degradation. Cutting
provided the capability of having one additional bed joint for the saITle
hi t ratio, which perITlitted an eXaITlination of the effect of nUITlber of
bed joints on the cOITlpressive strength of the prisITls.

In another test series, speciITlens were cut and capped with a
high strength gypSUITl plaster (Ultra-Cal-30, f~ :2: 6, 000 psi) according
to ASTM C140. In other test series "soft l

! capping ITlaterials were
investigated; these included a polysulfide (PRC-380 M, produced by
the Products Research Corporation) and fiberboard, each of 114-inch
thickness.

The test set-up is shown in Fig. 1. The bearing plates in each
test consisted of solid 8 x 8 x 16-inch precisely ITlachined aluITlinUITl
blocks. A ball and socket joint was used between the top bearing plate
and the test ITlachine load platen in order to perITlit rotation at the top
of the prisITls and thus eliITlinate any artificial restraint-introducing
ITlOITlents.

Loads were applied by a 300 kip Riehle Machine and ITleasured
accurately by a 300 kip MTS load cell. All tests were conducted under
displaceITlent control at a rate of • 012 inl sec.

The displaceITlent was ITleasured with a ± O. 50 inch LVDT
(Linear Variable Differential TransforITler), together with a ±.050
inch LVDT for a ITlore accurate record of the elastic portion of the
curve. The load versus relative displaceITlent curves were recorded
on separate MFE x-y recorders. PrisITl failure or cOITlpressive
strength was defined as the first peak in the 10ad-displaceITlent record.

RESULTS AND DISCUSSION

Literature

A representative cross section of the available literature on
prisITl testing, and the correlation of priSITl data with wall data, is
provided by the references.

The first reported research on representative speciITlens for
concrete ITlasonry wall strength was conducted on walletts by Richart
(7) in 1932. The prisITl test concept evolved froITl an industrial need
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for simpler and more economical methods for estimating the com
pressive strength fl •

m

Since the original work by Richart on walletts, an enormous
number of compression tests on prisms have been conducted. One
might suppose, therefore, that the obvious questions concerning a
proper prism configuration (e. g., number of courses, stack or run
ning bond, etc.), and a proper test procedure (e. g., capping material)
for a quantitative measure of wall compressive strength have been
answered with some degree of finality. Unfortunately, this is not
the case.

The vast majority of prism tests have served as construction
and manufacturing quality contlols a;nd the test results are not in the
published literature. A substantial quantity of other prism data is
evidently buried in the files of private laboratories, institutes, and
associations. Consequently the published literature, in particular
information pertaining to concrete masonry, is sparse and not well
documented. It is sufficient, howeve r, to reveal that considerable
precautions are necessary to achieve a reliable estimate of the com
pressive strength of full-scale masonry.

Genesis of the Code Correction Factors

Code correction factors for prism geometry were noted pre
viously. It is natural to question the origin of such universal factors.
Foster and Bridgeman (1) addressed this question and uncovered an
amazing fact: while different masonry codes may have a different
"standard shape'!, 1. e., a different value of hit for which the correction
factor is unity, the ratio of the conversion factors is constant - which
suggests a common source. This source is almost certainly the pre
liminary and exploratory investigation by Krefeld (4) in 1936~ brick 
as demonstrated by Table 3, which was reproduced from (I). Each
set of correction factors has been divided by an appropriate "code
factor" to yield a common value of O. 80 for hi t =: 3.0, as was obtained
experimentally by Krefeld. Krefeld fully delineated the limitations of
his work which involved only one brick and one mortar type; and he
concluded that other factors such as brick and mortar strength, bond
configuration, and prism cross-sectional dimensions also require
investigation. Table 3, however, shows that his results have been
accepted as being of general validity, not only for brick, but for con
crete masonry as well. This, as Foster and Bridgeman have empha
sized, is patently unjustified.
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Platen Restraint and Geometry

Test results on grouted prisms clearly indicate that high
strength capping materials, as used here and as specified in ASTM
C140, lead to lateral restraint of the specimen at the bearing plates.
Similar restraint was observed in the case of precision saw-cut spe
cimens with no capping material. In particular, saw-cut surfaces
yielded an estimate of compressive strength 10 percent greater than
that for high-strength capped surfaces (see Table 4). In both cases
bearing plate, or "platen" restraint is due to friction at the interface
between the specimen and the platen.

Platen restraint can be observed by its effect on compressive
strength, by its effect on failure mode, and by shain gage data.

1) Compressive Strength. The most sensitive measure of
platen restraint is compressive strength. Test data indicates that
prism compressive strength is significantly influenced by platen re
straint and, in the absence of a soft capping material, is a strong
function of the number of courses up to 4 courses, with strength in
variance between 4 and 5 courses. A typical example is illustrated
in Fig. 2; the data for this case was obtained from saw-cut stack-
bond grouted specimens. The curve in Fig. 2 (the data was normalized
using 2295 psi) represents the means of repeated tests at integer hit
ratios with interpolation between integer hi t ratios. Similar results
were observed for precision saw-cut grouted specimens with running
bond, for hit == 3 and 5. For comparison purposes, results of the
running-bond tests are included in Fig. 2; the data was again normal
ized on the 2-course stack-bond prism strength, 2295 psi. The test
data is also presented in Table 4 for completeness.

As can be observed from Fig. 2, the 2-course estimate of f'
in the presence of platen restraint is, based upon the 5-course prism

m

data, approximately 36 percent high for grouted stack-bond masonry
and 62 percent high for grouted running-bond masonry.

The prism test data revealed another important point. Based
upon data from saw-cut specimens, prism compressive strength was
observed to be primarily a function of the number of bed-joints in the
specimen - not the hit ratio. For example, prisms with 2 bed-joints
saw-cut to hit = 2.0 exhibited strengths similar to specimens with 2
bed-joints and hit = 3.0 (see Table 4). Thus, interpolation for hit
between integer number of courses (uncut) or bed-joints is not a valid
operation.

It must be emphasized at this point that the foregoing trends
apply only to the material combination tested. In particular, one
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should not attem.pt to construct correction factors based upon the data
reported herein. The point, in fact, is just the opposite: since cor
rection factors can be expected to be highly m.aterial dependent, they
cannot be relied upon to furnish an adequate estim.ate of f' •

m.

2) Failure Modes. Differentiation of failure m.odes in the case
of full-block grouted pdsm.s is difficult; thus, the failure m.ode(s) is
not a good m.easure of platen restraint. This situation is quite different,
however, for half-block prism.s, and the latter is worth noting.

In the case of half-block grouted prism.s (the com.ponent pro
perties for which are given in Table 5), platen restrain in 2-course
prism.s generally produced shear-type failures, whereas the observed
failure m.ode in walls is vertical tensile splitting; a typical shear failure
m.ode is shown in Fig. 3. In prism.s of 3 courses, the failure m.ode
approaches the proper tensile splitting in the central unit; this is illus
trated in Fig. 4. In 4-course and 5-course prism.s, the failure m.ode
m.ore closely resem.bles a wall com.pression failure.

In the case of 2-course full-block grouted prism.s, shear fail
ures (Fig. 5) were usually observed. For prism.s of m.ore than 2
courses, the failure m.ode could frequently be characterized as tensile
splitting of the end face shells, and tensile splitting of the grout cores.
A typical failure is shown in Fig. 6. The phenom.enon of face-shell
spallation away from. the grout cores was observed frequently; the
block and grout are clearly not functioning as an integral unit in these
te sts.

3) Strain-Gage Data. The influence of platen restraint can be
clearly observed via strain gage m.easurem.ents. Results of a test on
a grouted 3-course prism. are shown in Fig. 7.

Use of the polysulfide as a capping m.aterial yielded proper
tensile splitting in 2-course prism.s, Fig. 8, and strength invariance
between 2 and 5 courses. This is the result of the polysulfide I slow
shear m.odulus (150 psi) which lubricates the interface between the
specim.en and the bearing block and essentially elim.inates the platen
restraint. Unfortunately, this m.aterial (and sim.ilar materials) is
expensive and difficult to handle; im.proper use can lead to prem.ature
failure. Consequently, the polysulfide capping is judged to be im.
practical for conventional laboratory or field testing.

In contrast to tests on ungrouted pdsm.s (10), fiberboard
capping was observed to produce large data scatter and did not suf
ficiently relieve load platen restraint in grouted prism.s. Further,
fiberboard types and grades apparently differ considerably from. region
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Fig. 3. Prism With "Hard" Cap Fig. 4. Grout Core Splitting

Fig. 5. Typical Shear Failure Fig. 6. Grout Core Tensile-Splitting
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Table 5. COITlponent Strengths

Mortar Grout
mean

std. dev.
':'Net area

2750
460

strength

4100
390

5640
230

Table 6. Strength COITlparison, Stack Bond vs. Running Bond

Block Prism Block Prism
Type of Strength Strength Effic'ency Strength Strength Efficiency
Prism psi psi Percent psi psi Percent

---- ----

§
2087 41 2796 38

5100 1838 36 41 7400 3246 44 39
1845 36 2330 32
2589 51 2934 40

@
2264 44 3246 44

5100 2224 44 46 7400 2883 39 41
2380 47 3050 41
2536 50 3262 44

§
4035 79 4420 60

5100 3027 59 69 7400 4811 65 63
3136 61 4828 65
3834 75 4485 61

B 5100 3632 71 73 7400 4680 63 62
3828 75 4542 61

Type S mortar with initial flow of 90%, 3300 psi at 2$ days.

Capping material: fiberboard.

0.9

168 psi to
1343 psi

0.8

t

3

0.3 0.4 0.5 0.6 0.7

Tensile Strain x 10
3

0·20·1o

CD1Im'I"-----------------~

Fig. 7. Variation of Late ral Strain with Height
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to region. Cons equently, fiberboard is not regarded as a suitable
'l s tandard11 capping material for prisms.

The influence of platen restraint on compressive strength of
ungrouted prism specimens is reported in the literature and is worth
noting at this point.

The decrease in compres sive strength with increasing number
of courses, associated with the use of high strength capping materials,
can be observed in the data of Foster and Bridgeman (1) on 4 x 8 x 16
inch hollow concrete block prisms. The latter is reproduced as Fig. 9.
The data shows a decrease in strength at least up to 4 courses and
hi t = 8.7.

It is clear that the undesirable effects of platen restraint are
alleviated by increasing the number of prism courses. This can be
observed via the strain gage data of Self (8) on 2- and 3-course ungrouted
prisms.

Finally, data on ungrouted prisms supports the premis e that
reduced platen restraint, and a corresponding decrease in compressive
strength, is achieved with soft capping materials. Yokel, Mathey and
Dikkers (10), for example, report that the compressive strength of
3-course hollow 8-inch block prisms with high-bond mortar capped with
fiberboard was 44 percent less than the same prisms capped with high
strength plaster.

As noted in the introduction, f' is taken as the strength of a
prism multiplied by the hit correction ¥ictor of Table 1. This proce
dure seems to imply the true strength of concrete masonry is that of
a 2-course prism, while prisms of more than 2 courses are somehow
weakened. But in fact 2-course prisms with hard caps are seen to be
artificially strengthened, whereas prisms of 4 and 5 courses approach
the true strength. While this artificial strengthening may now be com
pensated for in the safety factor of the allowable working stress, (equal
to .2 f:n for walls) f~ should be taken to be the strength of a 4 or 5
course prism, in which case the actual safety factor will be clearly
evident.

Mortar Joint Geometry versus Strength

Foster and Bridgeman (l) have suggested that prism geometry,
in particular mo rtar joint geometry, may influence prism strength;
they in turn have concluded that bond configuration in the prism should
simulate the bond configuration in the masonry structure as closely as
possible. The experiments by Self (8) on bond pattern (stack or running)
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in ungrouted prisms appear to support their premise. Table 6, from
(8), exhibits considerable differences in compressive strength between
stack-bond and running-bond ungrouted prisms. In ungrouted masonry
this difference may be attributed to the following: in running bond the
cross webs are not in vertical alignment and even if mortared may not
effectively transmit compression through the joint. Self (8) concluded
that, consequently, only the face shells (as contrasted to the net cross
sectional area) should be considered as effecti ve bearing area in un
grouted running-bond masonry.

The current test program on grouted prisms has revealed a
similar phenomenon: the compressive strength of prisms laid in run
ning bond is significantly less than the compressive strength of prisms
laid in stack bond. Table 4 shows typical results for 3- and 5-course
prisms, the component properties of which are provided in Table 2.
The specimens in this series were, again, precision saw-cut to the
desired h/ t ratio. In addition to the influence of bond type, Table 4
clearly reveals a decrease of prism compressive strength with in
creased number of courses for both stack-bond and running-bond
masonry.

Influence of Bearing Plate Thickness

The bearing plates in the present tests were selected as solid
8 x 8 x 16-inch aluminum members, as previously noted. The reason
for this selection is worth mentioning at this point.

ASTM C140 requires that steel bearing plates employed be
tween the spherically seated head block and the test specimen shall
have a thickness equal to at least one third the distance from the edge
of the head block to the most distant corner of the specimen. For a
typical 8-inch diameter round head block, and an 8 x 8 x l6-inch con
crete block specimen, the required thickness of the bearing plate
would be 1-1/2 inches.

Tests conducted by Self (8) on ungrouted prisms and Langpap
(5) on grouted prisms reveal that a 1-1/2 inch bearing plate undergoes
considerable bending and induces non-uniform strain distributions in
blocks and/or prisms. Typical strain variations in single 8 x 8 x 16
inch two-cell hollow blocks versus plate thicknes s are shown in Fig. 10;
this data was excerpted from (8).

The foregoing tests clearly indicate that ASTM Cl40 is inade
quate and should be modified with respect to bearing plate thickness.
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With respect to the present tests, aluminum was judged to be
more acceptable than steel due to its low weight and cost, and an 8-inch
thickness was, based upon independent calculations, considered a mini
mum thickness able to provide a reasonably uniform strain field.

Correlation with Wall Data

It was previously emphasized that 2-course prisms (couplets)
laid in stack bond and capped according to ASTM C140 can lead to an
over-estimate of f~ for full-scale running-bond masonry. The magni
tude of the error encountered in some cases can be observed in the data
of Read and Clements (6). The walls tested in uniaxial compression
were 2. 6m high and 1. 8m wide. Correlation between prism and wall
data is illustrated in Fig. 11 for ungrouted walls. A running bond
using a 1:4:3 mortar mix was employed.

SUMMAR Y AND CONCLUSIONS

Stack-bond prism compres sive strength is seen to decrease,
as much as 26 percent, with increasing numbe r of courses. The reason
for the decrease is that high strength capping materials lead to lateral
restraint of the specimens at the bearing plates (platens). This re
straint produces shear mode failures in 2-course prisms, while in 4
and 5-course prisms proper tensile splitting occurs in all units except
possibly those adjacent to the platens.

Bond pattern (stack or running) also has a significant effect
on prism compressive strength. For example, 5-course grouted prisms
laid in running bond with face shell mortar bedding exhibited a strength
16 percent lower than 5-course grouted prisms laid in stack bond with
full mortar bedding.

Due to the above two effects, the 2-course results were 62
percent high, based on data from 5-course prisms laid in running bond.
Therefore the current wide-spread practice of evaluating f!n from 2
course prisms laid in stack bond should be terminated.

Masonry code correction factors allow conversion of the strength
of a prism of more than 2 courses to that of a standard 2-course prism.
Virtually all such correction factors are based upon a common source:
the preliminary and exploratory investigation by Krefeld in 1938 - .9E:.
brick. The universal use of such data is clearly unjustified, and as
discussed above, the strength of 2-course prisms is much higher than
than of full-scale masonry. For these reasons correction factors for
prism geometry should be deleted from all masonry codes.
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It was found that platen restraint can be eliminated through
use of a capping material having a sufficiently low shear modulus.
However, the materials tested proved difficult to use, and are therefore
judged not to be feasible for commercial applications. Further, it was
found that compressive strength of prisms is primarily a function of
the number of bed joints - not the hit ratio. For example, grouted
stack-bond prisms with 2 bed joints saw-cut to hit =2.0 exhibited
strengths similar to specimens with 2 bed joints and hi t = 3.0 (i. e. ,
3 courses).

In view of the above findings, it is recommended that the
compressive strength, fl , of concrete masonry be evaluated using
prisms with not less thaC\hree nor more than four mortar bed joints.
This may be accomplished with prisms of not less than four nor more
than five courses. Grouted prisms may be precision saw-cut to a
lower hit ratio, commensurate with the above number of bed joints,
in order to alleviate laboratory space problems. The mortar bond
configuration (stack or running), the mortar bedding (face shell or full),
and the grouting should, in so far as possible, be the same as is used
in the structure. The ends of the prisms should be capped as set
forth in ASTM C140 with the following exception: grouted prisms may
be precision saw-cut, in lieu of capping, to provide smooth parallel
surfaces.
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The following symbols are used in this paper:

gypsum plaster compressive strength
masonry compressive strength
prism height

= prism least lateral dimension

f' =
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ON NONLINEAR RESPONSE PREDICTIONS OF CONCRETE
MASONRY ASSEMB LIES1

by

S. K. Arya2 and G. A. Hegemier2

ABSTRACT

Recent experimental investigations on concrete masonry indi
cate that the response of a masonry assemblage is nonlinear under both
monotonic and cyclic loading conditions. This paper is concerned with
the analytical prediction of such nonlinear response using the funda
mental properties of the basic constituents of concrete masonry, which
are derived from small-scale experiments on each constituent.

The finite element method is adopted as the basic analytical tool
in this study, for it is the most versatile of the mathematical modeling
techniques used in analyzing the behavior of structural systems. A
finite element micromodel of reinforced concrete masonry is developed
which has two main features; (l) a method for representing pre- and
post-fracture behavior of joints or interfaces in a masonry assemblage,
(2) a nonlinear material model which accounts for masonry cracking
and the effects of reinforcing steel. The material model is based upon
maximum tensile stress theory for cracking due to tension and the von
Mises yield surface in conjunction with a strain softening, uncon
strained flow rule for failure in compression. Reinforcing steel is
assumed to be elastic-perfectly-plastic in both tension and compression.

The model has been implemented into an out-of-core version of
the computer code NONSAP.

The effectiveness of the model is demonstrated by comparison
of the predicted and experimental behavior of concrete masonry shear
walls subjected to both monotonic and cyclic deformation histories.
Excellent cor relation between the experimental results and the analy
tical predictions is observed.

lResearch was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2Principal Development Engineer and Professor, respectively; Dept. of
Appl. Mech. & Engr. Sci., University of California, San Diego,
La Jolla, California, 92093.



19-2

ON NONLINEAR RESPONSE PREDICTIONS OF CONCRETE

MASONR Y ASSEMBLIES1

by

S. K. AryafJ and G. A. Hegemiera

INTRODUCTION

There are two basic approaches to the extremely difficult task
of simulating the inelastic behavior of reinforced concrete masonry
assemblages: 1) micro-level modeling, and 2) macro-level modeling.
These methods serve different purposes, and both are currently under
study as part of an extensive research program (8) on concrete masonry.

Micro-level modeling attempts to synthesize the behavior of a
masonry assemblage from elementary component data. Hence, this
is a fundamental and open-ended approach which commences at the
constituent level and requires detailed knowledge of the properties of
each constituent and constituent interface behavior under various stress
states and histories. The necessary data can be extracted from small
s cale laboratory tests.

Macro-level modeling is based upon a continuum represen
tation of masonry. In contrast to micro-level modeling, the resulting
theory is primarily phenomenological. Evaluation of the unknown
parameters in such a model must be accomplished by experiments on
assemblages of sufficient size to mirror full-scale masonry. These
experiments may consist of actual laboratory tests, or micro-model
simulations of such tests.

The micro-modeling approach is considered to be an
excellent analysis tool in view of the degree of details that can be
simulated in a masonry assemblage, and because it provides insight
into the basic phenomena of masonry behavior. The primary function

1Research was sponsored by the National Science Foundation
under Grant NSF ENV 74-14818.

Elprincipal Development Engineer and Professor, respectively;
Dept. of Appl. Mech. and Engr .. Bci.. , Univers ity of Califo rnia at San
Diego, La Jolla, California, 92093
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of this technique is the analysis of structural elements. For example,
given a successful micromodel of reinforced concrete masonry,
one can then study, in an orderly manner, the behavior of structural
components such as shear walls, piers, spandrels, columns, etc.
That is, one could replace costly experiments involving a vast array
of different geometrical configurations of masonry and steel, as well
as different boundary conditions, by direct numerical simulations.

It is not intended that the micro-level modeling process be
used to analyze a full structure. This is the function of the less
detailed, but more efficient macro-level modeling.

This paper is concerned with an exposition of the current
micro-level modeling approach. The basic elements of this approach
consist of 1) a nonlinear material model for the masonry- steel
composite, 2) a nonlinear theory for the pre- and post-fracture
behavior of joints or interfaces in a masonry system, 3) the finite
element method, and 4) a modified version of the finite element pro
gram NONSAP (4). The material model employed (2) is two-dimensional
and accounts for masonry cracking, masonry crushing, and the effects
of reinforcing steel on the properties of an assemblage. The interface
slip model (3), which is based upon a double noding scheme, accounts
for joint slip, separation and recontact.

In the following sections, which constitute a condensation
of Refs. 2 and 3, iITlportant features of the ITlicro-ITlodel are des cribed.

While the micro-model is applicable to any two-dimensional concrete
masonry assemblage, its application has, to date, been confined to
shear walls. In this paper, three numerical examples concerning the
prediction of the inelastic response of a shear wall subjected to quasi
static monotonic and cyclic loading are presented.

It should be noted that this study represents the first attempt
in developing a finite element micro-model of reinforced concrete
masonry.

MATERIAL MODEL

In this section the constitutive relations for the pre- and
post-fracture behavior of reinforced concrete masonry are developed.
These relations are derived for subsequent use in a two-dimensional
finite element analysis (tangent stiffness approach) under plane stress
conditions. Time-dependent phenomena such as creep, and geometric
nonlinearities are not considered.
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Since the basic constituents of reinforced concrete masonry
are essentially concrete (block, grout, mortar) and steel, it is quite
appropriate to extract useful information from the literature on
reinforced concrete.

Analytical studies of the response of reinforced concrete
structures by means of the finite element method have received
increasing attention from many investigators in the recent past.
Different aspects of this approach have been reviewed by Argyris (I),
Schnobrich (II), and Scordelis (12).

Several different approaches have been used in modeling
the behavior of reinforced concrete structures. A popular approach
(5, 9, 10) is to divide a reinforced concrete element into imaginary
layers of concrete and steel (with zero shear stiffness). In this
approach cracking and material nonlinearity are taken into account
by altering progres sively the constitutive equations of the material
during the incremental solution procedure. Thus, in general, the
tangent stiffness matrix and the residual force vector are reformulated
at each step of the iterati ve process. The material model developed
under this study is based upon a similar approach; only the details
are different.

Basic Assumptions and Limitations

As mentioned earlie r, the material model developed in this
study is two-dimensional and is limited to plane stress conditions.
Further, it is assumed that the analysis will be performed using an
incremental procedure which is based on the instantaneous or tangent
stiffness approach in which the incremental constitutive relations are
written as

{dO} = CD] {dd

where {do} = incremental stress vector, {dE} =incremental strain
vector, and [D] ::: linear matrix of elastic coefficients.

Concrete Masonry

(I)

Concrete masonry is as sumed elastic and brittle in tension,
and elastic and strain-softening in compression. The von Mises yield
criterion is used for failure in compression and the maximum tensile
stres s theory is adopted for cracking due to tension. The as sumed
yield or failure curve is shown in Fig. I. This curve results from
an intersection of the von Mises cylinder in principal stress space
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with 0'1' 0'2 principal stress plane. The m.aterial is asswned elastic
and isotropic before the yield curve is reached. Thus, if unloading
takes place interior to this curve, no perm.anent deform.ation occurs.
Loading beyond the yield curve is asswned to follow another failure
curve which gradually shrinks to the origin, thus exhibiting a strain
softening behavior. This curve is obtained by relating the octahedral
shear stress to the octahedral shear strain and invoking radial unload
ing in stres s space. Thus, the am.ount of shrinking is considered to be
a function of the principal strains. The new strength of m.asonry after
it has reached the yield curve is defined to be

f'
m.

(2)

where f' = ultim.ate strength of m.asonry, ( = com.plete collapse
strain dr-uniaxial com.pression tes t, ( = octrhedral shear strain,
(' = value of ( at yield, and (1' (2 =principal strains.

A collapse curve is postulated to define the com.plete collapse
or crushing of m.a,sonry at which it loses all its strength and sti££ness.
The collapse curve is defined as

(3)

The assum.ed stress-strain relationship for m.asonry in
uniaxial loading condition is shown in Fig. 2. Note that the unloading
and reloading sti££ness is the sam.e as the initial elastic sti££nes s.
Work is currently underway to m.ake this stif£nes s a function of the
strain history. '

In tension cracking, the cracks are asswned "sm.earedl'
or distributed evenly across the elem.ent. The crack direction is
norm.al to'the m.ajor principal stress in m.asonry just prior to cracking.
The cracked m.asonry is considered continuous, anisotropic, and
capable of resisting only stresses parallel to the cracks. Further, the
quantity f:n is asswned to decrease with the opening cracks after
reaching a certain norm.al strain C:<. This asswnption is based upon
the observation that a cracked elerRent with open cracks cannot sus
tain the full I' parallel to such cracks.

m.

Reinforcing Steel

It is assum.ed that the reinforcing steel is laid parallel to
the coordinate axes. The reinforcem.ent in each direction is replaced
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by an equivalent layer of steel which is uniformly distributed and has
stiffnes s only in the direction of reinforcement. The reinforcing steel
is assumed to be elastic-perfectly-plastic in both tension and com
pres sion.

Reinforced Concrete Masonry

Perfect compatability of displacements is assumed between
steel and masonry. This means the effect of bond slip is not considered
in this model. However, the effect of bond on the strength of cracked
masonry is included. Specifically, for a reinforced element the
strength of masonry normal to the cracks is not dropped to zero
immediately at the onset of cracking. Instead, as indicated in Fig. 3,
it decays exponentially to zero when the reinforcing steel yields.

In a reinforced concrete masonry element, the principal
stress directions and the principal strain directions differ due to the
anisotropy of the element. Also, the masonry principal stress
directions deviate from the total principal stress directions. In this
Inodel, it is assumed that masonry cracks when the masonry princi
pal stresses satisfy the fracture criterion (Fig. 1).

Cons tituti ve Relations

Consider a rectangular reinforced concrete masonry element
in cartesian coordinates subject to plane stress conditions. Let r x
and r y be the reinforcement area ratios in the x and y directions,
respectively. Reinforcing area ratio is defined as the ratio of rein
forcement area to the area of composite section.

The stresses in the composite element can be derived by
superposing the stresses in the concrete masonry element and the
steel layer element which has no shear stiffness:

(4)

where the superscripts c and s designate concrete masonry and steel,
respectively.

The incremental constitutive relations of Eq. 1 can now
be written as

[ dO' } = [dO'C } + [dO's}

= [DC] [df} + [D
s

] [dE}

= [D] [dE} (5)
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in which

(6)
l

It reITlains now to derive the constitutive tensors [Dc] and CDs] for
different states of the eleITlent.

Uncracked EleITlent

For the uncracked eleITlent both ITlasonry and steel
are assUITled to be elastic, and ITlasonry obeys Hooke1s law for
isotropic ITlaterial in the plane stress condition. Thus,

r~
V 0

E
C

[Dc] =. 1 0
2

1 - V

Lo 0 (l-v)/2

and r 0
01x

[nsJ = E
S

0 r

:Jy

0 0

(7 )

(8)

in which E
C

, E
S

= elastic ITloduli for ITlasonry and steel, respectively,
and V =Poisson's ratio for ITlasonry.

Cracked EleITlent

Consider a cracked eleITlent as shown in Fig. 4 with one
set of open cracks at an angle (13 + n/2) with the horizontal axis.
The x", y' systeITl denotes the principal stress coordinate systeITl for
the eleITlent. In view of the assUITlption that the cracked eleITlent has
no stiffnes s norITlal to the cracks, the cons titutive tensor for ITlason ry,
[DCy, in the priITle systeITl is assuITled as follows:

000

(9)

o 0 AG

where G is the shear ITlodulus for uncracked ITlasonry, and A( (') is
a paraITleter which is used to estiITlate the effective shear ITloJt..lus
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(in the prime system) due to dowel action and aggregate interlock.
The quantity A decreases with opening of the cracks.

The inc.:r.emental strains in the two coordinate systems are
related by the equation

( 10)

in which the transformation matrix [T] is given by

2 . 2
13

.,
cos 13 Sln cosl3 sinl3

[T]
. 2

13
2

- cosl3 sinl3= Sln cos 13

-,2 cosl3 sinl3 2 cosl3 sinl3
2 . 2

13cos 13 -Sln

(11 )

The incremental constitutive relations for masonry in the
two coordinate systems are

c c][dO' } = [D [de} (12 )

It can readily be shown (2) that

(13)

The constitutive tensor [D
s

] is still given by Eq. 8 if the
reinforcement in both the directions is elastic or the stresses in the
reinforcement are below the yield stress of steel. When the reinforce
ment reaches its yield point, the corresponding stiffness is set equal
to zero. Thus, [DsJ becomes a null matrix if reinforcement in both
the directions has reached the yield point.

It is evident from Eq. 9 that the constitutive tensor [Dc]
of Eq. 13 is singular. Consequently, a cracked element without
reinforcement or where the reinforcement in both the directions has
yielded, is unstable unless the displacements normal to the cracks are
constrained. These displacements are normally constrained due to
the stiffness of surrounding elements. However, if the surrounding
elements have also cracked and the crack directions are the same,
the element will be unstable. This situation is rare but can happen.
To circumvent this difficulty a small artificial stiffnes s is as signed
to those diagonal terms of the composite constitutive tensor [D]
which are theoretically zero.
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A cracked element, in general, is considered to have two
sets of cracks. The second set of cracks can form while the first
set is either open or closed. If the first set is open, the second
set will be normal to the first. If the first set is closed, then the
orientation of the second set will depend on the orientation of the
masonry principal stresses. From two sets of cracks, six different
crack patterns or configurations are pos sible: first set open; first set
closed; first set closed and second set open; both sets open; first set
open and second set closed; and both sets closed.

The constitutive tensor [D c] of Eq. 13 is valid when there
is one set of open cracks and the stress in masonry parallel to the
cracks is less than the ultimate strength, f' • If both sets of cracks
are open, [DC] becomes a null matrix. Wh~n both sets are closed,
the element is considered to regain its elastic",stiffness, except the
shear stiffness term which,Js assumed to be A"'G, where a value of
O. 8 is currently used for A"'.

Crushing of Masonry

This situation arises when masonry stresses satisfy the
von Mises yield criterion. In the classical theory of plasticity for
ductile metals, the associated or normality flow rule is usually
assumed to derive the post-yielding constitutive relations. However,
the inelasticity of masonry is caused by the cumulative effect of micro
cracking, instead of any actual plastic flow. Therefore, it is probably
not appropriate to use the normality flow rule for masonry. Secondly,
concrete masonry exhibits a strain-softening behavior after the
ultimate strength is reached. Thus, the as sumed stres s- strain behavior
for masonry, as shown in Fig. 2, has negative stiffness in the post
yielding region. Inclusion of negative stiffness terms in the constitutive
tensor may cause numerical difficulties (stiffness matrix may not be
positive definite) in the solution of equilibrium equations in the finite
element procedure. Consequently, a null matrix is used for the consti
tutive tensor [DC] in the post-yeilding region. Stresses in masonry,
however, are governed by the assumed yield curve of Fig. 2, and
therefore adjusted accordingly.

As shown in Fig. 2, the stiffness for unloading and reloading
behavior of crushed masonry is as sumed to be the initial elastic
stiffness. Thus, the constitutive tensor [DC] will be the same as that
of uncracked masonry, which is given by Eq. 7.

If a masonry element has reached the crushing state once,
it is not permitted to carry any tension in the future. In case tensile
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stresses develop, masonry is completely disrupted and from then on
the element is considered as a void.

INTERFACE MODEL

Mortar joints and grout-block interfaces in concrete masonry
assemblies constitute planes of weakness and a major source of stiff
ness degradation and damping. Failures frequently initiate in joints,
and subsequent deformation and energy absorption may occur by rela
tive slip across joint planes. Thus, an interface model is necessary
for micro-scale modeling of concrete masonry assemblies.

Several investigators (6, 7, 13), with an objective of repre
senting the joint behavior in rocks with a finite element, have developed
so-called "slip or joint elements " and have apparently achieved moder
ate success in simulating the gross behavior of some physical problems.
However, in using these slip elements for simulating interfaces or
joints with thicknes ses small in comparison to other typical problem
dimensions, one encounters serious difficulties. First, one must
as sume a pseudo thicknes s for the element. To achieve acceptable
numerical accuracy a small relative thickness is necessary. This,
however, creates the well-known aspect ratio problem. Second, to
maintain normal-displacement compatibility across the interface, one
must assume a very large stiffness in this direction which, in addition
to creating an ill-conditioned stiffness matrix, causes difficulty in
simulating actual interface debonding.

In view of the above-mentioned drawbacks of the slip element
approach there is an urgent need for a better understanding of the
interface problem and development of methods which can simulate the
physical behavior more accurately and with fewer difficulties. The
method (3) developed in this study eliminates the need for constructing
a two-dimensional element to represent an interface, thus avoiding
the difficulties due to pseudo thicknes s and fictitious material pro
perties. The method employs a direct approach in representing both
the debonding and slip characteristics of an interface and is concep
tually very simple. It is iterative in nature and can treat any non
linear material behavior including a velocity-dependent friction law
without difficulty. A brief description of the method is given in the
following sections; the details can be found in Ref. 3.
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The Model

The physical behavior of an inter face is nonlinear and, in
general, non-conservative due to the presence of sliding friction.
The main characteristics of the problem are; 1) no cracking, 2) de
bonding, and 3} recontact and/or sliding along the tangential direction.

Within the context of the finite element method an interface
discontinuity is represented by a series of double nodes, one on each
side of the interface but having the same coordinates. While a double
node pair may be in anyone of the three cases mentioned above,
the equilibrium equations for the whole structure are first assembled
by assuming that the double nodes are free to move. These equations
are then modified to simulate the actual state of each double- n.ode pair.

Case 1 - No Cracking

When the actual nodal forces at a double-node pair are less
than the strength of the pair, there is no separation or sliding of the
nodal points. Thus, the pair is treated as a continuum and both dis
placement compatibility and equilibrium conditions are satisfied in
both tangential and normal directions. The computation of the strength
of a double-node pair depends on the material properties of the interface
in tension and shear. The interface is assumed to obey the following
friction law:

-'--.-
(] =c-I.J.(]

t n
( 14)

;::::

where (] = allowable shear stress, (] =normal stress, and c and IJ.
represe~t the cohesion and the coeffigient of friction, respectively.
The coefficients c and IJ. are not constants. Instead, they are as sumed
to be functions of the relative tangential displacement at the interface,
such that

c = c
o x

c

0$ X $x ,
C

x > x
c

( ISa)

( ISb)



IJ. = IJ. -o x
).1.

IJ. = IJ. 1

• x + 2• x

x >x ,
IJ.
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(15c)

(15d)

where x = sum of tangential displacements (absolute values),
c =cohesion before cracking, c

1
=minimum cohesion after cracking,

x
O =maximum x at which minimum cohesion is attained, ).1. = coef

£i~ient of friction before cracking, ).1.1 =minimum coefficiegt of friction
after cracking, and x =maximum x at which minimum coefficient of
friction is attained. ).1.

The quantities for}he coefficients c , c l' etc., and the
allowable tens He stress (0' -") are determined~y simulating experimental
data from joint or interfac~' tests, and conducting parametric studies
for several loading conditions.

Case 2 - Debonding

If the normal force at a double-node pair is tensile, and if
it exceeds the tensile strength of the pair of if the tangential force
exceeds the shear strength of the pair, nodal point separation occurs.
Thus, they are treated as free nodal points; i. e., the nodal displace
ments are independent of each other, and no force is transmitted by
such a nodal pair.

Case 3 - Recontract and/ or Sliding

In this situation the normal force is compressive and there
is a relative movement of nodal points in the tangential direction. The
normal force is transmitted completely by the nodal pair, but the shear
force between the nodes is less than or equal to the shear strength of
the pair. This situation is treated by imposing compatibility of normal
displacements and treating tangential displacements independently
while still transmitting the shear force between the nodes.

FINITE ELEMENT PROCEDURE

As mentioned earlier, the micro-model developed
in this study is bas ed upon the tangent sti£fnes s approach of the
incremental finite element procedure for numerical integration
of the equations of equilibrium of a discretized system; the model
is implemented into an out-of-core version of NONSAP (2).
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'The il'l.cremental form (2) of the equations of equilibrium.
of a finite element model is

(16)

where [K] is the effective stiffness matrix, {R} is the effective load
vector, ~'lAu} is the incremental displacementvector, and i repre
sents the equilibrium iteration.

It is clear from the above discus sion that, in general, the
incremental finite element analysis of the response of a reinforced
concrete masonry structure requires recomputation or updating of
the effective stiffness matrix [K] and the effective load vector {R} of
Eq. 16 at each iteration of the "';olution procedure. The updating of
these matrices is necessitated by the progressive change in the
stiffness and strength characteristics of the structure due to cracking
and/or crushing of masonry, debonding, recontact and/or slipping
at interfaces, and yielding of reinforcement.

Two criteria are used to establish convergence of the solution
during equilibrium iterations: one based on displacements and the
other upon nodal forces. The convergence criterion for displacements
is given by

II {Au \ II :::; 10- 6

II {u}i_111

where II II designates the Euclidean norm of a vector.

In the force criterion, the solution is assumed to be
converged if

(17 )

II (R}i_1 II - II {R}i II

\\(R }i-l II
(18)

The equilibrium iterations are terminated if either of the
above criteria is satisfied.

The computational procedure for each load increment of
the incremental analysis of the response of a reinforced concrete
masonry assemblage can be summarized as follows:
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(1) Assuxne a load increment and compute the load vector

{R} t+At"

(2) Construct [K] and {R} using the constitutive tensor [D]t
from the pr;'vious s~p, and solve Eq. 16 for {.c.u}.

(3) Compute the incremental stresses and strains in both
the masonry and steel:

c c [[dO' } = [D ] t d d

s s
{dO' } = [D ] t {dE'} •

(4) Compute total stresses and strains in masonry and steel:

[ c [c {c
0' }t+.c.t = 0' }t + dO'}

[O's}t+t.t = [O's}t + [dO's} •

(5) Check fo r slipping, cracking, crushing, yielding, or
any change in crack configurations and the status of
slip-nodes. If nothing is changed, go to step (9).

(6) Compute allowable stresses for each cracked element

and set element stresses to these values.

(7) Reconstruct [K] and [R} using appropriate constitutive
tensors for ma";onry a~d steel; modify [K] and tR} for
interface conditions; solve for [t.u}. '" "

(8) Go to step (3).

(9) Check for solution convergence. If the desired con
vergence is not achieved, perform necess ary equilibriuxn
iterations, updating stresses and strains in each iteration.
If the cracking status of any element changes during these
iterations, go to step (6)

(10) Print the solution vectors, if needed.

(11) Go to step (1), if more load increments are needed;
otherwise stop.
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NUMERICAL EXAMPLES

In this section the results of three eXaIllple problems are dis
cussed where the micromodel developed in this study is used in pre
dicting the response of a shear wall specimen subjected to monotonic
and cyclic loading conditions. The experi ments which were conducted
at the Earthquake Engineering Research Center of the University of
California, Berkeley, are described in a separate technical report
which is under preparation.

The experimental setup of a shear wall specimen, as shown
in Fig. 5, consists of top and bottom load beaIlls, two side columns
to prevent rotation of the top beaIll, a pair of hydraulic actuators for
applying horizontal load or displacement, a mechanism for applying
ve rtical compres sion, and a concrete base on which the specimen is
constructed and bolted to the floor. The actuators are suppo rted by
heavily-braced reaction frames (not shown in the figure).

The specimens were constructed from 8 x 8 x 16-inch two
cell, type N hollow concrete blocks, and were fully grouted. The top
and bottom spandrels were heavily reinforced to prevent any cracking
in them. Each specimen had a height of 56 inches and a width of 48
inches, excluding the spandrels.

EXaIllple 1

In the first example, a reinforced specimen is considered
in which the outermost cores of the specimen have a vertical reinforce
ment of one #5 re-bar. The specimen is subjected to a constant vertical
confining pressure of 50 psi and a monotonically increasing shear defor
mation by controlling horizontal displacement of the actuators.

For the finite element analysis of the problem, the shear
wall assembly is discretized into a system of two-dimensional plane
stress elements for the masonry, spandrels, top beaIll, and truss
elements for the side columns, as shown in Fig. 6. The discretized
system has 5 element groups of different materials which are described
in Tables I and 2. Materials I through 3 are assumed to be linear
isotropic, and materials 4 and 5 are considered to obey the nonlinear
model developed in this study. Referring to Fig. 6, the bottom
spandrel of the specimen is not included in the analysis and the base
is as surned fixed.

The finite element model also has three types of interfaces;
head-joint interface, grout-web interface and an artificial interface
representing the common point of the above two interfaces. The



19-17

_STRESS BARS

_SPRINGS

Fig. 5. Shear Wall Test Setup Fig. 8. Critical Dei. Shape - Rein.
Spec. - Mono. Load. - Scale Fac. =5

100

.30.25.10

./
./

/
./

/
./

ANALYSIS
EXPERIMENTS

.05

80

lL. 40

.15 .20

8 (in,)

Fig. 9. F-o Curves for the Unrein
forced Specimen-Monotonic Loading

Mol. NO,2

conf;n;n~ Pressure' 50 psi

Fig. 6. Finite Element Model of
the Shear Wall Specimen

80

60
/

/
CJ) / L

"-a.

"'" 40 / "
/

I.L.

-- ANALYSIS
---- EXPERIMENTS

.10

8 (in.)

Fig. 7. F-& Curves for the Rein
forced Specimen-Monotonic Load.

, , "- -'-.- '\.. -""'-, , , ,,
"- "- "-

, , ,, "-
, , , , ,

,
\

, , ~

\
, ,,

\
\ , ,, \ , ,, ,,

I
,, \ , ,

, \
, ,,,

\
,

'-' \, ,, ,
~l '\

,
\ , .....').., ....

,, L)..-rr\ -
\

\ ~-\ ,, " \
\ -,, ,

,, ,, -,
1 , I 1 \ j

,
I/'--/,,_/ ",/ " /' ./ " "7

/----1------1 ~ I" I ",1 '. 1

Fi-g. 10. Critical Dei. Shape-Unrein.
Spec. - Mono. Load. - Scale Fac. =3



19-18

Table 1. Material Properties Used for Linear Element Groups

Cross-

Material Element Young's Modulus Poisson' 5 Sectional 2

Ident. Description Type (El. psi Ratio, v Area, in.

2.97 X 10
7 ~,

Steel Truss 3.0

Concrete Plane 3.00 X 10
6

0.20
Stres s

Steel Plane 2.97 X 10
7

0.30

Stress

'~Equivalent solid section having the stiffness of experimental colutTmo

Table 2. Material Properties Used for Nonlinear Element Groups

Property #

4

10

11

Description

Young's Modulus of Masonry (E e )

Young' 5 Modulus of Steel (E s )

Compres sive Strength of Masonry (C:n)

Yield Strength of Steel (f )
Y

Average Poisson's ratio (v)

Tensile Strain Normal to a Crack at
which Shear Modulus Become Zero (A)

Maximum Stress Drop Allowed during
One Iteration (O'd)

Minimum Young's Modulus Used

Tolerance on Crack Closure (/')

Tensile Strain Normal to a Crack at
which the Material Stiffness Parallel
to the Crack Becomes Zero

Complete Collapse Strain «(pJ

Quantity

tS• OO x lOS psi

2.97 X 10
7

psi

t 2 • 50 X 10
3

psi

6.00 X 10
4

psi

O. IS

0.01

2.00 x 10Z psi

1.00 X lOS psi

1.00 X 10- 5

-3
2.50 x 10

-3
S.OO x 10

tQuantities determined experimentally.

Table 3. Interface Properties Used in the Analysis

Interfac e Type

Coeff. Units (I) Head-JOint (2) Grout-Web (3) Common Point Description

Co psi 6.00 X 10 1 1.00 X lOS 1.00 X lOS Cohesion Before Cracking.

c
I

psi 2.00 X 10 1 1.00 X lOS 1.00 X lOS Minimum Cohesion After
Cracking

x inch 0.50 0.50 O. SO Maximum)( at which c I is
C Attained

1'0 0.70 0.80 0.75 Coeff. of Friction Before
Cracking

1'1 0.30 0.40 0.30 Minimum Coeff. of Friction
After Cracking

X inch O. SO O. SO 0.50 Maximum )t at which 1'1I' is Attained

a
n

psi I. SO X 10 1
1.00 x 10

2
6.00 x 10

1
Tensile Strength

Note: X = swn of the absolute values of the relative incremental displacements in the tangential direction.
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properties of these interfaces are given in Table 3. It should be noted
that in the actual specimen the head-joint plane and the grout-web
plane have an offset of about 1 inch, thus preventing any slipping at the
grout-web interface. This effect is included in the finite element
ITlodeI by assigning large quantities to the cohesion of interfaces 2 and
3, as indicated in Table 3. In deterITlining the tensile strength of the
grout-web interface, it was assumed that the tensile force is primarily
resisted by the face-shells. No interfaces are considered along the
bed joints for two reasons: First, since the speciITlen is fully grouted
there are no real interfaces in the grout cores; second, the inclusion
of bed joint interfaces would increase the cost of analysis significantly.

The discretized systeITl has 376 degrees of freedoITl with a
bandwidth of 30. Referring to Fig. 6, at 7 nodal points of the top beam
a vertical force corresponding to 50 psi confining pressure is pre
scribed, which remains constant for all load steps. The system is
subjected to a monotonically increasing shear deforITlation by pre
scribing the horizontal displacement, A, at the center nodal point of
the left edge of the top beam. The force, F, corresponding to the
prescribed b.. is given by the horizontal component of the internal re
sisting force vector at the nodal point at the conclusion of equilibrium
iterations.

The force, F, is graphed versus the horizontal displacement,
0, of the top left-hand corner of the masonry part of the specimen.
Such a force-deflection curve is shown in Fig. 7 where it is compared
with the corresponding curve obtained from the experiments. The
correlation of the analytical and experiITlental results is good to ex
cellent, dependinging upon the basis of comparison. For example, the
predicted ultimate strength of the specimen is within 10% of the
experiITlental value. Also, the analytical model correctly predicts the
brittle behavior of ITlasonry. In regard to the stiffness characteristics,
considerable stiffness degradation is observed. The correlation is
good, considering the cOITlplexity of the specimen and the test equip
ment. The contributing factors for the discrepancy between the ana
lytical and experimental results are, possibly, the following: 1) Slipping
of the specimen at the lower spandrel at higher loads; 2) Microcracking
in the lower spandrel at higher loads; 3) Flaws in the specimen, parti
cularly in grout cores.

The deformed shape of the specimen (masonry part only)
immediately after the big diagonal crack is shown in Fig. 8. The
corresponding cracking pattern in the specimen is also depicted in
this figure. It is evident froITl Fig. 8 that the speciITlen undergoes a
brittle failure, and at failure the major crack is the diagonal crack
froITl the bottom-right to the top-left.
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Example 2

This example is identical to the previous one except that the
specimen is not reinforced. The analytical and experimental procedures
used in this case are similar to those of the previous example and hence
will not be repeated here.

The force-deflection curves for the unreinforced specimen
under monotonic loading are shown in Fig. 9. Again, the correlation
between the analytical and experimental results is good. Comparing
Figs. 7 and 9, it appears that there is some discrepancy in the experi
mental results of this example, for it gives a much higher collapse
load when compared to the reinforced specimen. It is pos sible that
either the quality control of this specimen was much better than the
previous one, or the material was of higher strength.

Fig. 10 shows the critical deformed shape of the specimen,
including the cracking pattern. Referring to Figs. 8 and 10, the
angle of the large diagonal crack at failure is slightly less in the unre
inforced specimen compared to the reinforced case.

Example 3

In this example the reinforced specimen of Example 1 is
subjected to a constant vertical confining pres sure of 50 psi and a
cyclic shear deformation. For the experimental specimen, the
cyclic shear was applied in an increasing amplitude sequence of sinus
0idal displacement cycles at 3 Hz, with three cycles of each amplitude.
The amplitudes were (in inches): 0.02, 0.04, 0.08, 0.12, 0.14, o. 16,
0.20, 0.25. 0.30, 0.35, 0.40, 0.45, 0.50, and 0.55. Thus, in all,
the specimen was subjected to 42 cycles.

In the finite element analysis, the specimen is subjected to
only five cycles of quasi- static displacement input, in the interest of
computational cos ts. The displacement amplitudes for the five cycles
are (in inches): 0.05, 0.05, O. 10, O. 1225, and 0.1225. It should be
noted that it is not the intent of this analysis to predict the system
response corresponding to each experimental cycle. Instead, the
objective here is to predict the failure envelope of the specimen under
cyclic loading.

The analytical and a few selected experimental force
deflection curves for the reinforced specimen under cyclic loading
are shown in Fig. 1 L And, the corr~sponding failure envelopes are
shown in Fig. 12. Both stiffness and strength degradation are evident.
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Overall there is a good correlation between the analytical and experi
mental results in spite of the fact that the analytical results do not
include dynamic effects.

Figs. 13a through 13d depict selected deformed shapes of
the specimen, including the cracking pattern. It is evident from these
figures that the analytical model correctly predicts the dominant
diagonal cracks.

SUMMARY

This paper repres ents the first attempt to develop a finite
element micro-model of reinforced concrete masonry, and to synthe
size the behavior of complex structural elements from the basic con
stituent properties. It appears that the complex behavior of concrete
masonry assemblages such as shear walls and piers under both mono
tonic and cyclic loading in the nonlinear regime of material response
can be rationally predicted from the basic component data.
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APPENDIX II. - NOTATION

The following symbols are used in this paper:

principal stresses;
principal strains;
octahedral shear stress, strain, respectively;
global coordinate system;
principal stress coordinate system;
reinforcement area ratios in x and y directions,
respecti vely;
time, time interval, respectively;
allowable shear and tensile strengths of an interface,
respectively;
cohesion, coeffecient of friction, respectively;
coefficients of nonlinear cohesion law;
coefficients of nonlinear coefficient of friction law;
tangential and normal stresses at an interface,
respectively;
Young's modulus;
shear modulus;
reduction factor for shear modulus of a cracked
element;
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lJ =
f3 =

f' =m
f =rnf I =mt

E: p =

(,' =
f y =

fj. =
F =
0 =

(t:,u} =
(da} =
(d~} =
(a} =

CD] =
[T] =
[K] =
'"[E} =

[R} =

Poisson's ratio;
direction of major principal stress in masonry;
ultimate strength of masonry in comp res s ion;
reduced strength of masonry in compression;
tensile strength of masonl'y;
complete collaps e s train of masonry in uniaxial
compression;
octahedral shear strain at yield;
yield strength of reinforcement;
horizontal displacement;
horizontal force correcponding to fj.;

horizontal displacement of top lefthand corner of
masonry shear wall;
incremental displacement vector;
incremental stress vector;
incremental strain vector;
total stress vector;
matrix of linear coefficients;
transformation matrix;
effective stiffness matrix;
effective load vector;
internal resisting force vector;

Superscripts

c, s = concrete masonry, steel, respectively.
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THE FLEXURAL BEHAVIOUR OF BRICKWORK

By Lawrence, S.J.

ABSTRACT: Current masonry research in Australia centres around the im
provement of methods for the design of non-loadbearing wall panels
subject to wind loading without resort to the use of steel reinforcement.
Many engineers believe that brickwork has greater potential tensile
strength than codes and regulations permit. The current Australian
Brickwork Code allows tensile design stresses of 0.07 MFa across the bed
joints and 0.14 MFa parallel to them. A number of investigations in
recent years have been aimed at measuring the flexural properties of
brickwork in order to derive basic data for the design of wall panels and
to provide an understanding of the way in which brickwork resists flexure.

Data are presented on the strength of brickwork when subjected to bending
moments about axes parallel to and normal to the bed joints, and a rela
tionship between these orthogonal strengths is derived. Similarly, data
are presented and a relationship investigated for flexural stiffnesses in
these two orthogonal directions.

Stretcher-bonded brickwork resists bending about an axis normal to the
bed joints by a complex mechanism which involves a highly non-uniform
distribution of stress between bricks and mortar. Investigations into
this stress distribution are described and it is shown how changes in the
pattern, caused by partial cracking of joints within the brickwork panel,
produce changes in the flexural stiffness with increased bending moment.

The effect of stochastic variation in brickwork properties on the mea
sured strengths of beam specimens is discussed and illustrated.
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THE FLEXURAL BEHAVIOUR OF BRICI0JORK

By Stephen J. Lawrence 1

INTRODUCTION

The most troublesome area for masonry designers in Australia today is
the wind load resistance of infill panels in framed buildings or of upper
storeys in loadbearing construction. The basic design parameter for
these cases is the brickwork strength in flexure and this is determined by
the tensile strength of bond between brick and mortar. Although there is
a long history of investigations into bond strength and the influences of
many factors have been identified, data on strengths in flexure are
lacking and there are no suitable standardised test procedures for mea
suring this property. In addition, there is not yet sufficient under
standing of the way in which test results from small specimens might
relate to full-size structural panels.

In the absence of suitable data the Australian Brickwork Code (5)2, in
common with other masonry codes throughout the world, specifies very low
permissible tensile stresses. The result is extreme conservatism in
most cases. Allowable tensile stresses in Australia are 0.07 MPa across
the bed joints and 0.14 MPa in the direction parallel to them.

The Experimental Building Station in Sydney is conducting a long-term
project on the lateral load resistance of masonry walls and early efforts
have been directed towards standardising test procedures for measuring
flexural strength and stiffness and expanding the available collection of
data on these properties. Not only are the magnitudes of strength and
stiffness important but also the way in which these properties vary with
orientation. The directions normal to and parallel to the bed joints are
of prime importance. The degree of anisotropy determines the controlling
factors for initial cracking and ultimate failure and should be taken into
account in any realistic theoretical analysis of wall panels.

Early results showed an unusual form of load-deflection
for brickwork bent about an axis normal to the bed joints.
vestigation has revealed that this non-linear behaviour can
to partial cracking; the effects on a full-size wall panel
investigated.

relationship
Further in

be attributed
are being

Effort is also being devoted to investigating the form of stochastic
variation in brickwork flexural properties and the effects of this varia
tion on the performance of structural elements.

lEngineer, Experimental Building Station, Sydney, Australia.

2Numerals in parentheses refer to corresponding items in the Appendix
I - References.
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TEST SPECIMENS

The requirements for a method of test are that it give a measure of
both strength and stiffness and that it provide well controlled conditions
which represent as closely as possible the conditions in a wall panel sub
jected to out-of-plane loading. In addition the specimen must not be too
heavy or difficult to handle because there is large variability in brick
work properties and therefore a reasonable number of replicates must be
tested. The most suitable specimen to satisfy these requirements is a
section of brickwork tested as a simple beam with stiffness calculated
from measurements of central deflection.

Apart from specimen size, self-weight is the only factor which dis
tinguishes the behaviour of brickwork in a wall panel from that in a simple
specimen tested in the horizontal plane. Simply testing the beam specimen
in a vertical orientation, with loads applied horizontally, would not ade
quately reproduce the effects of self-weight as each beam would then only
represent the top few courses in a wall. Since every bed joint in a wall
is subjected to a different precompression due to self-weight, beams would
have to be tested under various degrees of precompression to provide the
necessary data to allow for this factor. This amount of testing is not
feasible on the scale required so tests are being conducted without any
compensation for the lack of self-weight on the bed joints. It is
believed that once the mechanism of flexure is understood, the effect of
self-weight can be allowed for theoretically.

Experience of simple beam tests on stretcher-bonded brickwork panels
has shown that when the axis of bending is normal to the bed joints, with
'average' bond strength the failure will be on a straight line through
bricks and perpend joints. Only in cases of very weak bond (or poorly
controlled testing conditions) will 'stepped' failures involving only
mortar joints arise. Similarly, experience of full-scale wall tests has
shown that where the preferred crack orientation is vertical, the crack
will run through bricks as well as perpend joints, rather than following a
toothed line through bed and perpend joints. In other words the simple
beam test correctly reproduces the failure mode occurring in a wall panel
and so satisfies all the requirements for a test method.

For the determination of flexural properties where the axis of bend
ing is normal to the bed joints, stretcher-bonded panels with at least
three or four courses are necessary so that construction techniques can
represent those used in full-size walls. Three-course panels are unsatis
factory because the properties vary markedly along the span of the beam.
With these specimens, on any potential failure line there are .two bricks
and one perpend, and half a brick away on each side there are potential
failure lines with two perpends and one brick. A panel four courses high
does not have this problem and has therefore been chosen for this work.

Three different configurations of four-course panel have been ex
amined and a full discussion of the results was presented previously (3).
The smallest panel was three bricks long and was tested under a single
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line load applied at mid-span. The problems with this arrangement are
that high shear is combined with maximum bending moment at the centre of
the span and that the load is applied directly over a potential failure
line. An alternative which overcomes the second problem is a panel three
and one half bricks long, with a central line load applied mid-way between
two potential failure lines. However, there is still a triangular bend
ing moment distribution with high shear and bending moment superimposed.
The third alternative considered was a panel four bricks long with two
line loads applied at approximately the third-points. In this configura
tion the loads span three potential failure lines, subjecting them to
very nearly identical conditions of bending moment and zero shear force.
Failure almost invariably occurs on one of these three lines. From early
experiments with the three alternative configurations it was found that
the failure stress obtained using a two-point load differed significantly
from that obtained using a single load. The four-course by four-brick
long panel with a two-point loading has been standardised for determina
tion of flexural properties about an axis normal to the bed joint and
since it estimates the properties of a horizontal strip taken from a wall
panel it is referred to throughout this paper as a horizontal beam.

The type of specimen for the determination of bending resistance
about an axis parallel to the bed joints is specified in the Australian
Brickwork Code (5) as a nine-brick-high stack-bonded pier, but the loading
conditions are not well defined. For laboratory investigations a pair
of line loads at approximately the quarter-points have been used. This
loading configuration subjects four joints to very nearly identical con
ditions of bending moment and zero shear force and therefore the probabil
ity of failure of each of these four joints should be determined only by
their relative strengths. The nine-high stack-bonded pier tested under
a two-point loading is referred to throughout this paper as a bond pier.

Sufficient tests have now been carried out with these simple beam
specimens to allow the relationships between horizontal and vertical
strengths and between horizontal and vertical stiffnesses to be
investigated.

FAILURE STRESSES

Brickwork is well known to be anisotropic in its properties and most
codes imply a ratio of two between horizontal and vertical tensile
strengths. Hendry (1) reported ratios of orthogonal strengths up to
seven, and early testing at EBS (3) gave values between three and four.
It is important to know the range of strength ratio which occurs in prac
tice so that analytical methods can take the anisotropy into account. In
addition, if a relationship between vertical and horizontal flexural
strengths can be established, a simple one-way bending test such as the
nine-high bond pier will provide all the necessary data on the flexural
strength of brickwork in a particular situation. A simple test such as
this can be easily carried out on site without the need for any sophis
ticated testing apparatus.



20-5

An early attempt (2) at finding a relationship between the strengths
in orthogonal directions considered data from Australia and the United
Kingdom and included results from tests with various configurations of
specimen and load application. Despite the wide variety of sources, the
relationship was very strong and took the form

f H 2.17!f;(MFa) •••••••••••••••••••••••• (1)

With the availability of a greater body of data obtained under
uniform conditions, a better estimate of the strength relationship can be
made. It must be emphasised that this relationship only applies to the
flexural strengths of small specimens tested in the manner described in
the previous section, and that the way in which these strength results
are applied to a wall panel will involve other considerations. Twenty
one data points were considered, each the mean of a sample of specimens.
Sample sizes ranged from six to twelve with the majority being about nine.
The data values are given in Appendix III Table Al. A regression
analysis of these data gave a relationship of the same form as equation 1
with an exponent of f V close to 0.5. For the sake of convenience the

square-root relationship was used and a least-squares analysis, weighted
according to the number in each sample, gave the following expression

f H 1.75 Jf; (MFa) •••••••••••••••••••••••• (2)

The correlation coefficient was 0.89 and the data are shown with the re
gression line in Figure 1. The square-root relationship is a very simple
one and it is recommended that it be used whenever an estimate of hori
zontal flexural strength or orthogonal strength ratio is required from a
knowledge of the vertical flexural strength.

FLEXURAL MODULUS OF ELASTICITY

Very few data have ever been published on the flexural stiffnesses
of brickwork about axes normal to and parallel to the bed joints. Sahlin (4)
presents some results which show a range of modulus of elasticity from
10 000 MFa to 30 000 MFa and he also refers to results showing a higher
modulus of elasticity horizontally than vertically. These data only refer
to specific cases and do not provide any general guidance.

Deflections of brickwork horizontal beams are only about 0.3 mm before
failure and those for bond piers are less than 0.1 mm; consequently the
measurement of these deflections with sufficient accuracy requires sensitive
instruments and careful control. Suitable measuring techniques have been
developed at EBS and deflections are measured on every beam tested. Two
LVDT-type displacement transducers are mounted on a light frame which rests
over the beam supports so that the vertical deflection of each side of the
beam relative to the supports is measured at centre span. This arrange
ment provides automatic compensation for any support movement or twisting
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effect and the electrical average of the two transducer outputs is used to
plot a load-deflection graph directly. From the slope of the load
deflection graph at any point an equivalent flexural modulus of elasticity
can be calculated using simple beam theory.

Load-deflection graphs for bond piers are linear to failure, in
dicating elastic brittle behaviour. On the other hand the load-deflection
graphs for horizontal beams usually exhibit a marked change of slope at
about thirty to fifty per cent of the ultimate load. Figure 2 shows a
typical load-deflection graph for a horizontal beam. The portions of
the graph before and after the change of slope are approximately linear
and a modulus of elasticity has been calculated for each portion. Evi
dence is presented in the next section to support the hypothesis that
this change in slope corresponds to the cracking of a perpend joint.

The relationship between horizontal and vertical moduli of elasti
city must be known so that anisotropy can be considered in prediction of
the elastic behaviour. If the stiffnesses are nearly the same a standard
isotropic plate analysis would be sufficient but a significant anisotropy
in stiffness would modify the distribution of bending stresses to such an
extent that it would have to be considered in analysis. Consideration of
available stiffness data has shown a relationship between horizontal and
vertical moduli of elasticity as follows

= 2280 + 0.62 EV (MFa)

Nineteen data points were included, each the mean of at least six specimens,
and the correlation coefficient was 0.96. The data values are given in
Appendix III Table A2. The alternative exponential relationship shown in
equation 4 also gave a correlation coefficient of 0.96 and passes through
the origin.

E
H

9.73 E
V

0.74 (MFa) ••••••••••••••••••• (4)

This is proposed as the most useful form of relationship and is shown in
Figure 3 with the data points. Note that in all but a few cases of low
elasticity the vertical stiffness is greater than the horizontal stiffness.

The relationship between moduli of elasticity before and after
cracking in the horizontal beam has also been investigated. In this case
the values were correlated for the 150 individual specimens and the line
of best fit was found to pass very close to the origin. In order to
simplify the relationship as much as possible a line was constrained to
pass through the origin, resulting in the relationship given in equation 5
with a correlation coefficient of 0.84.

E H2 = (MFa) •••••••••••••••••••• (5)

Figure 4 shows the 150 data points plotted with this relationship. The
significance of this relationship is that the well-defined change of slope
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in the load-deflection graph must represent a definite change in the
physical behaviour of the panel. The cause of this change of slope,
rather than being random, is likely to be the same in every panel. Fu
ture analyses of the mechanism of bending are expected to confirm that
this change is the result of cracking in perpend joints; some evidence
for this is presented in the next section.

THE DISTRIBUTION OF STRAINS IN STRETCHER-BONDED BRICKWORK

The first stage in investigating the mechanism of bending in
stretcher-bonded brickwork has been the measurement of the distribution of
strains in a brick forming part of a horizontal beam. Brickwork consists
of relatively large, stiff, brittle bricks set in a relatively thin, soft
mortar matrix. It could therefore be expected that the bricks would have
high bending stresses near the centre of their length and that these
stresses would diminish towards the ends as shear on the bed joints caused
transference to the brick on each side. Figure 5 shows how this load
transfer would take place.

In order to verify the proposed distribution of stresses, resistance
strain gauges were placed in nine positions on a brick as shown in Figure
6. The brick was located near the centre of a horizontal beam which was
loaded in the standard manner and sUbjected to load cycles as follows:

1. Loading to 7.2 kN which was estimated to be just below the failure
load. The strain gauges were on the top surface of the panel.

2. Loading to 6.7 kN with the gauges on the bottom surface of the
panel.

3. Repeat of 2.

4. Loading to failure at 8.1 kN with the gauges on the top surface of
the panel.

The three gauges at each transverse cross-section of the brick gave
quite uniform readings and were averaged. The two average end readings
were similar but, as expected,they were significantly lower than the ave
rage reading at the centre of the brick. Figure 7 shows the ratio between
centre reading and average end reading plotted against load for each of
the four load cycles. On the first loading the ratio remained uniform at
just below 1.5 as the load was increased. The same is true of the second
load cycle until a load of 5 kN was reached, at which stage the end strains
dropped and the centre strain increased markedly. This change is con
strued to have arisen from cracking in the perpend joints at the ends of
the brick. After this cracking the ratio of centre to end strain rose
above five, and on reloading (load cycle 3) the ratio remained higher than
initially at about 2.8, showing that a permanent change in physical be
haviour had taken place. In the fourth load cycle, after the panel was
inverted again, the ratio reverted to about 1.5, as the cracks were on the
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compressio~ face of the panel. No change in ratio was observed in this
load cycle, presumably because once cracks formed they completed failure
through the full thickness of the panel and sudden collapse followed.

The measurements described above have demonstrated how the strain
varies within a single brick and have shown how minor cracking can modify
this strain distribution. It is proposed to take measurements of strain
across mortar joints and to build up a model of the behaviour of bricks
and mortar in a horizontal beam. Using the distribution of stress be
tween bricks and perpend joints on a potential failure line it is proposed
to perform a Monte Carlo analysis of the failure of horizontal beams.
Such an analysis could be used to investigate the causes of failure, the
effect of various statistical distributions of brick and mortar strength,
and the effect of various fracture theories (elastic brittle, plastic,
partially plastic etc.) on the statistical distribution of horizontal beam
strengths. A greater understanding will thereby be gained of the be
haviour of stretcher-bonded brickwork in horizontal bending.

STOCHASTIC EFFECTS IN BRICKWORK BEAMS

In these investigations of brickwork flexural properties the quanti
ties of interest apply to individual joints or failure lines. Whenever a
bond pier or horizontal beam is tested there is a sample of joints or
failure lines and only one of these causes failure of the beam. Statis
tically, the problem is an extreme value one as the cause of failure is
the joint or failure line with the lowest ratio of strength to applied
bending stress. Corrections should be applied to obtain parameters for
joint strength from the measured mean and variance of beam strength. Fur
ther corrections are required to determine the strengths of wall panels
since another sampling process is involved. In the case of wall panels
it is likely that averaging will take place and reduce the variability be
low the level of variability in individual joints.

For the case of bond piers the necessary statistical corrections
have been known for some years and were discussed at length by Tucker (6).
Bond piers are obviously a "weakest-link" problem with links in series
and Tucker has considered the effects of various forms of loading on the
measured strengths in such cases.

For stretcher-bonded panels the problem is morec,omplex and the
author is undertaking a Monte Carlo analysis as mentioned in the last sec
tion. This analysis will provide the necessary factors to correct beam
results to the mean and variance of individual failure line strengths. Fu
ture work will show how these failure line strengths can be used to pre
dict wall panel behaviour.

When considering the statistical distributions of individual proper
ties such as brick transverse strength and perpend strength it may not be
safe to assume the normal distribution. Some evidence has been found
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that for brick compressive strength and bond strength in tension the vari
ance increases in proportion to the mean squared. Large numbers of spe
cimens were considered in that analysis and when further data are avail
able the same analysis will be performed for brick transverse strength.
If such a relationship exists between sample mean and variance the indi
cations are that the parent distribution is logarithmic normal. The
effect this may have on the distribution of panel strengths is unknown
but can be determined by the Monte Carlo analysis referred to previously.

SUMMARY

The flexural strength and modulus of elasticity of brickwork must
be known in two orthogonal directions : normal to and parallel to the bed
joints. Investigations have shown that the best specimens for measuring
these properties are a nine-brick-high stack-bonded pier and a four-course
by four-brick-long stretcher-bonded panel, each loaded as a simple beam
with two line loads.

Data from a large number of small beam specimens have been presented
and it was shown that the relationship:

f
H

l.75Jf; (MFa) ••••••••••••••••••••••• (2)

allows the horizontal flexural strength to be determined from the vertical
flexural strength with sufficient accuracy for design purposes.

Data on flexural moduli of elasticity in the two orthogonal direc
tions have been presented and the relationship:

= a 74 ( )9.73 E
V

• MPa ••••••••••••••••••• (4)

has been proposed for estimating E
H

from

It has been shown that the load-deflection relationship for stretcher
bonded panels is bi-linear, with a distinct change of stiffness probably
corresponding to cracking of perpend joints within the panel. The change
in stiffness is such that the modulus of elasticity after cracking can be
estimated from the modulus of elasticity before cracking by the relationship:

= (5)

It has been shown that an individual brick in a stretcher-bonded panel
carries greater stress at the centre of its length than towards the ends,
and that this stress is transferred to adjacent bricks by shear on the bed
joints. Future tests will investigate the shear behaviour of a bed joint
with a view to building up a model of the mechanism of action of a stretcher
bonded panel in simple bending.
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Stochastic effects in brickwork beams have been discussed and the
weakest-link theory is proposed for considering vertical bending. A
Monte-Carlo simulation is to be carried out for horizontal bending to in
vestigate the effects of different fracture theories on the statistical
distribution of strength. It is suggested that the statistical distri
bution of basic properties such as brick strength may be logarithmic
normal and that the effects this may have on beam strength should be
investigated.
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APPENDIX II - NOTATION

initial modulus of elasticity of brickwork in the horizontal direc
tion, i.e. when bent about an axis normal to the bed joints.

modulus of elasticity of brickwork in the horizontal direction after
cracking.

modulus of elasticity of brickwork in the vertical direction, i.e.
when bent about an axis parallel to the bed joints.

failure stress for brickwork in horizontal bending, i.e. when bent
about an axis normal to the bed joints.

failure stress for brickwork in vertical bending, i.e. when bent
abou~ an axis parallel to the bed joints.



APPENDIX III - DATA

Table AI. HORIZONTAL AND VERTICAL FAILURE STRESSES (MFa)

f H Number in Sample f v Number in Sample

2.49 12 2.11 12
1.90 9 1.14 9
1.88 9 1.36 9
2.06 12 1.48 12
2.07 12 1.38 12
1.83 9 1.53 9
1.92 9 1.35 9
1.94 9 1.17 8
2.38 9 0.97 9
1.95 9 0.83 9
1.02 6 0.37 12
1.18 6 0.36 12
1.25 6 0.51 12
1.46 6 0.66 12
1.07 6 0.37 12
1.31 8 0.74 9
1.39 8 0.91 8
1.48 8 0.79 9
1.49 8 0.76 8
2.30 6 1.11 6
1.46 6 0.84 6

20-17
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Table A2. HORIZONTAL AND VERTICAL MODULI OF ELASTICITY (MFa)

EH1 Number in Sample EV Number in Sample

7636 12 9385 12
7343 9 7161 9
6949 11 6947 9
8642 12 9524 12
9115 12 9452 12
9335 9 10440 9
9112 9 10227 9
8456 9 10341 8

15737 9 21767 9
15893 9 20170 9

6410 18 9070 12
7170 18 6410 12
9850 18 16890 12

15400 18 20440 12
9020 18 10560 12
5687 8 6036 9
3650 8 3361 8
7251 6 8004 6
7118 6 9160 6
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DEPENDENCE OF MASONRY PROPER TIES
ON THE INTERACTION BETWEEN MASONRY
UNITS AND MORTAR

1By Sneck, T.,
Technical Research Centre of Finland, Espoo,

Finland

ABSTRACT: The application of the performance concept at the
level of materials is described as an analysis and matching of the ex
trinsic factors affecting a material in use with the properties of the ma
terial. Principles on the use of the concept in masonry construction are
outlined. Results of a Delphi-study are given and a Finnish masonry
standard is reviewed. The interaction between masonry units and mor
tars is the central point, and the removal of water from the mortar by
the suction of the masonry unit is the most important matter. Examples
are given on the importance of the interaction in investigations of mor
tar strength, effects of sand, moisture penetration, winter masonry and
the use of masonry cement.

lResearch Professor of Building Materials Technology,
Technical Research Center of Finland, SF-02ISO, Espoo 15, Finland.



2:1-2

DEPENDENCE OF MASONRY PROPERTIES
ON THE INTERA CTION BETWEEN MASONRY
UNITS AND MORTAR

IBy Tenho Sneck

INTRODUCTION

The conventional approach to masonry specification is to use
masonry units meeting specification requirements in combination with
a mortar of a specified composition. If a performance oriented ap
proach towards mortars and masonry is chosen, one has to start by de
fining the requirements and then to proceed by selecting or developing
a solution which gives the wanted service in the conditions of use. This
means that the construction has to perform under the action of the actu
al extrinsic factors, e. g., stresses and loadings in a broad sense. In
order to achieve this, the properties of the mortar have to be matched
to the properties of the masonry units, and the evaluation has to be
based upon the interaction between the mortar and the units.

THE PERFORMANCE CONCEPT

The performance concept starts from a consideration of human
requirements and makes it possible to describe a solution freely, with
out binding it to any specific components, materials, etc. The defini
tion by Eberhard and Wright [2] state s:

"The performance concept is an organized procedure or frame
work within which it is possible to state the desired attributes of a ma
terial, component or system in order to fulfil the requirements of the
intended user without regard to the specific means to be employed in
achieving the re sults. II

It has not always been clear how to apply the performance think
ing on the level of materials.

IResearch Professor of Building Materials Technology,
Technical Research Center of Finland, SF-02ISO, Espoo 15, Finland.
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For this reason, the perforITlance of ITlaterials, perforITlance criteria
and perforITlance tests have been defined by the RILEM technical COITl
ITlittee 3l-PCM, PerforITlance criteria for building ITlaterials, in follow
ing terITls:

"For a defined requireITlent, the perforITlance of a ITlaterial is
its re sponse to the action of extrinsic factor s. The nature of the re
sponse is due to the intrinsic properties of the ITlaterial. II

"The perforITlance criterion is the definition of the liITliting val
ue or value range which satisfies the requireITlent for a given lifetiITle. "

IIA perforITlance test aiITls to the prediction of the perforITlance
of a ITlaterial as a part of a building eleITlent. A test has to be chosen
where the re sponse of the ITlaterial to the action of the appropriate ex
trinsic factor or factors is illustrated and inforITlation concerning the
intrinsic properties of the ITlaterial needed to satisfy this action is col
lected. "

In this way we try to design and operate a systeITl which would
not froITl the beginning restrict innovation, in fact, ITlany hope that the
perforITlance concept would becOITle an "invitation to innovation. "

The systeITl is operated at different levels of building, as build
ings, building eleITlents, cOITlpounds, ITlaterial cOITlbinations, ITlaterials,
etc. The properties or attributes describing the solution are chosen by
starting with an analysis of the different hUITlan and technical extrinsic
factors as the extrinsic factors fix the requireITlents to be fulfilled and
the intrinsic factor s fix the solution at a particular level. It is iITlpor
tant to keep in ITlind that the solution at a lower level has to be consist
ent to the properties (and requireITlents) put up on a higher level.
Different systeITls for the listing of the extrinsic factors exist. Below
an exaITlple is given.

Extrinsic factor s :

HUITlan factors, as physiological and sociological.

EnvironITlental (technical) factors, as the expected be
haviour under the influence of loads and forces, fire,
gases, water, solids; biological, therITlal, optical and
acoustic factors; electricity, energy, tiITle, etc.

The perforITlance concept ITlay be principally seen as a design aid.
In order to get a satisfactory final solution, it has to be applied at differ
ent stages of the building process. Design, ITlanufacture, storage,
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transport, erection, operation, rrlaintenance, repair, replacerrlent and
derrlolition can be considered in this connection.

In its "pure" state, the perforrrlance concept operates in COrrl
plete dependence on hUrrlan requirerrlents. Very often national and COrrl
rrlunity needs and goals are likely to be deciding and a restrictive sub
systerrl is then operating, and the perforrrlance concept forrrls a part of
a systerrls approach [7].

MASONR Y CONSTRUCT ION

In rrlasonry construction the airrl is to build of rrlasonry units and
rrlortars a construction that has to withstand the effects of rrlany factors
frorrl the inside and the outside of the building. Requirerrlents upon its
appearance are set up but rrlany of the technical requirerrlents are of
great importance. The construction rrlust resist different types of loads
and forces, it rrlust withstand effects frOrrl the clirrlate and rrlany actions
caused by the use of the building. It rrlust be loadbearing, it has to pos
sess a certain strength, it rrlust resist the penetration of rain, be weath
er and frost resistant, fire-proof, acoustically insulating, etc.

The most difficult matter within the concept is the predictive
evaluation of the performance. Any kind of tests can be made to a build
ing, a building element, a product, etc. According to the results of a
Delphi-study [8] perforrrled within the RILEM COrrlrrlittee on "Perforrrl
ances of mortars and renderings", the most irrlportant level for the
evaluation is "product cOrrlbination", e. g. , the interaction between mor
tars and masonry units. In the Delphi-study it wa!:l stated that the per
formance evaluation of rrlasonry rrlortars may be based upon research
per£orrrled at different levels of building. The answers were nUrrlbered
froIn 7 to 1 with 7 =the rnost iInportant and 1 = the least important lev
el. The results are given in Table 1.

1. 0 Building
2. 0 Part of building
4. 0 Building elerrlent (wall)
6. 8 Product combination (rrlasonry unit/mortar interaction
5.8 Product (masonry unit, rrlortar)
4.5 Material (cerrlent, lirrle, sand, adrrlixtures)
3. 7 Internal structure (cherrlical composition, pore prop-

erties, cohe sion)

Table 1. Results of the Delphi-study
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The results of the Delphi - study were accepted as the basis for
the work of the RILEM-committee working with Mr. V. Saretok from
Sweden as chairman. Several recommendations for testing methods will
appear during 1978.

After a work for several years a Finnish standard for masonry
structures [6] was introduced in 1972. The task of the masonry mor
tar is to bind the masonry units together in order to form a firm and
durable structure meeting different technical, aesthetic and economic
requirements.

According to research and a very long practical experience, the
masonry requirements can in general be reached when mortars and ma
sonry units meeting specification requirements are used. For conven
tional use, certain lime, lime -cement and cement mortars are listed
in the "conventional" part of the standard. These mortars can be used
together with specified masonry units, and the standard lists the allowed
stresses for such combinations.

The performance oriented part of the standard is built around the
philosophy stated above that the properties of the mortar have to be
matched to the properties of the masonry units, and the evaluation has
to be based upon the interaction between the mortar and the masonry unit.

The standard is mainly a norm on loads and stresses but it gives
outlines for the application of the performance approach. This is most
outstanding in the part describing masonry mortars. This is very much
due to the work made within the Scandinavian Mortar Committee [1].

The standard makes it possible to develop and accept new mason
ry unit/mortar combinations where the allowable stresses of the stand
ard could be used or even higher stresses could be applied. In every
case it is neces sary to make tests in order to present them for authori
zation to the permanent committee of masonry constructions.

The aim of the standard is to give practical directives for the
selection, preparation and use of mortars in central mixing facilities
and at building sites. The performance-oriented part of the standard
was believed to promote development and innovations. This assumption
has been proved to be correct but there would be great possibilities to
go much further if a very R&D intensive approach would be chosen by
the industries concerned.
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PRINCIPLES OF INTERACTION

The suction of masonry units is the most important extrinsic fac
tor affecting the fresh mortar,and, consequently, the properties of the
hardened mortar and the properties of the combination. Water removal
affect the mortar bed as a whole and the properties of the interface be
tween the masonry unit and the mortar. Shrinkage and swelling of the
mortar and the masonry unit due to moisture change and thermal move
ments also affect the quality of the joint.

When a masonry unit and the fresh mortar get into contact with
each other, the suction varies dependent upon many factors connected
both with the unit and the mortar. In some cases no water may be re
moved from the mortar, the other extreme being that almost all water
is absorbed by the masonry unit. Strength and porosity of the mortar,
bond, watertightness, etc. are among the properties which are depend
ent upon the suction. For instance, the strength of the mortar is not
dependent upon its initial water content but on the water pre sent after
suction. This means that the suction is the deciding factor as far as the
binder-water-ratio in the mortar is considered. The general rule is the
same as for the water -cement-ratio in concrete: too much water results
in a weak and porous mortar, if too much water is removed, the cement
does not harden. The optimal conditions are, of course, to be found
somewhere between these extremes.

The suction varies dependent upon the water absorption of the
unit, the rate of absorption and the capillary suction force. The water
absorption of the masonry unit gives a figure on how much water the unit
is capable of removing from the mortar, the rate tells, generally, how
rapidly the water is removed. The capillary suction force may become
important in cases where the masonry unit consists of a material with
very fine pores. This is the case with many sand-lime units. The fine
pores exert a strong suction for a long time. This is quite different
from the properties of clay bricks.

The amount of water absorbed from a mortar bed by a masonry
unit may be qui te different than from a free water surface. The initial
rate of absorption (IRA) determined in this way cannot always be ac
cepted as a reliable property describing the real suction.

The suction is reduced by the water absorbed by the masonry
unit. A water gradient may be formed in the mortar. Soluble sub
stances are transported with the water into the unit.



21-7

The suction exerted by the bottom masonry unit on the lower part
of the mortar bed may result in the stiffening of the mortar. In that
case the upper masonry unit will get into contact with a different kind of
mortar than the bottom unit, and the properties of the interfaces may
become quite different.

If the mortar hardens partly before the water is removed, the ef
fects are different from the situation where the water is rapidly absorbed
by the masonry unit. As the mortar already has a structure, it is not
any more a plastic body, the transfer of water results in volume changes.
Later, the fine pore structure of a hardened cement mortar may revert
the water flow, and water may return from the masonry unit to the mor
tar if the pore structure of the masonry unit is coarser.

From thermodynamic points of view a good adhesion is impossi
ble if the adhesive does not wet its substrate. This means that the adhe
sive has to get into a very good and even contact with its substrate. In
the case of a substrate like a porous masonry unit the process of wetting
becomes rather complicated. From one side, the properties of the mor
tar are altered by the suction. From the other side, the properties of
the mortar change with the time of working.

Own preliminary tests on the instant adhesion of different mason
ry units to fresh mortars have shown that there are indications for rup
ture by adhesion in some cases and by cohesion in others. It also seems
to be evident that the time of applying the mortar after its preparation
is of vital importance. Indications by short-time tests on adhesion
would be of interest for product development.

Interesting studies on the mortar layer in close contact with the
masonry unit have been made and the formation of a layer of ettringite
at the surface of bricks has been proved [3]. The ettringite forms
some kind of bridge between the brick and the hydrated tricalsiumsili
cate. The authors seem to believe that the size of the ettringite crys
tals as seen in contrast to the pores in the brick have an influence on
the bond. The crystals cannot enter in pores smaller than themselves.

In the manufacture of prefabricated masonry panels it is quite
possible to use methods which are very different from ordinary methods.
The possibilities to adopt special mortars are interesting. Also, the
consistency of the fre sh mortar can often be of such a nature that the
mortar could never be used at an ordinary building site.
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EXAMPLES ON THE EFFECTS OF INTERACTION

It is quite obvious that the most important matter is the develop
ment of a proper interaction between the mortar and the masonry unit.
The scope of the rest of this paper is to give some examples.

Strength of mortar. --Three lime-cement mortars were tested in
combination with two types of sand-lime bricks. The tensile strength of
the mortar hardened between the masonry units was tested with the
splitting method. The strength of the three mortars was clearly higher
between one type of bricks. The ratios were 1. 7, 2.0 and 2. O. A
strength difference of this order must influence the strength of masonry.

Effect of sand. - -Standards for masonry construction often give
recommendations concerning the corn size distribution of the masonry
sand. Often a test with standard prisms or other specimens is accepted
as a quality test of the mortar.

A lime cement mortar was prepared by three sands:

C =
S =
F =

high content of coarse fraction
standard sand
high content of fine fraction

The bending and compressive strengths of standard mortar
pri sms were determined. Small columns were loaded to rupture. The
columns were made by cutting bricks into two halves. Five such halves
were built into a small panel. The bond of the mortars to the bricks
was also measured. Clay bricks with an initial rate of absorption of 3
to 4 kg/m2min were used. The results are quite striking (Table 2).

Test
Coarse

Sand type of lime -cement mortar
Standard Fine

Prism strength
Bending
Compre s sive

Bond

Small columns

Second
Best

About equal
bond strengths

Clearly
inferior

Best
Second

Slightly inferior
to Ilfine 'l

Clearly inferior
Clearly inferior

Clearly best

Best

Table 2. Effect of sand on strength of standard prisms, bond and com
pressive strength of small columns at rupture.
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As the suction in the preparation of the standard prisms is rath
er low, the water content of the mortar remains high as the amount of
water in a mortar made with fine sand is necessarily high from the be
ginning. A low prism strength is the result. The interaction with the
masonry units results in the best bond and in the test with small col
umns in about the same strength as with the standard sand.

In the conventional way, the fine sand mortar would have been
rejected after the prism tests.

Moisture penetration. - -For long times there has been evidence
on the importance of bond for the resistance of masonry to moisture pen
etration. As one example, the work by Ritchie and Davison may be
quoted [5]. They conclude that leakage more usually occurs through
channels at the brick-mortar interface. The extent of bond is critical
and depends largely on the condition of the upper surface of the mortar
bed when a brick is laid in it.

West et al. [11] have recently determined the effect of bricks
with varying suction rates on the permeability of mortars cast between
the bricks. The small mortar slabs were compared by measuring the
capillary rise of water. The results tend to show that clay bricks with
a very low or high suction rate gave mortars with a high porosity.
There seems to be an optimum suction rate for unmodified mortars.
With admixtures the results were changed.

Winter masonry. -- Winter masonry forms a special example on
the effects of the water content of the mortar during hardening. The
pos sible damage due to the low temperature depends upon the amount of
water in the mortar at freezing. In the investigations within the
Scandinavian Mortar Committee [9] on winter masonry construction,
tests of mortars, bond and the strength of small and large columns have
been performed. The results show that damage in winter masonry can
be avoided if at the time of freezing

the water content of the mortar has been lowered enough
by the suction of bricks, or

the mortar has prehardened enough before freezing, or

the mortar freezes immediately, e. g., as long as it is
structureles s.

In the first alternative a percentage of 6 %is given as a limit.
The last alternative is not generally recommended as it might increase
the compres sibility of the masonry at the time of thawing.
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It is very interesting that large columns loaded after freezing
generally showed greater strength than did unfrozen columns of the same
age. In some cases, their compression at rupture was higher.

In the Finnish standard [6 J the three alternatives mentioned
above are given. They are shortly summarized in [10 J where also was
stated that problems have arosen in connection with testing and approval
of masonry unit/mortar combinations for winter masonry. Also certain
matters concerning the design of the construction and the working opera
tions must be clarified. The main obstacles are found with sand-lime
bricks with a high water absorption capacity but with a slow rate of ab
sorption, and with very frost resistant, hard burnt clay bricks with a
very low water absorption.

A Scandinavian project group is active in this field with the objec
tive of studying the problems. Some experimental work is done but the
main activities are concentrated on writing instructions for the practice.

Masonry cement mortars. --Over a decade ago, there arose a
new way of thinking which preferred a mortar where lime was "substi
tuted" by an air entraining agent. It was thought that the single effect of
the lime was to make the cement more workable. Thus, cement mor
tars with an air entraining agent were introduced instead of lime-cement
mortars. It was believed that there was a possibility to have new mor
tars which would be equal to the different lime-cement mortars. This
could be a<;:hieved by having different amounts of sand in the mix.

This was confirmed by testing mortar prisms with standard
methods. One could obtain mortars with the same strength of both types.
However, in all tests performed with masonry, the results did not follow
this pattern.

Finnish masonry cements are mixtures of finely ground portland
cement, fine limestone and admixtures, mainly with the air entraining
effect. A system was developed where the old classes of standardized
lime-cement mortars could be obtained by changing the ratio of mason
ry cement and sand. The results of tests with masonry panels did, how
ever, show that the compressive strength and the modulus of elasticity
were just about independent of the composition of masonry mortars from
M 100/600 to M 100/SOO. (M 100/600 = 100 kg masonry cement and
600 kg sand).

The explanation was found in the interaction between the mason
ry unit and the mortar [4 J. In bond test with bricks with an IRA var
ying from 1. 5 to 1.9 kg/m2min, the bond strength was increasing with
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leaner mortars. The bond strength of M 100/800 was about twice that
of M 100/500. The strength of prisms made of the mortars very clearly
increased with increasing amount of masonry cement. It may be possible
that the opposite effects on the mortar strength and the bond are the
explanation to the findings.

As a result, masonry constructions can be erected with own spe
cial rules concerning strength requirements, proportioning and mixing.
Very strict requirements on the composition of masonry cement mortars
are not necessary as the strength of the masonry does not depend on
small variations in the proportions. Masonry cement is today the most
used binder for masonry in Finland.

CONCLUSIONS

Examples are given on the possibility to develop masonry con
struction by studying the interaction between masonry units and mortars.
This principle could make significant results possible if it would be ap
plied more consequently than is happening today.
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STRAIN GRADIENT EFFECTS IN MASONRY

By Carl J. Turkstra and Gareth R. TI10mas
Dept. of Civil Engineering, McGill University

ABSTRACT

for hoth concrete block and clay brick masonry walls under
vcrtical loading, it has been no ted that apparent failure stress seems
to incrcase with load eccentricity. 111is "strain gradient effect" may
have important practical implications.

In this paper. the distribution of stresses under eccentric
load is considercd in detail. Vnriations in patterns of local stresses
in concrete block webs and throughout solid brick units are examined by
mcans of finite clement analysis. Combinations of these stresses with
an elementary linear failure surface suggests a rationale for the existence
of strain gradient effects. It is concluded that relatively large load
eccentricity may not reduce wall axial load capacity and hence may be
ignored in design.
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I NTIWDUCTI ON

A munber of experimental investigations indicate an apparent
anamoly in the behaviour of eccentrically loaded masonry walls. Specifically,
maximum compressive stress seems to increase with strain gradient. TIle effect
was apparently firs t identified explicitly by Yokel, Mathey, and Dikker (7)
in 1970 for concrete block walls. Similar effects for brick walls have since
been identified (1,6). No rational explanation for the observed behaviour
seems to have been given.

TIle purpose of this paper is to present the results of an investi
gation into possible reasons for the existence of the phenomenon. No attempt
is made to predict the numerical magnitude of effects in particular walls
which would require detailed experimental studies.

The present investigation involves an extension of the failure
criteria proposed by Hilsdorf (3) to nonuniform stress situations. As such,
the discussion is on a phenomenological level and seeks to explain the
general nature of wall behaviour. Such understanding can provide confidence
for the use of observed effects in design and can suggest likely response
in situations not studied experimentally.

EXISTENCE OF lHE EFFECT

Identification of strain-gradient effects came about through the
following reasoning process. Firstly, experimentally measured stress-strain
properties of masonry prisms in compression are nearly linear or at least
fairly brittle without large ductile strains before failure. Plane sections
seem to remain nearly plane as walls deform under loads appl ied at modera te
eccentrici ties to the centroidal plane of the wall.

TIlis pair of observations suggests that the capacity P under a load
applied at an eccentricity e on a short wall shoUld he related to the capacity
P under pure axial force by

o

P
--+

P
o

PeAt 1
2P. I =

o
(1)

where t, A and I are the thickness, net area and net moment of inertia of
the wall respectively. Eq [1] can be expected to apply up to the
eccentricity at which one edge of the wall is in tension. Assuming, as is
reasonable, that tensile capacity is zero, the limiting or kern eccentricity
ck is equal to 2I/tA. For a solid rectangle section e

k
= t/6.

IAssoc. Prof., Dept. of Civil Engrg., McGill Univ., Montreal, Que., Canada
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~Asst. Prof., Dept. of Civil Engrg., McGill Univ., Montreal, Que., Canada
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If behaviour is linear, failure at the kern eccentricity occurs
wi th an axial force P

k
= P/2 and moment r-\ = Po I/tA. The governing

in terac tio n equa ti on then can be wri tten

P
-+r

o

lvl

21',\.
1 [ 2]

To compare predictions based on Eqs. [1] or [2] to experimental
behaviour, the strength data for pin ended masonry wal1ettesgiven by
Fattal and Cattaneo (2) may be used. Data for brick \vallettes are given
in Table 1 and for concrete block wallettes in Table 2. 111ese sets of
results arc plotted in Figs. 1 and 2. Both indicate that elementary theory
underestimates capacity for eccentric load.

Eq. [2]
To consider increased capacity in the presence of a bending moment,
can be re\vri tten

[3]
P wI
Po + 2t'-1~

where a is a strain gradient effect factor. Calculoted values of a for
the concrete prism test resul ts are also shown in Tables I and 2. In this
case, a is given by

e P
k 0

a = [ 1]C p- [ 4]

One conclusion suggested by Dlese results is that small eccentricities can
be ignored in design.

Finally, shown in Fig. 3 are resul ts for brick wall tests taken
from Ref. (5) for walls which may be expected to show very small slenderness
effects Ul). In this case, three a1 terna te stress strain assumptions were
used with conventional equil ibrium analysis to develop the theoretical inter
action diagrams shown. 1110se resul ts suggest that observed strain gradient
effects are not due 'primarily to nonline1rity of stress-strain relationships.

It can be concluded that the elementary linear theory systematically
underestimates the capacity of eccentrically loaded short walls. Eccentricities
as large as one half of the kern eccentricity may not significantly reduce
load capacity. It must be noted, however, that even small eccentricities
can cause significant out-of-plane displacements, moment magnification (6,7)
and instability.

Bi\SIC Fi\ILURE t'-n;CIlJ\NIS~IS

To understand the nature of masonry wall behaviour, stresses at
points throughout the wall mus t be examined. Shown in Fig. 4 are conventional
i nfini tesimal cubes taken from i br ick masonry uni t and mortar joint under
a load r per unit length at an cccentricity c.
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As mentioned by Hilsdorf (3), the typical stress element taken
from a brick is subjected to compression in the direction of loading and
tension in the two transverse directions. A typical mortar stress element,
hOhTever, is under triaxial compressive stress. This combination of stresses
is caused by the difference between the mechanical properties of bricks and
mortar.

Shown in Fig. 5 is a simple hypothetical two dimensional linear
failure surface for either brick or concrete. Points along the line represent
fai lure combinations of the stress in the load direction 0 , along the lengthz
a , or through the thickness 0 . C* represents the failure stress underx y
pure uniaxial compression while T* :::: yC* is the failure stress under uniaxial
tension.

At any point in the wall and assuming linear properties, stress
increases proportionally with load along a straight path as shown in Fig. 5.
Failure will first occur at the point whose stress path first intersects
the failure surface. It is essential to note that tensile transverse stresses
rcouce capacity while compressive lateral stresses increase capacity in the
load direction a. Thus, a mortar with little strength in an unconfined cubez
test can support much higher stresses in a wall joint.

Analytically, the stress history at any point can be written

a :::: a P [5-a]x x

a :::: a P [5 -b]
y y

0 a P [5-c]z z

where a , a Dnd a arc cons tants . Under axial load, a is s imply the
x y z z

reciprocal of net area. In general, the constants a , a and a must be
established by stress analysis. x y z

For demons tra tion purposes, the hypothe tical failure surface for
transverse tension can be written

o * + a * + yo * = yC*x y z

where as terisks are used to denote failure combinations of stress. The
actual shape of the failure surface and values of the parameters y and C*
must be found from experiment. Resul ts obtained by Koo (4) indicate that
for cl:l)' brick, the failure surface is not linear but concave to the origin.

Wi th these assumptions, failure load can be obtained as the least
value of P sa tis fy ing

P[a + a + ya ] :::: yC*
X Y z

for all sets [a , a , a ] for any point in the units in a wall. Considerationx y z-
of failure in mortor joints does not :,eem to be warranted unless vertical
tens ion occurs.
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'n1e physi cal manifes ta tion of failure also depends on the combination
of stresses involved. In particular, failure in the z direction involves
crushing, while failure in tJle x or y direction implies tensile splitting
al~ spalling respectively.

I t has been observed in studies of concrete strength, that tens ile
strength depends on the extent of the stress field. Thus, specimens in pure
tension have significantly lower strength than tensile regions in bending
tests. 'f11is phenomenomcan be attributed to the statistical nature of brittle
tens ile fail ure which leads to decreasing strength with increas ing vo lume
under high stress.

CONCRETE BLOCK BEHAVIOUR

An analytical study reported by Fattal and Cattaneo (2) provides
the basis for an understanding of stress behaviour of concrete block masonry.
In that study, a finite element analysis of the stress distribution in block
webs was made, assuming face shell bedding of the block. Wjth such bedding,
force is appl ied through the two face shells approximately in proportion to
the eccentricity of the applied load. Load is gradually transmitted from the
fGce shell through the web in a shear lag type of phenomenon.

TI1e finite element analysis involved forty-eight rectangular plane
stress elements in the web Gnd six bending elements for each face shell in
one hal f of a block. ChGnges in web and shell thickness were ignored. These
assumptions limit the reliability of numerical values but do not prevent
useful insight into behaviour.

ror each of the 48 web elements for a partiCUlar case of loading P
and eccentric i ty e, principal normal s tresses were calculated. These resul ts
provide the parameters a ,a in Eqs. 5 with a == 0 for plane stress. Assuming

x z y
that concrete tensile capacity is one-tenth of compressive strengh (y == 0.10)
leads to the resul ts of Table 3.

The complete results given in Ref. (2) indicate two cri tical stress
regions in the webs. In region I of Fig. 6, near the top of the web in the
center of a block, there are high transverse tensile stresses and low
compressive stress. A second region, slightly lower near the face shell,
experiences high tensile stresses and high compressive stresses. In evaluating
the relative importance of these two regions it should be noted that thickening
of the web ncar the face shell was ignored and, as a resul t, stresses near the
face shell tend to be overestimated.

TI1C pattern of stresses is consistent with the failure mode of
experimental block prisms. Under axial load block wallettes tend to fail
by vertical web splitting near the center of the block and near the face shells

TI1e qualitative conclusions to be drawn from the analysis is that
the governing stresses do not increase proportionally with small load
eccentricity but remain relatively constant. As eccentricity increases the
direction and location of controlling stresses shifts towards a combined
tension-compression 5 i tuation near th,~ face shell. After th is location becomes
critical, increases with eccentricity become more pronounced.
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BRICK MASONRY BEHAVIOUR

To investigate the stresses in brick masonry walls, detailed analysis
of stress variations in all three directions is required. As shown
subsequently, resul ts are sensitive to the boundary conui tions imposed
on the wall clement under cons idera tion.

In the present study, attention was focussed on the behaviour of a
single brick and its mortar joints. An extensive finite clement analysis
of this bas ic combination was made for a variety of conditions. From
symmetry and other considerations, attention can be restricted to only a
part of the basic unit in a particular case.

In all cases, Poisson's ratio for both brick and mortar was taken
as 0.18 while the ratio of modulii of brick to mortar was taken as 4.3.
ratio of pure tensile to pure compressive strength y was assumed to be
Joint thickness was 0.47 in. with brick dimensions 9.2 x 4.2 x 2.7 in.
These properties correspond to IUlsdorf's specimen no. 2 .. (2) .

Analysis was performed in two stages. Stresses caused by pure axial
force were first computed followed by a separate calculation of stresses
caused by a pure bending moment. Final resul ts for any case are a comb ina tion
of these two cases.

Prism Analysis

figure 7 shows a prism subjected to a vertical load P and a moment
M. A o Ill: eighth segment of a brick is identified at the prism mid-heigh t
which is far from the end effects. By imposi tion of the appropriate kinematic
boundary conditions on planes I through IV shown in Fig. 8, it is possible to
avoid the need to analyse the entire prism. SYmmetry about the vertical plane
I is implied by these restraints as well as multifold sYmmetry about horizontal
planes II and I II. Symmetry about plane IV is required for axial loading
whereas antisymmetry is required for the case of appl ied moment. Normal
stresses on the outside faces are zero.

It is not possible to apply prescribed vertical loads on plane II
where the vertical stress distribution is not known. However, it may be
assumed on the basis of experimental evidence that points on the plane move
in a planar fashion. Thus under vertical load P, plane II will translate
downwards relative to plane III. Under moment M there will be a rotation of
plane II relative to Plane III. TIle ability to prescribe displacements in
the fini te element method is therefore an important feature in the present
analysis.

The one eight segment of the brick was idealized by thirty six
hexahedral finite clements while twelve elements were used to represent half
the mortar thickness. These elements have twenty nodes distributed as shown
in Fig. 9. In the elements, quadratic distribution of displacements is assumed
which implies a linear stress variation. Thus a general nonlinear variation
of stress through the brick is approximated by a linear function within each
fini te element.

The mesh of elements used must be relatively fine to limit errors
in the analysis. Al though the resul t,; of a finite element analysis converge
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to the exact values wi th an increasing number of elements, increased
precision involves increased computer costs, and addi tional time in
data preparation and interpretation of results. In the present situation,
tile problem of errors is particularly severe because transverse stresses
arc a small faction of the vertical applied loads and are tilCrefore quite
sensitive to inaccuracies that may arise. However, on the basis of checks
pcrfonneJ after the analysis, it is believed that the fine mesh used did
indeed yield very accurate results.

1nteresting aspec ts of behaviour arc revealed by an exmnina tion
of deflection patterns. Shown in Fig. 10 are horizontal displacements
along a vertical 1 inc in the free end face of the brick and mortar. This
plot shows clearly the interaction between brick and mortar wi th the mortar
pUlling the brick into tension and vice-versa. Fig. 11 shows a plan view
of the displacements of various nodal points in the prism again under
vertical load. It is apparent from this plot that vertical plane sections
remain plane and vertical everywhere except close to the outside faces of
the prism. Furthermore these planes translate without rotation.

Response to an applied moment is also rather surprlslng in that
vertical plane sections remain vertical. However, such planes rotate about
a vertical line in the plane of the wall. It is possible that this general
behaviour could form the basis for a simplified analysis.

Detailed examination of the pattern and magnitude of lateral stresses
indicated that the critical points in brick behaviour were points ft., B, C, 0,
E, and F on the central vertical plane in a brick as shown in Fig. 10.
Table 4 sUlJImarizes results for the ratio of lengthwise lateral stress 0
and spalling stress 0y to the peak vertical stress oz. In pure comprcs~ion

o is simply the vertical load divided by tile area while in pure bending, 0z z
is the vertical stress at tJle outside edges given by the conventional formula.

Results for point B show that lateral tensile

the same fraction of axial and peak bending vertical
region of high lateral stresses is very limited under
widesprea.d under axial force. TIlis could be expected
average effective capacity.

stresses a are almost
x

stresses. However, the
applied moment but
to lend to higher

An aspect of prism loading which can be expected to significQntly
affect prism behaviour is the effect of end lateral constraint since testing
arr~lTIgernents for relatively short specimens tend to inhibit displacements in
tJle lengthwise direction. Displacements through tJle thickness are also
constrained but to a significantly less extent.

To examine this effect, the analys is was repea ted with an additional
constraint of zero deflection in the lengthwise or x direction. The resul ts

•shown in Table 5 indicate that for both axial load and moment, complete
confinement leads to compressive rather than tensilc latcral stresses in
the length\~ise direction.
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lIowever, spalling tensile stresses remain and are almost independent
of appliell moment. lhus, with significant confinement, failure could be
initiated by spalling stresses under a load independent of eccentricity.
111is would yield a significant apparent strain gradient effect.

flaU Analysis

When a basic brick and masonry element.is part of a wall rather
than a single brick prism, the principle effect is a change in boundary
conditions. In the central region away from top, bottom, and edge conditions,
a brick does not have a free end. Rather, the end is subjected to forces from
a vertical mortar joint. The appropriate constraint on a vertical end plane
is a rigid body translation.

for simpl ici ty s tack bond has been considered in this analysis. The
fini te clements of the prism analysis were used with the addition of twelve
fini te clements to represent one half of the thickness of a vertical mortar
joint. 'r1le complete set of kinematic constraints is shown in fig. 12.

To achieve the desired boundary conditions on tile vertical plane V,
analysis was performed in two steps. Firstly, points on plane V were prevented
from movement in the x direction giving rise to a horizontal thrust nonnal
to the plane that should not be present. TIle value of the thrust was
computed as the integral of the 0 stresses over the plane.

x

For the case of axial load, transverse stresses were modi. fied by a
constant value to eliminate this thrust. The correction step curresponds
to a translation of plane V to a location such that the average horizontal
stress in the wall is zero as would be the case away from edge effects in
a uniformly loaded wall.

A similar procedure was used for the case of an appl ied moment. In
this case the initial transverse stresses must be modified by a rotation of
plane V to remove the net moment resul ting from the initial solution with no
motion of plane V.

Shown in Table 6 are lateral stresses on the centroidal vertical
pI ane of a brick as before. Transverse lateral stresses are somewhat larger
than those under prism conditions. Once again, transverse tensile stresses
arc localized under applied moment but are widespread throughout the brick
under axial load.

Of particular interest is the fact that peak tensile stress under
appl ied momcnt are approxima tely two-thirds those under axial force for
tlle same peak vertical stress 0 • The effects of this difference on load

z
capacity can be estimated using the failure surface of Fig. 5.

TIle stresses at point B are a ~ PIA + Pet/2I, 0 ~ 0.059 PIA +z x
0.04 Pet/2I, and a =:0 wherc P is load per unit length. For the brick

y
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geometry assL@ed, these stresses can be written 0 = 0.238P+ 0.340 Pc andz
o = 0.0140 P + 0.0136 Pc.
x

Substitution into the failure surface of Eq. 7, assuming y = 0.08
from lIilsdorf1s data, leads to a capacity reduction factor PIP = 1~1+1.24 e).

o
Elementary theory from Eq. [1] yields PIP = 1/(1+1.43 e)which decreases with

. 0

the eccentricity e more rapidly than the preceeding expression.

Coupled with this strain gradient effect are two others. Firstly,
as in concrete block walls, axial loads cause generalized lateral tensile
stresses while bending moments cause only local izcd tensile stresses.
Secondly, the tensile stresses in the direction of the wall thickness or
the spalling stresses are nearly independent of applied bending moments.

SUMMARY AND CONCULSIONS

In this study, an a tternpt has been made to es tablish a rationale
for the strain gradient effect in masonry walls. In essence the approach
is an extension of IJilsdorf1s failure analysis to nonuniform stress fields.
Estimation of the stress fields is based on finite element analysis.

Altll0ugh numerical results are dependent on particular masonry unit
and mortar characteristics, a number of general conclusions are suggested
by the am lys is. 111Cse are:

(1) Experimental studies indicate that short wall capacity is
not reduced by load eccentricity as elementary theory
would predict.

(2) 1bis apparent increase in failure stress with eccentricity
may arise because failure is associated with lateral tensile
stresses whose magnitude and pattern depend on the combination
of axial force and moment.

(3) For concrete block wal1s with face-shell bedding, large
transverse tensile stresses occur in the block webs. These
stresses increase very slowly with load eccentricity and
hence may be the source of a strain gradient effect.

(4) For brick masonry walls, lateral tensile stresses in the
lengthwise direction increase with load and to a lesser
extent with load eccentricity. However, such stresses are
highly localized under eccentric load conditions but wide
spread under pure axial force. Moreover, such transverse
stresses,·are highly dependent on external constraint on
deflections and under some test conditions might vanish or
change sign. In such cases, spalling stresses can be
significant. Since bending moments do not lead to signi
ficant spalling stresses, failure based on spalling or
lengthwise splitting would not be sensitive to load
eccentrici ty.
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In practice, design of short masonry walls could be based on a
modified interaction equation of the form

P aM = 1
Po + M

k
[8]

for eccentricities up to the kern eccentricity. In Eq. [8], Po and M
k

are the pure axial load capacity and theoretical kern moment capacity
respec tively. For eccentricities up to perhaps one hal f of the kern
eccentricity the strain gradient effect factor a can be taken as zero for
short walls. However, small eccentricities can cause significant out-of
plane bending for longer walls.

TIle results in this study have been based on limited finite element
studies. While such studies can give valuable insight into behaviour, more
accurate and de~~iled studies for particular experimental arrangements
would seem to be of considerable value.
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TABLE 1 - Brick Wallette Data

Eccentric i ty Axial Force P Force Ratio PIPo Failure Moment Gradient
(in kips) Factor

e(in) e/ek (kips) Theory Exp 'Theory Exp a

(1) (2) (3) (4 ) (5) (6) (7) (8)

0 0 497.0 1.0 1.100 0 0 -
408.5 .904 -
450.0 .996 -
451.8 r:o-

0.297 .500 465.0 0.66 1.029 89.45 138.1 -.056

462.0 1.023 137.2 - .045

495.0 1.096 147.0 - .175
474.0 Di49 140.8 -.093

0.593 1.00 353.0 0.50 0.781 134.0 209.3 0.280

356.5 0.789 211.4 .267

331.5 0.734 196.6 .362
347.0 0.768 205.8 .302

NOTE: TIlickness t = 3.56 in, Net area A = 112.5 in2, Net moment of

inertia = 118.8 in4 . Kern eccentricity = 0.593 in. Kern

moment = 134.0 in k. Axial capaci ty r 0 = 451.8 kips.
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TABLE 2 - Block Wa11ette Data

-
Eccentrici ty Axial Force P Force Ratio PIPo Failure Moment Gradicnt

(in kips) Fac tor

e(in) e/ck (in kips) Theory Exp Thcory Exp ex

(1) (2) (3) (4) (5) (6) (7) (8)

0 0 127.7 1.00 1.03 0 0 -
122.5 .99

122.5 .99
124.2 1.00

.467 .311 120.0 .76 .97 44.1 56.0 .10

87.8 .71 41.0 1.32

160.0 1.29 74.7 -.73
122.6 -:9§ 57.3 ---:03

.933 .620 115.1 .62 .93 71.5 107.3 .12

108.9 .88 101.6 .22

117.1 .94 109.2 .10
113.7 -:9l liiIT --:16

1.400 .931 82.5 .52 .66 90.0 115.5 .55

84.4 .68 118.2 .51

82.3 .66 115.2 .55
83.1 ~ 116.3 --:sr

NOTE: Thickness t = 5.6 in, Net area A = 88.4 in2, Net moment of

inertia I = 372.4 in4 , Kern eccentricity = 1.50 in, Kern

moment = 93.4 in. kips, Axial capacity Po = 124.2 kips.
=
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Eccentricity Stress Ratios Load Capacity P/Po
e/ek

Region 1 Region 2 Elementary Region 1 Region 2 Experiment

a Ia a a Theoryx z x z
(1) (2) (3) (4) (5) (6) (7) (8) (9)

0 5.24 .45 4.44 12.93 1.00 LOa 1.00 1.00

0.311 5.35 .42 4.97 15.74 0.76· 0.98 0.88 0.99

0.622 5.45 .38 5.50 16.54 0.62 0.96 0.80 0.92

0.933 5.58 .35 6.03 21.35 0.52 0.94 0.70 0.67

TABLE 4 - Lateral Stress in Brick Prism

Ratio of'Lateral Stress to Vertical Stress (00)

Location Axial Load ~lomcnt

a/a z 0)0 ox/a z a /0y z y z
(1) (2) (3) (4) (5)

A -1.5 0 -1.6 0

B -4.1 0 -3.9 0

C -2.9 -2.2 0 0

0 -2.7 -3.3 0 0

E -1.5 0 +1.6 0

F -4.1 0 +3.9 0

NOTE: Ratio (ax/a z) for applied moment are based on the extreme fibre

value of a ..
z
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TABLE 5 • Effects of Confinement on Lateral Stresses

Lateral Stress a/o z (%)

Location Axial Load Moment

(1) (2) (3)

A 17.4 16.2

B 14.0 14.0

C 16.0

D 15.6

E 17.4 16.2

F 14.0 14.0

TABLE 6 - Lateral Stresses in Brick Wall

Ratio of Lateral Stresses to Vertical Stress (%)
Location Axial Load Bending Moment

a/a z ala z %z ° /ay z
(1) (2) (3) (4) (5)

A -3.6 0 -2.1 0

B -5.9 0 -4.0 0

C -5.0 -2.2 0 0

0 -4.7 -3.2 0 0

E -3.6 0 +2.1 0

F -5.9 0 +4.0 0
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THE EFFECT OF STRENGTH AND GEOME:TRY ON THE ELASTIC
AND CREEP PROPERTIES OF MASONRY ME:MBERS

By Lenczner, D.

ABSTRACT: A survey is presented of the main factors which influence
creep in masonry piers and walls. The effect of type of
brick and mortar, stress level, presence of damp proof
course, temperature and humidity, age, and degree of
saturation of bricks at laying are considered. An
expression is put forward giving creep strain in composite
walls as a function of the elastic and creep parameters of
component leaves. This is followed by a study of the effect
of strength and geometry on the elastic and creep properties
of masonry members. An approximate method is given for
estimating the maximum creep strain in brickwork piers and
walls. The only information required for this purpose is
the strength of the brick units and small brickwork cubes.
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THE EFFECT OF STRENGTH AND GEOMETRY
ON THE ELASTIC AND CREEP PROPERTIES

OF MASONRY MEMBERS

. 1
By Davld Lenczner

INTRODUCTION

For well over a decade the author has been engaged on a research
programme to investigate the elastic and creep properties of masonry.
Most of the tests were carried out on brickwork and some on
blockwork members. The specimens used were hollow piers 12 courses
high and storey high single leaf and cavity walls. Recently tests
were also carried out on storey high piers.

With few exceptions the creep tests were carried out at a
constant temperature of 20

0
C and 45-50 percent relative humidity.

With one exception the bricks were laid air dry. In most cases the
load was applied 28 days after laying. A range of stress levels
was used in the tests but the upper limit was confined to just over
one half of the strength of the masonry.

A considerable amount of data has already been obtained on
the elastic and creep properties of masonry and most of it has
already been published (1 to 7) 2.

This paper surveys the work carried out to date. The first
part of the paper summarizes the more important findings resulting
from this work. This is followed by an analysis in which the elastic
and creep properties of masonry members are related to the strength
of the members. A set of empirical equations is put forward which
may be used to predict the instantaneous and long term movements in
brickwork masonry members under sustained loads.

CREEP IN MASONRY PIERS

The elastic and creep properties of masonry depend on a number
of factors. The more important ones are the strength and coefficient
of absorption of the unit, the degree of saturation of the unit at
laying, the type and strength of mortar, stress level, temperature,
humidity and age at loading. A summary of results from the tests
carried out on brickwork and blockwork piers with different types
of brick, block and mortar are given in Table 1 in Appendix III.

ISenior Lecturer ln Bld. Tech., Univ. of Wales Inst. of Science
and Tech., Cardiff.

2Numbers in parentheses refer to corresponding items ln the
Appendix I - References.
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Depending on the stress level and the strength of bricks and
mortar, brickwork piers creep for a period ranging from a few weeks
to 12 months or more. Most of the creep will usually take place
within the first nine months. The amount of creep varies inversely
with the strength of the piers and their components. It has been
found that the maximum load-strain (the strain caused only by the
load) is roughly proportional to the instantaneous strain. For
that reason it is convenient to relate the creep, orthe maximum
load-strain (instantaneous strain + creep), to the instantaneous
strain. The ratio of maximum load-strain to the instantaneous strain,
hereafter called the 'strain ratio' is a useful parameter in the
study of creep in brickwork.

Creep in brickwork piers decreases with an increase in relative
humidity. In an uncontrolled environment the temperature and
moisture expansion may exceed numerically the creep strain. It
follows that in such a situation the resultant strain in the piers
under load may be less than the initial strain.

The presence of a layer of a bituminous damp proof course can
increase the creep strain in brickwork piers two to threefold. Even
above the layer of dpc the creep strain is considerably greater
than when no dpc is present. The difference can be attributed to
a smaller lateral restraint above the dpc and becomes more
noticeable at stress levels approaching the yield stress of the dpc.

In absolute terms blockwork piers were found to creep
considerably more than brickwork piers. To a large extent this was
due to a lower strength of the blocks tested. It was also found
that a considerable amount of creep occurred in the blocks
themselves.

CREEP IN SINGLE LEAF AND CAVITY WALLS

Creep tests were carried out on single leaf and cavity storey
high walls. Details of these tests are given in Table I in
Appendix III. The main findings of these tests are given below:

A comparative study of movements in single leaf walls SUbjected
to a constant load showed that between 20-40 percent of the
maximum load-strain occurs in the bricks and the rest in the mortar
bed joints. Bearing in mind that bricks account for approximately
85 percent of the height of a wall it is clear that, when compared
on the basis of e~ual gauge length, the strain in the bricks is
relatively small and that by far the highest proportion of the
strain occurs in the mortar.

A series of tests were carried out to compare the creep
behaviour of a composite brick/block cavity wall with similar walls
composed of bricks and blocks respectively. A theory (8) was
developed based on a modified Kelvin model Which, from known elastic
and creep parameters of the components, gave the creep strain in the
composite. The re~uired parameters can be obtained from independent
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tests on the components or from pUblished data.

The strain in a composite wall at time t after loading lS glven
~3

2 = 2.
c l,C

-E t
[2.5 - 1.2 exp AC

c
J (1)

The theory also showed that

22
1

2
2=

2
1

+22

and

E
c

A
c

E
l

+E
2= 2

A
l

+A2= 2
(4)

Comparison of experimental and theoretical values showed
reasonably good agreement (8).

It appears on present evidence that the degree of saturation
of bricks at laying has an effect on subsequent creep in walls and
probably in piers too. Further tests are necessary to confirm
this. The effect of age at loading, provided it is more than
14 days after laying, does not seem to have a marked influence on
creep in walls. Small eccentricity of loading does not seem to
affect the magnitude of creep in walls either.

EFFECT OF STRENGTH AND GEOMETRY ON THE
ELASTIC PROPERTIES OF MASONRY MEMBERS

A comprehensive study was made of the factors which may
influence the elastic properties of masonry members. The factors
studied were types of unit and mortar as well as geometry of the
member. The parameter chosen to represent the elastic behaviour
of masonry was the elastic modulus. Attempts were made to relate
the elastic modulus with masonry and mortar strength but without
much success. There was, however, a much better relationship
between the elastic modulus of masonry members and the compressive
strength of the masonry unit.

Figure 1 shows the graph of the elastic modulus of masonry
piers and walls made up with different bricks, blocks and mortar
plotted against the strength of the masonry units. Where more
than one stress level was used for a particular unit and mortar
the mean value of the modulus was plotted and the scatter indicated
by a band. The figure shows that in spite of the scatter which is
inevitable in an inherently variable material like masonry, there
is a well defined relationship between the elastic modulus of the

3For notation see Appendix II



23-5

masonry members~ brick or block~ wall or pier~ and the strength of
the unit. The geometry of the member does not appear to have any
consistent effect on the modulus. The relationship may be
represented approximately by a set of straight lines shown in the
figure. These should give the lower limit of the modulus and thus
should give the maximum probable elastic or instantaneous strain.

For units of compressive strength of ~O

elastic modulus may be taken as 5~000 N/mm ~

compressive strength between 20 and 70 N/mm

E = 300S - 2000

2N/mm or less the
For units with

the modulus is given by

For units with compressive of 70 N/mm2 and above

E = 12~750 + 100S

THE EFFECT OF STRENGTH AND GEOMETRY ON
THE CREEP IN BRICKWORK MASONRY MEMBERS

(6)

It has already been shown that the strain ratio is a useful
concept which enables us to relate the maximum load-strain with the
instantaneous strain. Using the information given in Table I in
Appendix III graphs were plotted of the strain ratio against
brickwork cube strength at 88 days for brickwork piers and single
l~af walls. Due to insufficient tests blockwork members were
excluded. These graphs are shown in Figure 2. As before~ where
more than one stress level was used for a given type of member
the mean value of the strain ratio was plotted and the scatter
indicated by a band.

Although the number of results is still relatively small~

especially for brickwork walls~ a certain trend begins to emerge.
It appears that for brickwork piers~ regardless of type of mortar~

the relationship between the strain ratio and brickwork strength
can be roughly represented by a straight line:

R = 3
6w
100

For single leaf brickwork walls the variation between the strain
ratio and brickwork strength follows a similar pattern, namely:

R = 4 7 _ 6.6w
. 100

A single result obtained so far for a brickwork cavity wall
suggests that the values of strain ratio for cavity walls lies
somewhere between those of piers and single leaf walls.

(8)
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METHOD OF PREDICTING CREEP IN BRICKWORK

Using equations 5-8 it is possible to predict the maximum likely
creep strain in brickwork piers and single leaf walls. The only
information required is the compressive strength of the brick and
brickwork cubes made with it. The recommended procedure is outlined
below:

(a) Use equations (5) or (6) to determine the elastic modulus
of pier

2
0r wall for a known brick strength. For a brick strength of

20 N/mm or less take E = 5,000 N/mm2 .

(b) For the known or design stress level determine the
instantaneous strain of the pier or wall from

(c) Determine the strain ratio for the known brickwork
cube strength using equation (7) for piers and equation (8) for
single leaf walls.

(d) Determine the maximum load strain from maximum load
strain = strain ratio x instantaneous strain.

(e) Determine the maximum creep strain from maximum creep
strain = maximum load strain - instantaneous strain.

SUMMARY AND CONCLUSIONS

The first part of the paper presented a brief review of the
creep behavious of masonry piers and walls. The creep behaviour
of a brick/block cavity wall was also considered and an expression
is given, based on a modified Kelvin model, for predicting the
load-strain in the composite in terms of the elastic and creep
properties of the components.

The second part of the paper considered the effect of strength
and geometry on the elastic and creep properties of masonry members.
An approximate method is given for estimating the maximum load and
creep strains in brickwork piers and walls. The only required
information is the strength of the bricks and brickwork cubes. It
is hoped that with more experimental data it will become possible
to improve the method to give a more accurate prediction of creep
111 masonry members.
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APPElWIX II

NOTATION

t = time after loading (secs.)

= elastic moduli of member or components (N/mm2 )

2= coefficients of traction (Nsec/mm )

E = elastic modulus of composite wall (N/mm
2

)
c

2A = coefficient of traction for composite wall (Nsec/mm )
c

Si,Sl,S2= instantaneous strains in member or components



R = strain ratio =

23-10

E. = instantaneous strain in composite wall
l,C

E = load-strain at time t in composite wall
c

E - elastic modulus' of masonry member (N/mm2 )

S = compressive strength of brick or unit (N/mm
2

)

2W =brickwork cube strength at 28 days (N/mm )

maximum load strain
instantaneous strain

~ = stress level (N/mm
2

)
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REINFORCED BRICKWORK LINTEL SHEAR STUDY UTILIZING SMALL SCALE BRICKS

by

G. T. Suter* and H. Keller*

ABSTRACT

The basic objective of the work dealt with in the paper is to help
define brickwork lintel ultimate shear strength values for a future
North American masonry code based on limit states design. Past work
by the authors and others has led to a satisfactory definition of
ultimate shear capacities for ordinary reinforced brickwork lintels.
However, what still remains to be investigated and what represents the
primary objective of this paper, is the effect of a varying grout
cavity width on the shear capacity of grouted beams. Such an investiga
tion could be carried out by utilizing full scale or small scale bricks,
where small scale masonry units have the advantage of faster
construction, reduced weight, easier handling and hence overall time
savings. While small scale brickwork studies have been successfully
employed, particularly in Britain, all such studies were limited to
unreinforced brick masonry and hence when the authors decided to
utilize small scale units for their investigation of the effect of a
varying grout cavity width on shear capacity, basic work in reinforced
brickwork was required to prove the validity of small scale versus full
scale results. To provide this evidence, the authors carried out a
research program over a three year period involving a total of thirty
seven beams. Approximately one half of the beams consisted of small
scale members while the remainder were full scale lintels for
comparison purposes. Besides the scale effect, other key variables
investigated were the shear arm ratio and the width of the grout
cavity.

The two most significant results of the investigation indicate firstly,
that small scale beams can indeed be utilized to predict the shear
strength of full scale lintels and secondly, that the shear capacity of
grouted beams can be conservatively calculated from the separate shear
capacities of the grout and brick sections according to their relative
widths.

*Associate Professor and Research Engineer, respectively,
Department of Civil Engineering, Carleton University, Ottawa, Canada.
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REINFORCED BRICKWORK LINTEL SHEAR STUDY UTILIZING SMALL SCALE BRICKS

G. T. Suter* and H. Keller*

INTRODUCTION

The basic objective of the work dealt with in the paper is to help
define brickwork lintel ultimate shear strength values for a future
North American masonry code based on limit states design. Past work by
the authors and others (6,8) has led to a satisfactory definition of
ultimate shear capacities for ordinary reinforced brickwork (RB)
lintels. For the typical elevation and cross section of RB lintels
shown in Fig.l, this work has indicated that the ultimate shear
strength of RB lintels is dependent mainly on the ratio of shear span
to effective depth or shear arm ratio, aid, as seen in Fig.2, and to
a lesser degree on the percentage of reinforcement, Pi it has been
argued that the masonry compressive strength, f m', has little, if any,
effect on shear capacity (8).

An investigation of shear capacity of grouted reinforced brickwork (GRB)
lintels was initiated at Carleton University because the present
Canadian masonry code (1) specifies an allowable shear stress of
0.7 Vfm' 5: 0.35 MFa for both RB and GRB types of members regardless of
the fact that reinforced concrete (RC) members exhibit a shear
resistance which is typically two to three times that of RB members.
Since GRB members represent a composite construction of RB and RC,
their composite shear behaviour warrants a separate investigation. For
the typical GRB elevation and cross section shown in Fig.l, limited
research has indicated two basic points (7):

• The ultimate shear stress of GRB lintels increases
markedly with decreasing aid values similar to the
cases of RC and RB lintels .

• The shear capacity of GRB beams falls between that of
RC and RB beams and since composite action exists
between brickwork wythes and grouted concrete core,
the GRB shear capacity can be safely derived from the
separate shear capacities of the grout and brick
sections according to their relative widths bg and ~.

Since GRB lintel shear research has been limited so far to a single
width of grout cavity, what still remains to be investigated and what
represents the primary objective of this paper, is a study of the
effect of a varying grout cavity width on the shear capacity of grouted
beams. Such an investigation could be carried out by utilizing full
scale or small scale bricks, where small scale masonry units have the
advantage of faster construction, reduced weight, easier handling and
hence overall time savings. While small scale brickwork studies have
been successfully employed, particularly in Britain, all such studies
were limited to unreinforced brick masonry and hence when the authors
decided to utilize 1/3 scale units for their investigation of the
effect of a varying grout cavity width on shear capacity, basic work
in reinforced brickwork was required to prove the validity of small

*Associate Professor and Research Engineer, respectively,
Department of Civil Engineering, Carleton University, Ottawa, Canada.



24-3

scale versus full scale results. To provide this evidence, the authors
carried out a research program over a three year period involving a
total of 37 beams. Approximately one half of the beams consisted of
1/3 scale members while the remainder were full scale lintels for
comparison purposes.

The investigation is divided into two test programs as presented in the
following two sections. The objective of the first program was to
determine any possible scale effect when dealing with small scale
rather than full scale RB and GRB lintels. Once validity of the small
scale work had been established, the objective of the second test
program was to ascertain the possible effect of a varying grout cavity
width on GRB beam shear capacity.

STUDY OF SCALE EFFECT

General

For research purposes, small scale members have the advantage of ease
of construction, material savings, reduced load requirements and ease
of handling. For the reinforced lintel shear study dealt with in this
paper, 1/3 scale brick units were available from the British Ceramic
Research Association. These coreless bricks were manufactured by
means of a standard extrusion process and had a compressive strength of
about 38 MPa. In order to establish the validity of shear test results
obtained through the use of 1/3 scale brick units, five RB and three
GRB beams were built and tested in 1/3 scale to compare with the
respective full scale beam results reported on earlier (2, 7, 8).

Test Program

Since the full scale RB and GRB beams have been dealt with previously
(2, 7, 8), the following sections will concentrate on the 1/3 scale RB
and GRB members and make only minimal reference to the full scale
results as required for comparison purposes. In order to ensure that
only the possible scale effect would have a bearing on full scale
versus 1/3 scale shear capacities, the following parameters were kept
constant:

1. All beams were built in running bond 5 bricks high as
indicated in the typical elevation and cross sections
of Fig. 1.

2. All beam cross sections contained a high percentage of
reinforcement of about 1.5 percent. This also ensured
that beams would generally fail in shear rather than in
flexure.

3. Anchorage plates welded to the reinforcement were
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provided at the ends of all beams to prevent premature
bond failures which might obscure true shear capacities.

4. Type S mortar was used throughout in agreement with
Canadian code requirements (1). The approximate mix
proportions by volume were 1:~:4 for cement:lime:sand,
respectively.

5. Pairs of beams, one beam being full scale and the other
being 1/3 scale, refer to the same aid ratio. Since the
aid ratio is known to have a significant effect on shear
capacity, paired beams exclude this effect.

6. All beams were tested under the two-point loading
arrangement depicted in Fig. 1. The distance between
point loads was kept constant at about 600 rom for full
scale beams and at about 150 rom for 1/3 scale beams.

Concerning 1/3 scale RB lintels, a total of five beams were built with
aid values ranging between 1 and 5. The single wythe 34 x 132 rom cross
section contained three 4.85 rom diameter deformed bars in the lowest
bedjoint. The effective depth was 105 rom as compared to 273 rom for
corresponding full scale members. The average strength of the steel
was 372 MPa. The average masonry compressive strength, f m' = 19.1 MPa,
was determined by means of two-stack prisms as shown in Fig. 3.
Incidentally, the same type of prism was used for the f m' determination
of all other beams because such a specimen more closely represents the
compression region in a beam than the standard five or six-stack prism.

Concerning GRB lintels for investigation of scale effect, a total of
six beams were built all with an aid ratio of 3. The six beams
consisted of three pairs, each pair representing a different ratio of
b g to b as depicted in Fig.l. According to the terminology indicated,
the three pairs of beams therefore consisted of l-~-l, 1-1-1 and
1-2-1 GRB beams. While the results for both the full scale and 1/3
scale beams will be utilized in the following section, only the 1/3
scale lintels will be described more fully here since previous work has
dealt with the full scale study (2,7). For the third scale GRB beams a
grout mix by volume of one part normal Portland cement to four parts
sand was used. At the time of beam testing, approximately 28 days, an
average grout strength of 10.0 MPa was obtained for 75 x 150 rom waxed
paper cylinders. For the three prisms, whose sizes correspond to the
respective grout cavity widths of the l-~-l, 1-1-1 and 1-2-1 GRB
lintels, an average grout strength of 19.7 MPa was obtained. Since the
prisms were produced by pouring grout into a space formed by bricks and
lined with permeable paper, the prism results reflect more closely the
true grout strength in the beams. Steel reinforcing with an average
yield stress of 374 MPa was furnished by 9.5 rom deformed bars. The
effective depth was about 108 mm as compared to about 270 rom for
corresponding full scale members.
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Test Results and Discussion

Most significantly, all pairs of beams, whether RB or GRB, displayed
similar cracking behaviour and similar shear failure modes. This then
represents the first important basis for utilizing third scale
reinforced lintels to predict full scale behaviour.

For the RB scale effect study, results are presented in Table 1 and
Fig.2. Two key observations can be made from this evidence:

1. The shear strength of 1/3 scale RB lintels increases
significantly with decreasing a/d values particularly
in the range of low a/d values. This finding is in
agreement with full scale behaviour.

2. Ultimate shear stresses obtained for 1/3 scale lintels
agree well with the results from full scale beams shown
in Fig.2. As has been discussed elsewhere (8), it must
be recognized here that shear capacities even for
identical beams vary considerably and that a plot of
shear stress, vu ' versus a/d displays significant scatter
regions particularly for aid values less than 3. If in
Fig.2 an average curve were drawn for the 1/3 scale
results, such a curve would correspond very closely to
the average curve given for the full scale results. It
can therefore be concluded that no significant scale
effect is evident for RB lintels.

The basis of discussion of a possible scale effect on the shear
capacity of GRB beams will be made by means of the results presented
in Table 2. The results show that for each pair of beams, i.e. full
scale l-~-l versus 1/3 scale l-~-l, etc., the difference in ultimate
shear strength is less than 10 percent. This finding is particularly
interesting since it indicates that GRB lintels behave similarly to
RB lintels and that both types of beams are not significantly
influenced by the scale effect. This situation is quite different from
the case of RC beams where shear capacity increases with decreasing
beam depth (4). Kani argued that while the crack spacing 6X is
virtually independent of RC beam depth, the crack length s is greatly
dependent on beam depth. The so-called crack factor 6X/S, which Kani
showed to be a function of relative beam strength, would hence increase
with decreasing beam depth. This reasoning does not apply to RB
lintels where cracks usually develop at the brick-mortar interface.
Here the crack spacing is dependent on the length of brick used in the
beam. Hence ~x/s does not behave as in RC beams as long as the brick
length changes in the same ratio as the beam depth. This was the case
in the scale effect study of the present paper. In GRB lintels, cracks
were observed to develop in the mortar joints first and subsequently
propagate through the grout core. This indicates that although the
grout core is essentially a RC beam, its crack formation is governed by
the composite brick facing, hence a GRB lintel acts more closely like a
RB lintel and is virtually independent of the scale effect.
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In summary then it can be stated that for both the RB and GRB lintels no
significant scale effect is evident between full scale and 1/3 scale
members.

STUDY OF GROUT CAVITY WIDTH EFFECT

General

In the previous section the validity of small scale work has been
established. Based on this evidence, the effect of a varying grout
cavity width on the shear capacity of GRB beams will now be investi
gated using 1/3 scale GRB lintels.

Test Program

In order to determine clearly the influence of a varying grout cavity
width on beam shear resistance, five pairs of equal a/d value
GRB lintels incorporating narrow (l-~-l) and wide (1-2-1) grout
cavities were designed as shown in Fig.4. Two widely differing widths
were selected because these would reveal any possible influence of a
varying grout cavity width on vu ' The use of paired beams eliminated
the substantial influence of a/d on the Vu of GRB lintels and a range
of a/d ratios between 1 and 7 was chosen according to the known shear
resistance of full scale GRB beams (7). The constant parameters of
this test program were parameters 1 to 5 listed in the previous section
as well as those listed below:

1. A fine-to-coarse grout was used in accordance with Canadian
code requirements (1). The approximate mix proportions by
volume were 1:4 for cement:sand; a slump of about 250 rom
was maintained throughout. Average grout strengths of
10.0 MPa were obtained for 75 x 150 rom waxed paper
cylinders as well as 20.4 MPa and 17.9 MPa for 19x19x38 rom
and 70x70x140 rom prisms, respectively. Note that prism
sizes corresponded to the respective grout cavity width of
the l-~-l and 1-2-1 GRB lintels.

2. An average masonry compressive strength, f m' = 15.7 MPa,
was determined by means of the two-stack prisms shown in
Fig.3.

3. The average yield strength of the 9.5 rom bars was 374 MFa.

4. One day after construction of the brickwork wythes, beams
were grouted and then covered with polyethylene for curing.
Six days later the polyethylene cover was removed and the
beams were allowed to cure under normal laboratory
conditions until testing at 28 days.
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5. All beams were tested under the two-point loading
arrangement shown in Fig.l. The distance between
point loads was kept constant at about 150 rom.

Since shear failures seldom take place simultaneously in both shear
spans, bandaging of the first shear failure by means of external steel
plates and tie rods generally permitted a second shear failure to be
obtained in the other shear span. While the results of both failures
for each beam are shown in Fig.5, for the sake of simplicity only the
average results per beam are listed in Table 3.

Test Results and Discussion

At equal a/d ratios, pairs of 1/3 scale GRB lintels with narrow and
wide grout cavities exhibited almost identical cracking patterns and
similar shear failure modes (2). All other parameters being equal,
this indicates that GRB lintels with different b Ib ratios essentially

t ' "1 gac ln a Slml ar manner.

Results of 1/3 scale GRB lintel tests are presented in Table 3 together
with one set of full scale results at a/d = 3. Fig.5 depicts the
individual shear stress results with their corresponding average lines
plotted versus a/d ratios for 1/3 scale GRB lintels. The diagram shows
that 1-2-1 GRB lintels exhibit increased shear strengths over their
l-~-l counterparts for the whole a/d range investigated.

In order to assess GRB strengths with respect to the basic RB and RC
shear strengths, the average GRB failure lines from Fig.5 are depicted
again in Fig.6 together with RB and RC capacities (7); also shown are
the two full scale GRB results at aid = 3. It can be seen from Fig.6
that the GRB capacities lie between the RB and RC curves and that, as
expected, the 1-2-1 curve is closer to the RC capacity line. Note that
the two full scale GRB results fall close to the 1/3 scale curves,
again indicating the absence of a scale effect, and also that the
positioning of the two GRB lines agrees with the full scale 1-1-1
evidence presented previously (7).

The question still remains if the l-~-l and 1-2-1 GRB shear
capacities can be considered as the combined shear strength of RB and
RC beams. Based on the relative widths of the grout and brick sections
and also on the RB and RC curves shown in Fig.6, so-called 'derived'
GRB shear strengths were calculated and listed in Table 4. Note that
for convenience all shear capacities are expressed as a function of RC
strength. When the tabular results are plotted as shown in Fig.7, a
comparison of the derived versus the experimental GRB results shows
relatively good agreement for all aid values. This holds for
l-~-l as well as 1-2-1 GRB beams. Since the derived curves are
slightly below the experimental curves, the approach of determining
GRB capacity as a combined strength of RB and RC sections is
conservative. It can also be noted again from Fig.7 that as the width
of the grouted section diminishes, the GRB capacity line approaches the
RB line and alternatively, as the grout width increases the GRB line
moves toward the RC line. It is unlikely that the GRB line would match
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the RC line even for very wide grout cavities unless grouts of lower
water/cement ratios similar to normal concrete beams were used.

CONCLUSIONS

Based on tests reported in the first part of this paper, 1/3 scale
RB and GRB beams can be utilized reliably to predict corresponding full
scale beam behaviour and capacities. This conclusion holds for the full
range of aid values of practical interest.

Results of the second study indicate that GRB beam shear capacities fall
between RC and RB shear strengths and that wider grout cavities lead to
increased capacities closer to those for RC beams. The GRB results
further indicate that composite action exists between brick wythes and
grout core and that GRB shear capacities can be conservatively
calculated from the separate RB and RC sections according to their
relative widths.
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APPENDIX II - NOTATION

A
sa

aid
b

bb
b g
d

f 'm
s
Vu
!:,.x

!:"x/s
p

cross-sectional area of reinforcing bars;
= shear span as shown in Fig.l;

ratio of shear span to effective depth;
= width of beam section;

width of one brick wythe;
width of grout cavity;
effective depth as shown in Fig.l;
brickwork compressive strength;
length of crack;

= ultimate shear stress;
spacing of cracks;
crack factor; A

s
= percentage of tensile reinforcement =

bd
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var. a a var.

BEAM ELEVATION

GRB CROSS SECTION

As

A
p=~bd

RB CROSS SECTION

TERMINOLOGY:
WHEN bg=~bb,REFER TO
WHEN bg = bb , REFER TO
WHEN bg=2bb,REFER TO

I-~-I BEAM
1-1-1 BEAM
1-2-1 BEAM

b

1
----.--..-

"0

A
p=~

bd

FIG. 1 TYPICAL BEAM ELEVATION AND CROSS SECTIONS
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FIG.3 TWO-STACK PRISM COMPRESSION SPECIMEN
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TABLE 1 - FULL SCALE VS. 1/3 SCALE RB SHEAR STRESS RESULTS

FULL SCALE (5 ) 1/3 SCALE
aid V (MPa) V (MPa)

u u
-

1 1.91 2.72
1.5 1.35 -

2 0.95 1.21
3 0.92 0.80
4 0.59 0.45
5 0.46 0.59
6 0.43 -
7 0.35 -

TABLE 2 - FULL SCALE VS. 1/3 SCALE GRB SHEAR STRESS RESULTS (MPa)

FULL SCALE (2) 1/3 SCALE (2)

aid 1-~-1 1-1-1 (5 ) 1-2-1 1-~-1 1-1-1 1-2-1

3 0.94 0.89 0.91 0.89 0.84 0.95

TABLE 3 - STUDY OF GROUT CAVITY WIDTH EFFECT*(2)

1/3 SCALE SHEAR STRESS**

1-~-1 1-2-1
aid V (MPa) V (MPa)

- u u

1 3.06 3.99
2 1.21 1.57
3 0.89 0.95

(0.94)** (0.91) **
5 0.66 0.81
7 0.62 0.68

*note that the shear stresses presented represent
the average result of two separate shear
failures obtained for each beam.

**except as noted in the table: the two beam test
results in parentheses represent full scale
results.
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COMPRESSION TESTS OF CLAY-UNIT STACKBOND PRISMS

John Baur1 , J. L. Noland2 , and James Chinn 3

ABSTRACT: The primary object of the research was to study the
influence upon ultimate compressive strength of prisms, of basic
masonry parameters, e.g., unit flatwise compressive strength,
initial rate of absorption of the unit, mortar cube uniaxial com
pressive strength, mortar cement/water ratio, mortar lime/water
ratio, mortar retentivity, and mortar flow. Several mortar mixes
were used as well as several strengths of 8 in. x 2 in. (nominal)
extruded wire-cut clay masonry units. All prisms were 4 units high.

A secondary motive was to verify that simple, but rigorously
followed, construction and test procedures would yield consistent
test results.

The results indicated the influence of mortar strength upon
prism strength and the influence of unit strength upon prism
strength. A series of multiple regression analyses ultimately
revealed that unit flatwise compressive strength and mortar cement/
water ratio (or mortar cube strength) together were the most sig
nificant parameters affecting prism strength. Consistency of
results indicated that the experimental procedures used were satis
factory.

IHoward Dutzi & Associates, Inc., Colorado Springs, CO;
formerly graduate student, University of Colorado.

2principal, Atkinson-Noland & Associates, Inc., ,Boulder, CO.

3professor, Department of Civil, Environmental, & Architectural
Engineering, University of Colorado, Boulder, CO.
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COMPRESSION TESTS OF CLAY-UNIT STACKBOND PRISMS

John Baur 1, J. L. Noland 2 , and James Chinn 3

INTRODUCTION

The compressive test of a small masonry subassemblage has been
widely used as a basis to establish the ultimate compressive strength,
f~, for use as a basis of design allowables, and as a component of
quality control (1,2,5,7,8,10,11,13). In the United States, Canada
and Australia, the subassemblage generally used consists of two or
more units laid up in single-wythe stackbond (1,8,11,13).

Recognizing the possible limitations of results due to single
wythe, stackbond construction, the prism test may be used to assess
the influence of mortar and unit properties upon ultimate compressive
strength. However, specimen preparation and test procedures should
be such that extaneous effects are minimized.

OBJECTIVES

The objectives of the research (3) reported in this paper were
two-fold. The primary interest was, through statistical analyses, to
study the influence of the individual constituents upon the ultimate
compressive strength of masonry prisms. A secondary goal was to
demonstrate that, with reasonable care in preparation and testing of
prisms, consistent data could be obtained thus verifying the appli
cability of prism tests as a method of quality control and as a means
of establishing ultimate compressive strength.

THE TEST SPECI}lliN

The test specimen used throughout the project was a four-unit
stackbond prism laid up with 3/8 in. mortar joints. The selection
of the number of units was based upon the concept that due to friction
restraint at the test machine-prism interface, at least three joints
would be required to permit failures somewhat representative of full
scale masonry behavior. This was based upon a review of the nature of

lHoward Dutzi & Associates, Inc., Colorado Springs, CO;
formerly gxaduate student, University of Colorado.

2Principal, Atkinson-Noland & Associates, Inc., Boulder, CO.

3professor, Department of Civil, Environmental, & Architectural
Engineering, University of Colorado, Boulder, CO.



clay masonry
nary tests.
been adopted

failure (5,6,7,11)
It was of interest
in Australia (10).
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and of a limited number of prelimi
to note that the four-unit prism has

The joint thickness used was simply to be consistent construc
tion practice in the u.s.

SCOPE

The tests conducted were in two major catagories. The first
series consisted of compressive tests of 41 prisms constructed with
nominal 4 in. x 8 in. clay paver units, i. e., completely solid. The
second series used 44 prisms constructed with a nominal 4 in. x 8 in.
cored unit whose void area was such that it qualified as a "solid"
unit, i.e., void area less than 25% of gross. The paver series was
intended to provide baseline data against which results using a
common cored unit coul d be compared.

COMPONENT MATERIALS

Units. The units used were manufactured using local clays and
the stiff-mud wire-cut process. Typical actual dimensions of the
units are shown in Fig. 1 and their physical properties are
presented in Table I. Flatwise compressive strength and initial
rate of absorption (IRA) properties were determined in accordance
with ASTM C67 "Standard Methods of Sampling and Testing Brick" (2).

The units were selected to represent a wide range of IRA values
and flatwise compressive strengths (f~).

Mortar. Selection of mortar mixes to be used in the research
was made to include mixes commonly used in the masonry industry and
representative of a wide range of cement content relative to sand
and lime. One mortar mix was chosen from each of four categories of
mixes as defined by ASTM C270 (1). The mixes chosen and their ASTM
classificiations are:

M - 1:\:3

S - 1:~:4~

N - 1: 1: 6

0 - 1:2:9

Cement used in all mortar batches was fresh Martin-Marietta,
Type 1. The lime was Flintkote "Miracle Lime", type S, a hydrated
lime packaged in fifty pound sacks.
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I..T. PVR. 7 3/4-"

OK. P VA. 7 5/8"

Figure 1. Clay vnit Dimensions

TABLE I

CLAY UNIT PROPERTIES

Initial Rate
of

Absorption
Clay Unit Designation (g/30 in 2/min)

Flatwise Compression
Strength (psi)l

Mean Standard Deviation

'0
~ Light Paver (LP)
H
o Dark Paver (DP)
(/)

Desert Tan (DT)
Dark Buff (DB)
Chestnut Brown (CB)

'0
~ Dapple Gray (DG)
8 White Grain (WG)

CB Red (CBR)
CB White (CBW)
CB Brown (CBB)
CB Orange (CBO)

lBased on gross area

20
10

7.8
16.2
13.9
17.8
60.4
17.9
16.5
20.5
30.6

11100
13670

14834
10805
10518

7970
3257

14260
13387

9853
6989

1832
1463

1466
1287

665
864
113
800

43
88

1362
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A commerically available blended sand was used which satisfied
the requirements of ASTM C144-70. The average fineness modulus was
2.25. The results of two independent sieve analyses are plotted in
Fig. 2 along with the ASTM C144 limits.

The physical parameters of the materials used in the research
were measured periodically throughout the program both to ensure
consistent quality of the materials and to provide data which could
be used in determining the effect these parameters would have on the
ultimate compressive strength of the masonry specimen.

Water retentivity of the mortar mixes used in the program was
measured in accordance with Section 26 of ASTM C91 "Methods of
Testing Masonry Cement Mortars" (1). Fig. 3 shows a plot of the
retentivity test results when related to percent lime of the par
ticular mix. The plot shows a high correlation between the two
variables and is quantified by a high coefficient of determination,
r 2 •

Hortar strength was measured through the use of seven day
uniaxial compressive tests on 2-inch mortar cubes. The results of
these tests were compared with those presented in "Effect of Consti
tuent Proportions of Uniaxial Compressive Strength of 2-Inch Cube
Speclinens of Masonry Mortars" a thesis by Donald Frey (4).

All mortar was prepared by weighing the individual ingredients
in order to obtain consistent properties (4).

PREPARATION OF SPECIMENS

The compression test specimens consisted of four units laid up
in stackbond and capped on each end. The specimens were constructed
under laboratory conditions by an experienced mason whose workman
ship was considered to be excellent. All mortar used in the com
pression specimens was mixed in a Hobart Mixer, Model N-50, in
accordance with procedures set forth in Section 6 of ASTM C305,
"Mechanical Mixing of Hydraulic Cement Pastes and Mortar of Plastic
Consistency" (1). Bed joints were furrowed lightly or not at all.
All joints were 3/8 inches thick and tooled by the mason to a con
cave finish.

After the top unit had been laid, the specimen was allowed to
air cure for approximately four hours so that an initial set of the
mortar could take place. The specimen was then carefully placed in
a fog room at 100% humidity for seven days of wet curing. At the end
of that period the specimen was removed from the fog room and air
cured in the laboratory which was generally at 70 degrees Fahrenheit
and 20-50% humidity. Air curing proceeded until the test date which
was either 14 or 28 days from the construction date.
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Sample No. 2

Sample No. 1
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Figure 3. The Relationship of Water Retentivity to Percent Lime of Mo~tar
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An area of specimen preparation which received particular
emphasis was the development of a procedure for applying test caps to
the specimen ends which would be uniform in thickness and parallel to
each other. The emphasis given to this aspect of specimen prepara
tion was dictated by the conviction that non-parallel specimen ends
result in premature and eccentric failure of the specimen, thereby
introducing an uncontrolled variable into the testing procedure.

To meet the requirement for parallel ends, a capping device was
fabricated using 7075-T6 Aluminum Alloy. The device consisted of a
one-inch base plate with upright corner guide plates extending at
right angles from the base plate. Measurement of the angle of the
cap to perpendicularity of the longitudinal axis of the specimen,
showed that angle to be less than 0.5 degrees, a limit imposed by
Section 3, ASTM C617, "Standard Method of Capping of Cylindrical
Concrete Specimens" (1). Test results on specimens with caps
parallel to within those limits appeared to be consistent to within
an expected range of statistical variation.

The capping material used was a sulfur-clay compound marketed
commercially under the name "Cylcap", and meets the requirements set
forth in Section 4 of ASTM C617 (1).

TEST SERIES

The test series was designed to permit the influence of mortar
characteristics and unit characteristics to be evaluated. The basic
approach essentially was to vary one parameter while holding others
constant. The data in Tables II and III present the specific values
of parameters varied for the paver-unit prism series and the cored
unit prism series.

The basic sample size was three. I~ one case, however, an
additional sample was tested because, at the time, the mortar cube
strength seemed low. In two other cases, one prism each was damaged
prior to the test. Since the results of the remaining two were so
close, replacement specimens were not built.

TESTING PROCEDURE

Compression Testing. All compression testing was performed in
accordance with ASTM Specification E447, "Compression Strength of
Masonry Prisms" (1). Testing was done in a 300,000 pound capacity
Baldwin-Southwart Universal Testing Machine. Load was applied to the
tops of the specimens through a spherical bearing block, thus mini
mizing eccentricity in loading. A cast iron bearing block was used
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TABLE II

PAVER UNIT PRISM TEST SERIES

Subset Number of Mortar Types Clay Unit Initial
Number Specimens Used in Test Type Flow

I 15 1:~:3, 1:~:4~ DP 130
1:1:6, 1:2:9

II 18 1:~:3, 1:1:6 DP 110, 120, 140

III 8 1:~:3, 1:1:6 LP 130
1:2:9

TABLE III

CORED UNIT PRISM TEST SERIES

Clay Unit Number of Mortar Types Initial
Type Specimens Used in Test Flow

DT 9 1:~:3, 1:1:6, 1:2:9 130

DB 9 1:1;1=3, 1:1:6, 1:2:9 130

CB 9 1:~:3, 1:1:6, 1:2:9 130

DG 9 1:~:3, 1:1:6, 1:2:9 130

WG 8 1:~:3, 1:1:6, 1:2:9 130
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beneath the specimens. Load was applied at a moderately rapid rate
until half the predicted strength was reached, after which the rate
was regulated to induce failure after one minute but before two
minutes from the half-way point. A professional testing company was
employed to test the prisms whose strength exceeded the 300,000
pound capacity of the machine.

Failure of specimens made with high lime, low strength mortars
tended to be slower and less explosive than did failure of those
made with high strength, low lime mortars. Illustrations of four
failed compression specimens are shown in Fig. 4. The prism on the
far left, made with 1:2:9 mortar, was almost wholly intact, while the
specimen made from 1:~:3 mortar failed so violently that only frag
ments of the size shown on the far right remained.

TEST RESULTS

Test Results. The results of Test Series I and II are presented
in Tables IV and V respectively. The ultimate compressive stress
for Series II is reported in terms of net area (area in contact with
mortar) as well as in the usual manner of using gross area.

ANALYSES OF RESULTS

Statistical analyses were performed of the data collected using
Subprogram Regression (9) and the CDC 6400 computer at the University
of Colorado.

Ultimate prism failure stress (f~t) was the dependent variable,
while other parameters, e.g., unit compressive strength (fb), initial
rate of absorption (IRA), mortar cube strength (f'), cement/water
ratio (C/W), lime/water ratio (L/W), and mortar frow l were considered
for independent variables.

Bivariate Regression Analyses. Prior to performing multiple
regression analyses, bivariate regression analyses were performed on
various combinations of the candidate independent variables to detect
any close relationships thereby avoiding redundancy in the subsequent
multiple regression analyses. A close relationship between percent
lime and retentivity (depicted in Fig. 3) was observed; retentivity
was therefore not used in the multiple regression analyses. A similar
relationship was observed to exist between mortar cube strength and
cement/water ratio indicating that one or the other could be used in
multiple regression analyses, but both would cause redundancy. A
close relationship was also observed between unit compressive strength
and initial rate of absorption.

lC/w, L/W and flow are as-mixed values.
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Bivariate analyses were performed to establish the relationship
between ultimate cored-unit prism compressive stress and unit com
pressive strength for each of the three different mortar mixes used
for the cored-unit prisms, i.e., 1:~:3, 1:1:6, and 1:2:9. Test data
for cored unit prisms from reference 12 were analyzed as well to
include results for 1:~:4~ mortar. Since the SCPI 1 prisms tested
(12) were of a different slenderness ratio (h/t)2 than those tested
for this research, the results were converted to values compatible
with the hit of this study by using correction factors specified by
SCPI (11). A second-order least-squares fit for the data correspond
ing to each mortar mix is presented in Fig. 5. The plots indicate
that, for the data considered, prism strength increased as the unit
strength increased for a given mortar, and that prism strengths were
higher for low-lime mortar than for high-lime mortar. It may be
noted also that the influence of unit strength is greater for low
lime mortar than for high-lime mortar.

Fig. 6 is a plot of prism compressive strength against two-inch
mortar cube strength. Quadratic least-squares lines are shown for
each of six types of cored clay units; five for the cored clay units
used in this study and one for the unit of reference 12. The gmph
illustrates, for the data considered, the increase in prism strength
with the increase in mortar cube strength. It may be noted that the
influence of mortar strength upon prism compressive strength is less
pronounced for the prisms of lower strength units.

The strength of the bivariate relationships between prism
compressive strength and unit strength, and mortar cube strength
observed was not too great, being in the range r 2 = 0.5 to 0.7.

Multiple Regression Analyses. Several multiple regression
analyses were performed (3) using Subprogram Regression (9)3 in
which the candidate individual independent parameters (fb, c/w, L/W)
were input. Analyses were performed based upon a linear form,

1
SCPI (Structural Clay Products Institute) is now BIA (Brick

Institute of America).

2h = height of prism.
t = least lateral dimension.

3The program uses a stepwise multiple regression procedure
which successively selects the most influential of the independent
variables as predictors of the dependent variable.
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(1)

in which y' is the estimated value of y

A is the y intercept, and

B
k

are the regression coefficients

and based upon an exponential form l ,

y' (2)

The exponential form of predictor expression resulted in higher
coefficients of determination (r2). Table VI is a partial presenta
tion of the combinations of independent variables used and the cor
responding coefficients of determination.

It may be observed that including IRA along with variables f b
and C/W or L/W produces little or no improvement in prediction
accuracy as measured by r 2 • This could have been expected due to
the strong bivariate relationship previously observed between fb and
IRA. Similarly, the inclusion of L/W to the combination of fb and
C/W produced little improvement.

Since mortar cube strength is a commonly measured value, f~ was
substituted for C/W to determine the strength of the resulting
expression. As may be noted from combinations 12, 13, and 14, the
accuracy of prediction is slightly less than the corresponding
expressions 7, 8, and 9 using C/W and further, inclusion of L/W and
IRA improves accuracy only slightly.

The exponential forms of predictor equation for the prisms
tested in this study for independent variables f b and C/W are,

for paver-unit prisms: f' 450 + 0.85(f,)0.973(C/W)0.693
mt b (3)

for cored-unit prisms: f' - 489 + 8.0(f,)0.724(C/W)0.499
mt b· (4)

lIt was necessary to linearize the exponential form by taking
logarithms of each side, i.e.,

in order to determine experimental exponential expressions using
Subprogram Regression (9).
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When f~ replaced C/W the expressions beoome

f .. fm't -- - 620 + 0.09(f
b
,)0.964(f

c
,)0.315or paver-unlt prlsms:

for cored-unit prisms: f'
mt

(5)

- 488 + 1.36(f~)0.725(f~)0.234

( 6)

and in each of (3), (4), (5), and (6),

f' predicted ultimate prism compressive stress, psi
mt

f~ unit flatwise ultimate compressive stress, psi

f' = mortar ultimate uniaxial compressive stress, psi
c

The exponents in the foregoing equations are obviously unique
to the data obtained in the study conducted. Out of curiosity, the
exponents of f~ were fixed at 0.5, that of fb at 1.0, and the pre
dictor equations reformulated with the following results:

for paver unit prisms: f'
mt 2438 + 0.01 f~~ (7)

with r 2 = 0.913 and a 90% confidence interval of ±1745 psi.

for cored-unit prisms: f' = 2494 + 0.007 fb'lf'mt c
(8)

with r 2 = 0.905 and a 90% confidence interval of ±1742 psi.

Experimental values of f~t are plotted against the predicted
values of f~t and the 90% confidence band for each case in Figs. 7
and 8. It may be noted that Equations (7) and (8) are nearly the
same.

CONCLUSIONS

The results of the research indicate that of the parameters
evaluated, flatwise unit compressive strength and mortar cube
strength together are the more important factors influencing prism
strength and can be the basis of expressions which predict ultimate
prism compressive strength. Inclusion of additional parameters,
e.g., lime/water ratio of the mortar, and initial rate of absorption
improved the accuracy of prediction only slightly as did substituting
the cement/water ratio of mortar for mortar cube strength.
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While the coefficients of determination of the predictor
equations derived are quite high, it must be noted that the expres
sions apply to the data collected and cannot be considered generally
applicable. Ia a statistical sense, the test sample was small;
additional data could well reduce the coefficients of determination
and cause a change in the expressions. Further, slenderness of the
prisms was held constant.

The results indicate to the authors that stackbond prisms
constructed and tested with rigorously followed but simple
procedures can yield constant data.

ACKNOWLEDGEMENTS

The research was supported by a grant from the Colorado Masonry
Institute and the Northern Colorado Masonry Guild. The project was
monitored by Robert J. Helfrich, Technical Director, Colorado Masonry
Institute. Professor C. C. Feng, University of Colorado, provided
administrative control.

Materials were supplied by Colorado Brick Company, Lakewood
Brick and Tile, and Rio Grand Supply, all in the Denver, Colorado
area.



25-24

APPENDIX I - REFERENCES

1. American National Standards Institute, "Building Code Require
ments for Reinforced Masonry", ANSI A41.2, 1960 (R1970).

2. Annual Book of ASTM Standards, American Society for Testing and
Materials, Philadelphia, PA, 1973.

3. Baur, John C., Tension Bond and Compressive Strength of Small
Scale Masonry Specimens, M.S. Thesis, University of Colorado,
Boulder, 1977.

4. Frey, D., Effects of Constituent Proportions on Uniaxial
Compressive Strength of 2-Inch Cube Specimens of Masonry
Mortars, M.S. Thesis, University of Colorado, Boulder, 1975.

5. Foster, P.K. and Bridgeman, D.O., "Prism Tests for the Design
and Control of Brick Masonry", Technical Report No. 22, New
Zealand Pottery and Ceramics Assoc. 1973, also Proceedings of
the Inst. of Civil Engrs., London, March, 1973.

6. Hilsdorf, H.K., "Investigation into the Failure Mechanism of
Brick Masonry Loaded in Axial Compression", Designing, Engineer
ing and Constructing with Masonry Products, Gulf Publishing Co.,
Houston, 1969.

7. Mayes, R., Clough, R., A Literature Survey--Compressive, Tensile,
Bond and Shear Strength of Masonry, Report No. EERC 75-15,
College of Engineering, Dniv. of California, Berkeley, 1975.

8. National Building Code of Canada, Assoc. Committee on the
National Bldg. Code, National Res. Council of Canada, Ottawa,
1975.

9. Nie, N., Hull, C., Jenkins, J., Steinbrenner, K. and Bent, D.,
Statistical Package for the Social Sciences, McGraw-Hill, 2nd
Ed., 1975.

10. Standard Association of Australia Brickwork Code, Standard Assoc.
of Australia, Standards House, Sidney, N.S.W., 1974.

11. Structural Clay Products Institute, Recommended Practice for
Engineered Brick Masonry, McLean, VA, 1969.

12. Structural Clay Products Institute, "Small Scale Specimen
Testing - National Testing Program", Research Report No.1,
SCPRF, McLean, VA, 1964.

13. Uniform Building Code, lCBO, Whittier, California, 1976.



25-25

APPENDIX II - NOTATION

f~ flatwise compressive strength of a masonry unit per ASTM C67.

f' uniaxial compressive strength of two-inch mortar cube.
c

ff - ultimate prism compressive stress, measured or predicted.
mt

C/W - mortar cement to water ratio by weight.

L/W - mortar lime to water ratio by weight.

IRA initial rate of absorption, grams/30 in /min, of masonry unit.

r 2 - coefficient of determination
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A DESIGN GUIDE FOR REINFORCED AND PRESTRESSED BRICKWORK

By B. A. Haseltinel

ABSTRACT: Reinforced brickwork has been used in a rather small
way in the U.K. for many years, but the design guidance that was
available was very poor. The existing Code of Practice covers only
the design of reinforced walls, but nothing else; it is written in
permissable stress terms. All U.K. codes are being revised at
present into limit state terms, and the code on unreinforced
masonry is nearly ready for publication. Being aware that it would
be many years before the part on reinforced masonry would be pro
duced, a group of engineers under the auspices of the British
Ceramic Research Association have prepared a design guide for the
use of prestressed and reinforced clay brickwork, in limit state
terms.

This paper describes the desin guide with particular reference
to the Design Principles, Reinforced Brickwork Walk and Columns
axially loaded, Reinforced BrickworK to resist lateral loads,
the Design of Walls and Columns subjected to vertical and lateral
loads, Reinforced Brickwork beams, Prestressed Brickwork, the
detailing, materials, properties, and workmanship aspects of
the material, the research carried out to support the guide is
briefly described.

IJenkins and Potter, United Kingdom, Chairman of the Drafting
Committee for the Design Guide
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By B A Haseltine

BSc(Eng) ACGI DIC FlCE MConsE

A DESIGN GUIDE FOR REINFORCED AND PRESTRESSED BRICKWORK

1

1 .0. INTRODUCTION

Since 1948, in the United Kingdom and elsewhere in the world
where UK codes are recognised, there has been a Code of Practice
called Structural Recommendations for Loadbearing Brickwork (CP111) (1 ).
The latest version was issued as long ago as 1970, although there
was an amendment in 1971. The Code contains recommendations for the
design of both unreinforced and reinforced walls, but no guidance on
any other type of reinforced element of structure. It is, of course,
in permissible stress terms as would be expected from the period of
issue.

There has beep a very considerable use of unreinforced load
bearing masonry in the UK since the early 1960s including many tall
buildings which have been described already in the literature\.2,3,4).
Unreinforced brickwork is still considered the most economical
structure for flats, houses, halls of residence and other buildings
having a regular plan form and an even spacing of walls. However,
the use of reinforced brickwork has been limited because:

a) The code, CP111, deals only with walls.

b) The basis of design in CP111 is the modular ratio
approach, where the E-value of the brickwork has
to be assumed.

c) Plain brickwork walls usually carry sufficient vertical
load without the need for reinforcement.

d) No allowance for seismic loads is required in the UK.

e) No-one has publicised, until recently, the use of
reinforced brickwork.

Codes in the UK are bei~ reVised to use the limit state
philosophy. The concrete one ~5} has been published for some time
(1972), and the loadbearing masonry code would also have been
published but for unforeseen delays. However, the draft only deals
wi th unreinforced masonry (brickwork and concrete blockwork) and
work will not start for some time on the part dealing with rein
forced and, probably, prestressed masonry.

1 Partner, Jenkins and Potter, Consulting Engineers, London.
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Because of the lack of guidance, and hence encouragement, in
the use of reinforced brickwork, the Structural Ceramics Advisory
Group (SCAG) of the British Ceramic Research Association, a group
of engineers, architects, contractors and brickmakers, commenced
work on their own Des}~ Guide in 1972, and after 22 meetings it
was published in 1977~ ).

2.0. DESIGN PRINCIPLES

The purpose of design is defined as the achievement of
acceptable probabilities that the part of the structure being
designed will not become unfit for the use for which it is
required, i e that it will not reach a limit state.

Two limit states are recognised:

a) the ultimate limit state. In this an assessment using the
design loads should ensure that an ultimate limit state is not
reached as a result of rupture of one or more critical sections,
by overturning, buckling or twisting, caused by elastic or plastic
instability. The layout on plan is required to ensure a robust and
stable design, with some allowance for accidental loads.

b) the serviceability limit state. In this it is required
that deflection and cracking should not adversely affect the
appearance or efficiency of the structure.

2.1. Loading. - The loads to be applied should ideally have been
determined statistically, but it is recognised that it is rarely
possible to do this at the moment and so code loadings are required
to be used, multiplied by a partial safety factor '6 f to give the
design load. For the combination dead plus imposed load, 0 f is
taken as 0.9 or 1.4 on the dead load and 1.6 on the imposed. For
the combination dead plus wind load of is the same on dead load,
but 1.4 on wind load. When dead, imposed and wind loads are con
sidered, ~f is taken as 1.2 on all three.

2.2. Materials • - The design strength of the material is the
characteristic strength divided by another partial safety factor

~m' which varies for brickwork in compression ( 0 mm), brickwork
in shear ( 0 mv), steel ( '0 ms) and for certain other uses.

For the ultimate limit state, ?f mv is taken as 2.5 and 6 ms as
1.15. t mm varies depending on the degree of manufacturing and
construction control. For the worst of both 6mm is 3.5 and for
the best 2.5. When construction control is special, but manufactur
ing is normal, 0mm is 2.8 and for the reverse it is 3.1. Lower
factors apply to design for the serviceability limit states.

The characteristic strength of steel is given in the
concrete code, and the same figures are recommended for reinforced and
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prestressed brickwork. The limit state version of the unre
inforced code for masonry will give characteristic compressive
strengths of brickwork, and the same figures have been adopted
in the design guide for use in direct compression, Table 1,
but an enhancement factor of 1.5 is allowed for bending
compression. The figures in Table 1 apply only when the bricks
are loaded in the usual way; they have to be corrected for
slenderness effects.

Table 1 - Characteristic compressive strength of brickwork
(fk) normal to bed joints (N/mm2)

Mortar Compressive strength of brick (N/mm2)

Grade and mix
15 20 35 50 70 100

(i) 1 .1.. 3 6.0 7.4 11.4 15.0 19.2 24.0'4'

(ii) 1 .1.. 41. 5.3 6.4 9.4 12.2 15.1 18.2'2' 2

An appendix allows prism tests to be used to determine the
characteristic compressive strength, but, unlike American
practice, there is little confidence in the UK that there
is a proper correlation between prism strength and brickwork
strength.

Two types of shear are considered - racking shear in walls and
shear in flexural members. Racking shear in walls is dependent
in part on the degree of pre-compression and is taken as 0.35 +
0.6 times the design load (taken as 0.9 x dead load), in N/mm2•
This is the same figure as is used in unreinforced brickwork.
With certain limitations the characteristic shear strength of
members in flexure is taken as 0.35 N/mm2, but this figure
seems to be rather low when applied to retaining walls, for
example, and this is an area for more research work.

2. 3. Analysi s

For the purposes of analysis, stress strain curves are given
for brickwork (Figure 1) reinforcement (Figure 2), prestressing
steel (Figure'3) and prestressing strand (Figure 4).

For the verification of structural safety it is required that
the design strength of a member should equal or exceed the
effects of the design loads.
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FIGURE 4- Design stress-strain curve for 'as-drawn wire' and 'ss-spun' strand.

RESEARCH FOR THE GUIDE

Ideally, a. great deal of research would have been carried out
to verify all the design principles and formulae given for the
various practical cases. It was recognised that much research has
been done in other countries, but it was not found practicable to
make a great deal of use of this, as it is often not directly
applicable to UK practice and materials. A research programme has
been prepared to remedy this deficiency, but two areas were
investigated before publication.

3.1. Stress/Strain relationships. - Figure 1 was prepared from the
results of research into the stress/strain behaviour of four brick/
mortar combinations by the British Ceramic Research Association, ( )
reported at the Fourth International Masonry Conference in Bruges 7 •
The curve in Figure 1 is extremely idealised, as is the case with a
similar curve in the concrete code, but it represents the shape of
a conservative compressive stress block. Work has started to obtain
a siillilar curve for calcium silicate brickwork.

3.2. Prisms Loaded in Different Ways. -Almost all the available
information on the strength of brickwork in compression assumes that
the bricks are laid with frogs up and filled and that they are loaded
on their bed faces. For reinforced loadbearing walls or retaining
walls this is valid, but for beams it is unhelpful, since bricks
will usually be loaded in another aspect and most have lower strergtbs
when tested on end or on edge as compared to their bed face strength.
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A series of prism tests was, therefore, carried out by the
British Ceramic Research Association with several different types
of bricks laid in bonds that loaded them on other than the bed face
as well as in the normal direction. figure 5 shows the bonds and
Table 2 the types of brick used in the research.

Figure 5 - Bonds of prisms tested for effect of loading on edge
or on end.

o
o

c
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Table 2 - Details of Bricks

Mean Crushing Strength N/mm2

Brick Description Between Between
On Bed Face Headers Stretchers

1 3 hole wirecut 52.6 9.07 19.0
2 16 hole wirecut 63.1 8.74 23.3
3 23 hole wirecut 73.2 8.58 15.7
4 Staffordshire Blue

Engineering 71.8 45.3 53.8
5 Semi-Dry Pressed Deel

Single Frog 27.9 14.4 15.6
6 Stiff Plastic Pressee

Double Shallow Froe 53.9 37.5 48.6

The results of the tests were most interesting. It was found
that solid and deep frogged brick prisms had virtually the same
strength when the bricks themselves were being loaded along their
length or width as comparable prisms loaded in the conventional way.
It was, therefore, concluded that no distinction need be made in
the guide about the direction of loading of solid or frogged bricks.
However, it was found that perforated bricks carried much less load
when the direction of loading was other than on the bed face. It has
been recommended in the guide that users test the particular per
forated brick that they intend to use, but as a lower bound, per
forated brickwork loaded on end or across the bricks should be
assumed to be only 0.4 times the strength in the direction perpen
dicular to the usual bed face.

3.3. Retaining Walls. - A group of brick manufacturers has sponsored
some tests on reinforced retaining walls, and the results were made
available to the drafting coIDJP!tte~. They are now published by
Structural Clay Products Ltd ~8, 9).

4.0. DETAILED CLAUSES

The guide is sub-divided into a number of sections which cover
the main uses of reinforced and prestressed brickwork. Some of the
more important aspects are described below.

4.1. The Design of Reinforced Brickwork Walls and Columns with
Vertical Axial Loading • - This section really replaces that

in the present CP111, where walls are to be reinforced to help in
their loadbearing capacity. A formula for the design strength is
given, together with rules for calculating the effective height
of a wall and its slenderness effects. This is the section that will
probably be least used, since there are so many high strength
bricks available in the UK that unreinforced walls can carry all
the loads usually required.
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4.2. The Design of Reinforced Brickwork to Resist Lateral Loads.
This covers three principal groups of elements:

a) External panel or boundary walls (and to a lesser extent
partitions) with no primary structural function but which, because
of their size, shape or fixings cannot be shown to resist lateral
forces when unreinforced.

b) Retaining walls whose prime function is to resist lateral
pressures perpendicular to their faces from earth, liquids or
stored materials such as grain.

c) Piers or buttresses which are loaded along their major
plan dimension instead of perpendicular to it.

It is an important section, as one of the most popular uses of
reinforced brickwork in the UK is for retaining walls. Considerable
help is given to designers in the way in which reinforcement can be
added to brickwork, e g Figure 6, but the actual design of the
reinforced section is left to the part dealing with beams (4.4.).
Another recent publ~cation has amplified the design guide in respect
of retaining walls ~ 10).

(c)(b)(a)

Figure 6 - Cantilever retaining walls, grouted caVity or Quetta
bond wall: (a, b) thickened on unloaded face; (c)
thickened on both faces as dividing wall between
storage bays.
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4.3. The Design of Walls and Columns Subjected to similtaneous
vertical Loads and Moments, or Horizontal Loads. - This covers,

in the main, the design of eccentrically loaded walls or those
carrying vertical loads, and in addition, substantial horizontal
loads, ega wall in a basement carrying the vertical loads from
above, but resisting earth pressure as well. However, if the net
eccentricity is less than 1/20th of the wall thickness, bending can
be ignored. The simple relationship

Moment due to design loads
Design moment of resistance +

vertical design load
design vertical load

resistance
~ 1

is used for these combined actions.

4.4. The Design of Reinforced Brickwork Beams. - Tension ar~s~ng

from bending is the principal reason for incorporating reinforcement
in brickwork, and so the design approach given for beams is also
applicable to all bending cases. A large number of ways of incorpo
rating reinforcement are given, for instance those in Figure 7.

The formulae for the resistance moment of a section are given;
the compression case has been derived from the stress/strain curves
in Figure 1.

Design moment of resistance =
2

either 0.3.b.def 1.5 fk

~mm

but not> 0.95
def

or

where

and

z is the lever arm which equals

def [1 - o. 53 As fy Dmm J
b.def ~ ms 1.5 fk

b width of beam

def effective depth

fk characteristic compressive strength

As cross sectional area of reinforcement

f y characteristic tensile strength or reinforcement

Information is given for shear resistance and bond effects
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4.5. The Design of Prestressed Brickwork. - It is assumed that brick
work will be post-tensioned. In most respects the design guidance
given follows exactly that in the appropriate part of the concrete
code. The main differences are in respect of shrinkage and creep
effects, when considering losses.

4.6. Detailing Reinforced and Prestressed Brickwork. - The ID.J.nJ.mum
areas of reinforcement, maximum and minimum bar sizes and spacings
are reproduced here in Table 3. Anchorage bond, curtailment,
secondary steel, nominal shear reinforcement and column links are
dealt with in the guide.

One of the most important areas of detailing is the matter of
cover. This produced a lot of discussion in drafting, and in the end
a simple performance requirement has been given - "Reinforcement in
brickwork should have sufficient cover of mortar grout or concrete
to ensure that it is able to act structurally and to give protection
against corrosion". This is further supplemented for external walls
etc. "All reinforcement within 100 mm of the face of the brickwork
should be galvanised to BS729, be stainless steel, or have a similar
degree of protection".

4.7. Materials and Properties. - This section, and the following one
on Work on 9it~, lean heaVily on the "Model Specification for Clay
Brickwork" \ 11) published also by :Sritish Ceramic Research Associaticn.
Grouts have been specified, as these do not receive attention in the
Model Specification.

4.8. Work on Site. - The main additions to the Model Specification
are a table of minimum grout strengths, items on 'low-lift' grouted
cavity walls, 'high-lift' grouted cavity walls, Quetta and similar
bonds, reinforcement and prestressing tendons.

5.0. CONCLUSIONS

The design of reinforced and prestressed brickwork has received
attention in only a few countries and as far as is known, apart from
the subject of this paper, there is no limit state guidance for
designers using this material.

It is recognised that much research needs to be done to verify
the design rules given in the guide, but they are founded on well
known principles, derived for the design of reinforced and pre
stressed concrete. The guide is recognised as being an interim
document, and users have been invited to comment on its use in
practice. In the meantime a research programme has been planned to
further verify the design principles.
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MASONRY IN BUILDING CODES

By Walter L. Dickey, S.E.*

ABSTRACT: Early master mason activity, developed by successive approxi
mation and by intuition, produced magnificent structures. Modern code
documentation of masonry design and of reinforced masonry provisions
followed in turn much later. Seismic consideration and design methods
followed, with requirements to improve performance. Resulting fallacy,
and validity, of arbitrary requirements is clarified.

Need for reorganization of code provisions and for development
based on authentic data summarized.

*Consulting Structural Engineer, Los Angeles, California
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MASONRY IN BUILDING CODES

by

Walter L. Dickey*

INTRODUCTION

This North American Masonry Conference is
It presents what is probably the largest surge
search and development in masonry information.
sleeping giant stirring for an awakening.

a great step for mankind!
of authentic testigg. re
Perhaps we are seeing a

Following the introductory session is a session on Codes, i.e., the
control of design. This is becau~e we in The Masonry Society, and in
the National Science Foundation, recognize the importance of and deplore
the state of modern design codification of man's oldest permanent con
struction.

It deserves better! It has served man for centuries, even millen
nia, with its excellent qualities of strength, durability, permanence,
fire resistance, thermal resistance, weather resistance, beauty, flexi
bility of design and function. It has provided man and his family with
protection from the elements, and from enemy carnivores and homo sapi
ens. It has provided him with shelter for home, for livelihood and work,
for his soul and worship, grand palaces to rule in, and to be ruled from.
It has ranged from hovels to majestic monuments.

We should not now ask - "Vlhat can our masonry do for us?", but,
"What can we do for our masonry?"

There are several things we should do. We should give it under
standing (it needs it) and T.L.C. (Tender Loving Care) so that we may
provide for better design understanding, with better code statement of
design and construction requirements. One item we might hopefully re
member is the note sent a minister by his wife at the start of his ser
mon. It was simply KISS. One member saw the note, was touched, and
commented on its tenderness. The minister explained that he also appre
ciated it, it meant !eep It iimple itupid.

This is especially appropriate in masonry because possible scatter
of test results and quality do not warrant complex refinements of method
or equations for a high degree of complexity and precision in practice.
Let us hope for KISS as we progress and develop.

*Consulting Structural Engineer, Los Angeles, California
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OBJECTIVE

The objective of this discussion is to present:

1. Historical background pertinent to the development of
Codes.

2. A brief look at the recent modern Code development, since
1933.

3. Amplify and clarify items of apparent confusion or coritra
diction, and fallacy or fact.

4. Emphasize need for considering: new provisions for post
failure performance as it affects assumed input for seis
mic, blast, tornado, or vibratory response.

5. Emphasize dire need for more true, basic and authentic
information, in addition to intuitive design.

6. Emphasize simplification of design for the major portion
of masonry construction, which does not require sophis
ticated complex numerical manipulation to prove satisfac
tory application, i.e., KISS.

HISTORICAL

The long history of masonry resulted in many intuitive design prin
ciples and satisfactory use of masonry, what might be called tradi
tional use.

A list would be endless.-I saw some examples in a recent trip, e.g.

Segovia with its 8-story height of columns supporting two miles of
aqueduct across the valley, started in 100 Be and still functioning
(in spite of two large earthquakes that have occurred.)

Cordoba, beautiful areas of columns, arches and ornamentation from
the 1200's.

The gorgeous Alhambra and Generalife. Arched, ornamented and fili
greed, built in the 800 year reign of the Moors.

The Gothic, Romanesque, and Renaissance cathedrals of Europe, un
believably grand, majestic and tall, arched, domed, groined, with fan
tastic artistic flying buttresses and pilasters - built in the 1200's
through 1600's, lighted through delicately carved masonry patterns sup
porting beautiful stained glass.
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Those were developed by what we now might call intuitive design, or
cut-and~try, or "successive approximations" or "iteration", We do not
know how the master masons actually prepared the trestle boards, except
that the design was without formal Codes. One Master is reputed to have
used a model design method. Strings were suspended from an inverted
foundation plan and weights were added at locations of intersecting

~~

loads. The sh~,e of the weighted strings were along the line of force
(tension) whicht~hapes could be inverted and would be correct for the
compressive forces in the lines of assymetrica~ arches.

By whatever methods, the results were eminently satisfactory. Tra
ditional rules were developed early,-in antiquity, in what we might call
B.C., "Before Codes". For example the hit ratio of the Segovia aqueduct
columns is about what we use now. The hit of the Rothenberg city walls
between pilasters, built in the 1200's, is about what we might use under
our present codes.

There was also our early American continuation and then application
of basic engineering use. This was, in modern times, improved and codi
fied by many, such as by the now Brick Institute of America and the Na
tional Concrete Masonry Association.

Then after the catastrophic failure of masonry buildings in the
Long Beach earthquake of 1933 reinforced masonry began its continuous
growth in the Uniform Building Code.

RECENT DEVELOPMENT (1933 - 1978)

There have been recent developments in unreinforced design, espe
cially as shown in the BIA and NCMA publications on design and codes and
in the adoption by ICBO, BOCA, Southern Code, etc. However the newer
subject of reinforced masonry will be discussed in this brief presenta
tion in the light of UBC. It was introduced into the UBC, the large Los
Angeles City, and the California State provisions in 1933 and 1934, pri
marily crystallized by the 1933 Long Beach Earthquake.

It then experienced a continuous growth and refinement in those
codes, especially in the UBC, which is reviewed, refined, up-dated and
reprinted every 3 years.

However, since it was influenced by the specter of earthquakes the
design requirements of reinforced masonry were not separated in principle
from the sometimes hysterical reactions to quakes,and the consequent
post-failure performance prescriptive protective provisions.

This has injected some arbitrary, or empirical,limits and require
ments not completely based on scientific research and analysis, both for
design and for construction requirements.
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In addition there was another non-integrating factor. There was no
strong entity for research and development like PCA and ACI in concrete,
and the similar organizations in steel and in timber. The masonry in
dustry is a fragmented one.

One example would be the organization (7) of the Brick Manufacturer~

group. They were separate from the Block industry, separate from the
Contractors, separate from the Bricklayers. The East was split from the
West. The West, e.g., California, was split into a North and a South.
The largest manufacturer in the South split off on his Own. The other
industry portions were similarly splintered. To say the masonry indus
try was fragmented would be true, but an understatement:

Now we have great hopes for the integrating influence of The Mason
ry Society, hoping it will bring together the Brick and Block manufac
turers, the East and West, the contractors, the craftsmen, the archi
tects, engineers, building officials, all who use masonry.

CONFUSION AND CONTRADICTIONS, FALLACY AND FACT

Due to the above type of development, part intuition, part engi
neering, part practice, partial information, part tradition, mixed by
committees, the resulting Code is a hybrid (some have used worse descrip
tion).

Some specific examples are mentioned to clarify the above general
statements and to emphasize the need for code improvement.

One example is a partial content of the UBC Masonry Chapter. There
is Reinforced masonry; Partially Reinforced masonry; Unreinforced mason
ry; Engineered Unreinforced masonry; and Traditional Unreinforced;-a
little voluminous and slightly confusing.

There are a few of the other miscellaneous examples which will be
pointed out in a theme of reducto ad absurdum. This is not to be scorn
ful, but in the hope of encouraging improvement in the codes that have
actu~lly provided us with so many excellent masonry buildings.

1. The reduction factor for walls and columns is [1 - (~t)3]

There is implication this is a buckling factor, but this is ques
tionable. It does serve to reduce the design value of bearing walls,
but at hit = 25, the arbitrary maximum height permitted, it reduces the
strength to about 75% of short column. This is really a negligible re
duction when we consider that 150cfmasonry is used at 300 psi, i.e., a
ratio of 1:5, and there is a wide scatter of field quality and strength.

2. The limit of hit of 25.00 is obviously not valid. If a wall at
hit of 25 has 3/4 of its full value, a wall at hit of 26 would be almost
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as strong) insteadof 0 capacity.

3. The shape of the reduction curve is not correct) it goes to 0 at
an hit of 40) and to minus values at values greater rh~n 40 - i.e.) the
capacity would increase! A small few cities have recognized this and
have extended the curve beyond the hit of 25 by a curve of the generg1
shape of 1/5 of an appropriate Eu1ers curve. Others should be similarly
enlightened:
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4. The curve makes no direct recognition of):enq. conditions - which
can introduce factors of from 2 to 1/2. a range of 4~T or 400%.

5. The curve is inaccurate in not considering solid vs hollow wall
construction. It is obvious that a hollow shape has a much better radius
of gyration and hence better unit stress capacity for similar amounts of
material.

6. The Code requires that piers whose width is less than 3 times
its thickness shall be designed as columns.

An example was an 811 wall with windows leaving piers 20" wide. Ac
cording to code they must be designed as columns. with 4 or more bars,
and heavy ties, all at half stress because they are less than 12" thick.
The plan section would be as shown in drawing - an obViously impractical
construction. The computed capacity might be:

1/2 [.18 x 1500 x 146" + .65 x 20,000 x 4 x .2] = 24,944

Or - the piers may be 6 11 thick with aid of 20:6 or greater than 3:1
with the, pier section shown in the drawing - and 2 bars.

The computed capacity would be .2 x 1500 x .07" = 32.17511

Intrinsically the code would arbitrarily require the 6" pier instead
of the 8" pier and would indicate that the alternate 8" column it re
quired would not be as strong as the 6" pier.

Fallacies in pairs:
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7. The Code requirements for arhitrary column tie spacing was not
due to a test program developed for masonry. It was merely a use of Con
crete column tie spacing which had been developed for use in concrete
columns at rather high stress andqmonolith with beams and slabs. The
size and spacing was adopted without regard for masonry joinery and func
tion, e.g., 3/8 or 1/2" bars in 1/4 or 3/8 joints, and for columns that
are generally not part of a frame or slab integration, but all are re
quired to have that non-cost-effective installation.

8. The Code requires an arbitrary area of steel, a percentage not
less than .0007 x the gross area. This is regardless of whether the
masonry is solid, or hollow with 1/2 the masonry net area. Also regard
less of whether it is of concrete masonry which shrinks or is of clay
brick which expands in time. Also regardless of weight, heavy weight
or light weight. This is not a design factor, it is merely to improve
post seismic failure performance.

9. The Code requires spacing not more than 4' in Reinforced nor 8'
in Partially Reinforced. This arbitrary limit is simply a number. It
disregards the type of masonry or the thickness of the wall, i.e., 4' for
a 16" or 12" thick wall or for a 4" thick wall. Again this is an arbi
trary seismic performance requirement - not a rational design factor. It
is because of a "feel" for need for "basketing".

10. The COde limits the height of grout lift in a pour to 4' in
hollow construction irrationally without regard for absorption of units,
width of grout space or consistency of grout. There have been many pours
greater and one Code approved height was 6' but the UBC requires maximum
of 4.00 feet, though 8' is consistently used satisfactorily in residen
tial construction.

11. Bearing walls "shall not be less than 6 11
, yet thousands of bear

ing walls have been built 4", and investigation indicated that 5" would
be the most economically effective thickness for masonry use in buildings
as built today, but this system, of course, could not be used. That 6"
limit was thought by some to provide constraints on pouring or reinforce
ment placement, but these controls are in other parts of the Code.

12. The Standards require strength to be determined on gross area of
hollow units. But what we need for design, is control of the strength in
the outer fibers. Gross strength test readings can be provided either by
units of a weak material containing small coring (hard to grout) or by
units of a strong material, and larger cores (with better grouting).
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,LEVEL OF AVERAGE PRISM STRENGTH!
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NET vs GROSS AREA STRENTGH. This shows the effect of high strongth and
low strength material providing the same hoi low unit gross area strength.
The dashed I ine shows the average prism strength that could be provided
by grout with the two different strengths of unit (same gross area
strength.) The sloping I ine shows the stress level required by bendinq.
In the cases of high s1'rength un i t mater ia I the Ieve lis sat is factory,
but not for the low strength unit - although gross area strength of unit
and prism strength tests would indicate satisfactory wal I assemblage.

The incorrect indication would be for reinforced as wei I as unrein
forced.
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13. The growing importance of shear resistance for lateral reSist
ance of structures is hampered by the Code not permitting use of increas
ed shear value or capacity caused by added axial compressive force.

14. Calculations following Code provision indicate the strengthen
ed reinforced masonry shows less computed capacity than the unreinforced~

15. It is obvious that reinforced masonry does not act as we design
it. The assumption in a normal wall design is that it cracks on the ten
sion side - most of the way through the wall, for the tension steel to
work - but we know the wall does not function in that manner!

kd

d

CENTERLI NE

STEE L AREA , As

11! .

ASSUMED CRACKED SECTION,"

16. The Code does not provide for grouping of those increasingly
important items that provide for increased performance and proper uti
li~ation of the high damping characteristics, ductility and energy ab
sorption, so necessary in our increasing sophistication of seismic re
sistanceJas in spectral response. If it did we might find that instead
of a worst material for survival in an earthquake, unit masonry might
be the best ~

The following charts from the ATC-2 and other design stipulations
show importance of relation of damping, period, and acceleration
response.
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Appendix A. ATC-2.
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17.
generally
ditions.
formance.

The present Code does not provide well for retrofit, which is
a specific problem requiring specific design and unusual con
Problems of retrofit have emphasized the need for basic per-
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SUMMARY

The Masonry codes have developed by empirical methods, with less
theoretical research than other construction methods. Unfortunately
many were developed by committees, rather than by a Thomas Jefferson.
But are on the brink of an era of tremendous development.

This Conference, with its 90 papers on new research and development
is one symptom.

The "stirring of the pot" by ATC-3 is another symptom.

The formation of The Masonry Society is a symptom. One of the first
projects of this organization, and probably the greatest recognized com
mon need is for the development of improved design, and consequent code
improvement.

This must be done however with full recognition that all the para
meters should not be combined in a way that will be cumbersome and awk
ward, to encourage error. The avoiding of error is more important than
development of precision. Great precision is not warranted in the appli
cation of'masonry design.

While the reinforced masonry methods were developing in the West,
prodded by the specter of quakes and resultant catastrophic failures,
the traditional conventional or rule of thumb design was being refined.
It had resulted in so many more, and satisfactory structures. Both
methods were being massaged to improve their usage, making them more
adaptable to our changing needs and economy.

There were certain eddies in that current of progress, it was· not
smooth, especially as the western and eastern influences merged, there
were conflicts such aSj

Long ti.m~:...service records vs "new and better ways"

Cost:)r~'s9-fety, especially under new loadings

Reinfofced vs unreinforced

State of the art of engineering vs state of the art of information
and the dearth of knowledge of masonry material integration.

The confusion was worse than it might have been because there was no
well defined unifying influence. The masonry industry is fragmented:

But - there has been growing changes - at an exponential rate, a
small explosion here and there, then many. all contributing to some big
explosions.

This might be demonstrated by a package of fire crackers in a Chinese
New Year celebration, let's hope we have a New Year, a New Era.
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A STRUCTURAL ENGINEER'S RATIONALIZATION OF THE MASONRY BUILDING CODE

By Don T. Pyle and Donald C. Weber

ABSTRACT: The major building codes such as UBC present a number of
apparent inconsistencies in the determination of allowable stresses and
material properties and in design procedures. This, coupled with the
current state of the art in masonry design, testing and construction,
present serious obstacles to the structural engineer.

This paper discusses some of the problems and inconsistencies that
must be resolved by the structural engineer designing with reinforced
masonry. Some of the design guidelines and philosophy of a major
structural engineering firm are presented.
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A STRUCTURAL ENGINEER'S RATIONALIZATION

OF THE MASONRY BUILDING CODE

By Don T. Pylel and Donald C. Weber2

INTRODUCTION

Twenty years may seem a long time in our lives; yet it is an in
stant in the long history of man's involvement with masonry. Interest
ingly, though, when we started the practice of consulting structural
engineering approximately 20 years ago, masonry was not really consider
ed a structural material by our colleagues. In most cases it was
something the architect used to cover the structure we designed. In the
occasional situations where the masonry walls were used structurally
to support loads, an imperical or rule of thumb procedure was mostly
used as the "design" approach.

Much has happened in these last 20 years and we have now come to
the point where many creative and interesting engineered uses of masonry
are occurring in building construction on a more or less routine
basis ••• uses which utilize the structural advantages of masonry mater
ials.

This does not mean the problems involved in design and construction
using masonry are all solved. With the hold over of rule of thumb
design procedures, the evolutionary nature of changes in building codes,
the special interest groups, and lack of uniformity and direction in
the masonry industry, the consulting structural engineer faces many
difficult and time consuming decisions and procedures. Nevertheless, in
order to better serve our clients, it is our opinion the many advantages
of masonry construction warrant the extra time, difficulty, and risk
involved.

Our firm specializes in structural engineering and has been one of
the leading designers of masonry structures in the Denver and Colorado
areas. In order to avoid potential problems and to standardize our de
sign procedures, we have, over the years, established some office guide
lines. These have attempted to reflect our actual design experience on
past projects, to better define and simplify the many choices that are
allowed and must be made, and to reconcile some of the inconsistencies
that are currently in most building codes.

It is the purpose of this paper to discuss some of these office
guidelines and the design philosophy involved, and to point out some
of the unresolved difficulties inherent in current engineering design
of masonry structures.

I Don T. Pyle, Principal, KKBNA, Inc. Consulting Engineers

2Donald C. Weber, Principal, KKBNA, Inc. Consulting Engineers
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THE PROBLEM OF DETERMINING MASONRY STRENGTH

The designer wishing to use engineered masonry construction is at
the outset faced with a problem of selecting a consistent set of material
properties for use in his design. The current (1976) edition of the
Uniform Building Code selects as the significant parameter for this pur
pose f'm, the ultimate 28-day compressive strength of masonry prisms,
and establishes two alternate procedures for determining this value.

In the first procedure the ultimate strength of the masonry is de
termined from tests of prisms made from the materials to be used, and
made under the same conditions that will be encountered in the actual
construction. In lieu of this procedure, an alternate method is allowed
which assumes a prism strength as a function of the type of the masonry
unit to be used.

As would be expected, the procedure of assuming f'm values based
only on the type of masonry unit used approximates a lower bound of
prism strengths obtained in actual practice and while safe, may severely
penalize a project where structural performance is a governing criteria.
It is at this point the problems begin to arise.

If the designer wants to utilize the full potential strength avail
able to him, he must have tests conducted on the proposed materials,
prior to accomplishing the structural design. However this is frequently
impractical. It is sometimes difficult to get authorization for the
tests, delays may result, or the owner or architect may not select the
masonry unit until late in the design phase.

If the prior testing is not possible or justified, the designer must
assume a value of f'm based on his prior experience with the material.
In any case, he must specify that prisms be made in advance of and dur
ing the course of construction to verify that the strength assumed in
the design is achieved in the actual construction.

While it is recognized the assumed prism strengths given in UBC
are conservative, establishment of an appropriate value (without specific
testing) is largely a matter of experience and luck. There is a surpris
ing lack of reliable information available to the designer regarding
prism strengths that can be expected from a given combination of mater
ials installed with reasonable care by competent workmen. To further
compound the problem, there have been only a relatively few applications
of masonry construction in our area of practice where prism tests were
required, hence we find that the techniques for making and testing
masonry prisms are not well developed. In some cases where prism tests
have been required, the results have exhibited a wide range of scatter,
making confident interpretation of the results impossible.

To circumvent these problems our office has taken the approach of
attempting to evaluate the cost impact of the use of the lower range of
prism strengths. In some instances, non-structural considerations such
as thermal conductivity, fire resistance, and sound control dictate the
thickness of the masonry and actual stresses are acceptable even if low
prism strengths are assumed.
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In masonry construction with high stresses and other cases where
hit ratios approach the code maximums, stress levels are often the govern
ing design criteria and prism strength has a major impact on the cost of
construction. In such cases we normally specify prism strengths 20 to
30 percent greater than the code minimums and require testing to verify
the assumed values.

THE PHILOSOPHICAL PROBLEM OF WORKING STRESS (ELASTIC) DESIGN

The design procedures for reinforced masonry have been adapted
from the procedures used for reinforced concrete design at the time
when reinforced masonry came into use. In recent years, research has
shown that elastic or working stress design procedures do not adequately
represent the structural behavior of reinforced concrete and the method
has been abandoned in favor of the more realistic ultimate strength
design approach.

From a philosophical standpoint we have no reason to expect that
reinforced masonry acts any more like an elastic material than does
reinforced concrete. Yet with the absence of research necessary to
apply ultimate strength design procedures to reinforced masonry, we are
forced into using a method which, while yielding safe designs, gives us
no way of knowing what factor of safety we are designing into our struc
tures. If reinforced masonry is to be competitive as a structural
material, these design procedures must be re-evaluated in the light of
current technology.

THE PROBLEM OF DETERMINING ALLOWABLE STRESSES

For masonry construction where "special inspection" is provided,
the Uniform Building Code allows increases in the allowable masonry
stresses of 100 percent over work where only normal inspection is pro
vided. To qualify under this provision, the work must have continuous
inspection at all times during the installation of the masonry by an in
spector who is approved by, and who reports to, the building official.

In our area of practice, we have encountered a great reluctance on
the part of owners to bear the cost of this additional inspection, even
when we can show that it would result in a net savings in the cost of
the project. Consequently we find the masonry construction we are invol
ved with almost never qualifies for the "special inspection" stresses in
a strict sense.

The obvious intent of the "special inspection" provlsl0n is to
recognize the importance of field quality control in achieving the
required strength in the finished product. While there is no question
that field quality control is an essential ingredient of good masonry
construction, the following questions arise: 1) Are the code provisions
with respect to "special inspection" realistic (e.g. does full time
inspection of the work really bring about an improvement in workmanship
resulting in a 100 percent increase in masonry strength)? 2) Do the
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code prov1s10ns adequately account for problems related to poor workman
ship which occur when full time inspection is not provided? 3) Are
there instances where we as designers are justified in using higher
stresses even though special inspection, in the strict sense, is not pro
vided?

First, it must be noted some systems of masonry construction are
more vulnerable to workmanship related problems than others. For example,
low lift grouted construction where the work is covered up immediately
as it progresses and where there are a great number of splices in the
vertical reinforcement, is inherently more susceptible to quality control
problems than high lift construction where the cells to be grouted are
accessible for inspection until the grout is placed.

In view of the above, there appears to be logical justification for
using higher allowable stresses with some masonry systems even when only
normal inspection will be provided. But since current codes make no dif
ferentiation between the quality control problems associated with vari
ous systems, the designer would be accepting a greater professional
liability exposure if he chose to do so. If problems with masonry ele
ments were to occur, it would be very difficult to defend a design that
was not in compliance with the code even if it could be shown that the
problems were not directly related to the stress level.

From the standpoint of logic, it seems reasonable to assume masonry
laid in stacked bond is weaker than when adjacent units are interlocked
as in running bond. UBC recognizes this weakness by reducing the length
of wall considered effective under a concentrated load or the width of
tee beam flange effective in bending when stacked bond is employed, but
if we are designing a reinforced masonry beam, we are told to use the
same allowable vertical shear stress in the masonry regardless of whether
we are using stacked or running bond. There is an obvious inconsistency
here.

The use of reduced allowable stresses in the masonry as a method
of assuring adequate strength when full time inspection is not provided
is not necessarily an effective way of achieving the desired result and
may even be counterproductive in some instances. The factor of safety
of a reinforced masonry component is not predictable on the basis of
masonry stress alone. If the designer is faced with physical limitations
on thickness, the net affect of reducing the allowable masonry stress
is to increase the amount of reinforcing required which may compound
the quality control problem by making construction more difficult and
result in a weaker and less ductile finished product. The old axiom
that "more is better" is not necessarily true when applied to the amount
of reinforcing in a masonry wall.

Tension stress perpendicular to mortar joints is another confusing
subject. In actual practice the developable tensile stress is highly
variable and is subject to many factors. The UBC currently has an allow
ance of 4 to 72 psi. Yet why can you not lift a prism test sample by
the top unit without the real possibility of breaking the sample (this
represents an average tensile stress of approximately 1 psi)?
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Also, based on usual code required wind pressures, calculations
show most existing, unreinforced masonry walls are overstressed. Yet
few walls actually fail in service due to wind pressure. Obviously,
there are many other factors and redundancies that increase the strength
of walls in actual buildings. However, we feel a general allowance of 4
to 72 psi in tension for all situations is not wise and should be applied
only with considerable engineering judgment.

PROBLEMS RELATED TO ACCEPTANCE CRITERIA

Another common problem is the difficulty of monitoring quality
control during the construction process. We refer here primarily to
problems of measuring the acceptability of the finished product.

The concrete test cylinder is a well accepted, routine procedure
for the evaluation of completed concrete structures. This is not to
say such tests are a fully reliable and suitable testing procedure •••
they are not. However, structural masonry has a long way to go even to
reach this rather imprecise level. For example:

1. There is no standard ASTM field test for mortar. Several tests
are used for this but none seem to solve the problem; they are
either unsuitable, or have poor repeatability with inexperienced
testing personnel. Thus it is our opinion such tests are not a
suitable and reliable field test for mortar acceptability.

2. The prism test is probably the best test available for acceptance
of a completed masonry assemblage. We have used it with reasonable
success on a number of projects. However, it is not an ideal
test; it is limited by the capacity of available testing machines;
it measures only one property, compressive strength; it is suscept
ible to considerable variations due to workmanship, handling and
testing procedures; and, it can never represent a random, statisti
cal sample of the finished product since it is built specifically
for each test.

3. The lack of standardized, well developed and routine procedures in
testing, and especially the lack of experience with masonry evident
in many of the commercial testing labs, is a serious deterent to
good quality control. We have spent many hours trying to justify
acceptance of walls that have produced below specification tests,
or attempting to placate a justifiably upset client when the masonry
tests are erratic or meaningless.

PROBLEMS RELATED TO WORKMANSHIP

The long history of unreinforced and "rule of thumb" masonry has
produced too many tradesmen and masonry contractors who do not have a
real understanding of reinforced, "engineered" masonry as a truely
structural material. The main concern in the trade has been how many
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square feet of wall can be laid and the appearance of the exposed surface
of the work.

Yet the structural engineer is frequently concerned most of all
with the interior construction of the wall. The mason without adequate
supervision, will frequently neglect items of major importance to the
structural engineer. For example, things we find regularly are insuffi
cient lap of joint and bar reinforcing, improper construction of corners,
columns and bearing seats, inadequate tie between wythes, unfilled
joints, substitution of concrete block for brick when it doesn't show,
and omitted bond beams and reinforcing steel. But once the wall is
closed up, no one can tell what's inside. This has been a major deter
ent for the structural engineer to take full advantage of the unique
structural properties of masonry.

SUMMARY

The design of masonry can be a difficult, time consuming and chal
lenging task for the structural engineer who attempts to take full ad~~t

age of the unique capabilities of structural masonry. Yet the rewards'~

can be as satisfying as the challenge is difficult. It is our hope the
Masonry Society will be able to bring unity to the industry and provide
the mechanism required to solve the many problems facing the masonry
designer.
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A SIMPLE TECHNIQUE FOR DETERMINING STRENGTH OF BRICK

By Parviz F. Rad

ABSTRACT: Compressive strength and flexural strength are the major
strength characteristics determined for bricks. However, due to
differences in geometry, a single brick usually yields a strength
value quite different from that of prisms or walls of brick. This
paper advocates the use of a small impact device to determine the
strength and chipping characteristics of bricks. This technique has
been successfully used in rock mechanics and has promising potentials
of successful use in brick identification. The single most important
advantage of this technique is its simplicity of specimen preparation
and data collection. The test device consists of a steel tube 3
inches by 26 inches. A handful of brick pieces of varying sizes are
placed on the bottom of the tube and impacted with a standard weight.
Strength and durability of bricks can be inferred from the results of
comparisons between the original size distribution and distribution
after impacts. The correction factors needed for normalizing the data
from various size distributions can be obtained for each brick by
conducting a series of pilot experiments on representative size
distributions. The advantages of this system are low capital cost,
ease of operations, and ease of specimen preparation even from broken,
old, and small pieces of bricks.
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A SIMPLE TECHNIQUE FOR DETERMINING STRENGTH OF BRICK

By Parviz F. Radl

INTRODUCTION

Compressive Strength and Flexural strength are the major
strength characteristics determined for bricks. However, due to the
differences in geometry between a single brick and a structural wall,
a single brick normally yields a higher strength value. A further
complicating factor is the fact that a structural wall is a composite
structure made of bricks and mortar. The properties of the wall are
then dependent on properties of individual components as well as the
quality of the bond between them. Various modifications have been
recommended for the flexural test and compression test of bricks and
brick prisms in order to account for the size effect and composite
effect. However, the relation between strength of brick and that of a
wall has not been fully explained yet.

This paper advocates the use of a small impact device to deter
mine the strength and chipping characteristics of bricks. This
technique has been used successfully in rock mechanics and has
promising potentials of successful use in brick identification.

PROCEDURES, TECHNIQUES

The single most important advantage of this technique is its
simplicity of specimen preparation and data collection. Figure 1
shows a schematic of the impact device. It consists of a steel tube
with an inside diameter of 3.02 inches and a height of 24.75 inches.
A 5.28 lb. steel weight is dropped through this cylinder from a height
of 22 inches onto brick samples. A comparison between the original
size distribution and that after several impacts will yield the Impact
Strength Index and provides means of estimating strength and chipping
properties.

lAssociate Professor of Civil Engineering, Clemson University,
Clemson, South Carolina
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The original technique used for rocks involves using ten
irregular shaped rocks averaging 7.5 cu em each. The specimens are
sorted by screening to select the minus I-inch, plus 3/4-inch mate
rial. Since the specimens will be irregularly shaped, the desired
volume could be obtained more accurately by weighing the material and
dividing the weight by the value of density. The total weight (in
grams) of the ten specimens is 75 cu ern multiplied by the specific
gravity of the material. The specimens are then divided into groups
of five sets of two specimens to each set.

Each set of two specimens is placed in the bottom of the
cylinder and impacted with the standard weight.

The number of drops for each set of two specimens vary from 3 to
40. The same number of drops are used for each set of two specimens
until the five sets are broken. The broken material for each sample
is combined on a O.S-rom screen (35 mesh) and hand shaken for 40
seconds. The minus 0.5 rom material is then weighed in grams and
divided by the specific gravity to determine the solid volume of the
material.

An impact strength index is then determined by dividing the
number of drops used for each group of specimens by the volume of the
minus 0.5 rom material from the five sets of specimens:

lSI = nP = n
w v (1)

where lSI = the Impact Strength Index
n the number of drops used on each gro~ of ~o specimens,
p the specific gravity
w the weight of the minus 0.5 rom material from five gro~s

of specimens,
and V the solid volume of the minus 0.5 rom material from five

groups of specimens.

After the Impact Strength Index is determined for one assay,
larger or smaller number of drops are tried to determine the minimum
value of Impact Strength Index. This minimum will be used in all
calculations and comparisons because it represents the most efficient
use of energy required to produce the minus 0.5 rom material.

As an attempt to further simplify this technique, a series of
impact tests were conducted in Clemson University in which the
original size distribution of the brick was at the discretion of the
experimenters. This size distribution was arbitrarily chosen but
carefully measured and maintained throughout the tests.
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RESULTS AND DISCUSSION

Figure 2 shows the variation of Impact Strength index for
Richtex Brick for various impacts. The lSI shows a marked decrease
for the first 8 drops and gradually increases for further impacts.
The minimum lSI is estimated to be .75. Figure 3 shows the variation
of lSI for southern brick. Although a significant amount of scatter
is evident, the minimum lSI can be conveniently estimated to be .72.
Ease of estimating the minimum is another advantage of this technique.
Although care should be taken to get a well behaved set of data, lack
of uniformity will not affect the value of lSI significantly.

The value of impact strength can be obtained for any sieve if a
complete size distribution of the specimens is available. However,
virtually all sieves result in the same trend as that of the lSI
obtained by the standard technique from the specified sieve. This
observation led to a further refinement and simplification of the
impact technique. In a second series of experiments bricks were
broken to approximately .2 inch and smaller and then a series of
impact tests were conducted on these specimens. ,It is important to
note that the specimens contained chips of various sizes before
impact. Figures 4 and 5 show the size distribution of Southern Brick
and Richtex brick before and after impacts. Values of lSI similar to
those obtained for figures 2-3 can be obtained from anyone of these
sieves.
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SUMMARY AND CONCLUSIONS

Strength and durability properties of bricks can be inferred
from the results of the proposed simple impact test. The major
advantages of this technique are freedom in choosing the original size
distribution of specimens, low capital cost, and ease of operations.
The correction factors needed for normalizing the data from various
size distributions can be obtained for each brick by conducting a
series of experiments on representative size distributions.
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RESTORATION OF THE PINE STREET INN TOWER

By John M. Looney, P.E.
Chief Engineer
CBT/Childs Bertman Tseckares & Casendino Inc.
Boston, Massachusetts

ABSTRACT: Boston's old Fire Headquarters had been abandoned
for many years and had deteriorated to the point that the
city had condemned it. This historic landmark was selected
to be the new home for the Pine Street Inn. This paper will
describe how our office evaluated the existing condition of
the hazardous 156 foot high fire tower and rebuilt it to a
safe condition.
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RESTORATION OF THE PINE STREET INN TOWER

By John M. Looney, P.E. 1
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~

lChief Engineer, CBT/Childs Bertman Tseckares &
Casendino Inc, Boston, Massachusetts
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INTRODUCTION

Four years ago our office, CBT/Childs Bertman Tseckares
& Casendino Inc. was hired by the Pine Street Inn to find a
new home. The Inn is a private, non-profit organization
that provides food, shelter and limited medical care to its
indigent, predominately alcoholic 'guests.' The new facility
would need to house approximately 300 men and 50 women.
After a considerable search we chose the old City of Boston
Fire Headquarters and its three adjacent buildings. It was
thought that the 156 foot high tower of the old Fire Head
quarters would serve as an effective beacon for the Inn's
'guests.' One year earlier the City of Boston had condemned
the tower building because of severe deterioration. This
paper will describe how our office developed repair methods
to save this landmark.

HISTORICAL BACKGROUND

In 1892 the City of Boston built their new Fire Head
quarters on Bristol Street in Boston's South End. City ar
chitect, Edmond Wheelwright, modeled the building after the
town halls of Florence and Siena, Italy. The Fire Department
used the tower for ladder practice, fire lookout and fire
alarm purposes. The Department's 'old guard' admits that
even today the tower building brings back memories of their
'fearless youth,' when leaping six stories into a net below
was as easy as rolling out of bed.

The building and tower were built of yellow New Jersey
fire brick, with Amherst stone trimmings and balconies. The
tower is a 14 foot square shaft rising up 125 feet to a low
roof. At this point a series of interlocking arches and cor
bels dramatically increase the size of the tower to 18 feet
square. Above the low roof the walls step back and rise
another 30 feet to the high roof. At the high roof another
series of arches, corbels and piers form a crown to top off
the tower. (See photo No. 1)2

The building was thoroughly fireproof as befits a fire
station. The exterior walls were two feet thick. All par
titions were brick and the steel beams covered with terra
cotta. The building was completely sprinkled inside and
outside and heavy steel shutters could be closed over the

2photographs of the tower appear in Appendix I.
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windows in case of fire. All these precautions were taken
to insure that a fire would not put the city's vital fire
alarm system out of commission. The cost of the building
exclusive of the fire alarm apparatus was $81,000.

After the Fire Department moved out in 1951, the build
ing served as a warehouse and factory and fell into disre
pair. In the early 1970's the bui~ding was abandoned.

The Pine street Inn received funding to renovate the
buildings from the Massachusetts Department of Community
Affairs through the Boston Housing Authority. One of the
stipulations for the money was that the historic Fire Head
quarters building was to be restored to its original appear
ance and s'tructural integrity. Several local citizen
groups had also applied pressure to prevent the Pine Street
Inn for even moving into the area and the restoration of the
tower was one item that had helped to 'mollify them. Origi
nally we had wanted to save the tower but now we were com
mitted to it whether it seemed possible, never mind economi
cal, or not.

EXISTING CONDITION OF THE TOWER

Because of the ravages of vandals and New England wea
ther, the tower had deteriorated to a point where large
sections of the top parapet threatened to crumble and fall
to the ground, cracks ran up the corners and the brick cor
bels below the low roof seemed to defy the laws of gravity
in remaining in place. In short the tower appeared in such
a poor state that we wondered whether it would not have been
better to tear it down.

The parapet around the top of the tower is two feet
thick and about three feet high. On top of the parapet sit
eight, four foot piers. Vandals had removed all of the
copper flashing around the inside of the parapet and the
water had deteriorated the brickwork. As the bricks became
loose vandals had picked them out and thrown them off the
tower.. In some sections of the parapet two wythes had been
removed'. The resulting porous surf'ace acted like a sponge
and allowed the water to completely penetrate the wall. The
outside four inch veneer had bulged more than three inches
in some locations. (See photo No.2). One of the piers had
been stripped to where it resembled an upside down pyramid
and at the base of several others the mortar had desintegra
ted to the point where bricks could also be picked out by
band. (See photo No.4).
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Water had penetrated the piers that support the high
roof and they had bulged and twisted. Several of the piers
had split open and one had a one-inch gap running up its
narrow face. At the low roof the copper flashing had also
been removed allowing water to penetrate down into the large
corbeled arches below. Some of the cap stones weighing
several hundred pounds had been pushed off their piers. A
few of them had fallen to the roof of the building below and
had broken large holes in it.

Below the low roof are the distinctive and dramatic
corbels and arches that appear to be hanging off the tower
in danger of tipping over. The mortar at the top of these
corbels had completely disintegrated and only the weight of
the bricks above the arches appeared to be holding this part
of the tower together. (See photo No.6). The tower's
southeast corner corbel was completely shattered and many
large cracks ran vertically down the edge of the tower below
that corbel. We surmised that lightning had struck the
tower at this point because of a bare copper lightning rod
attached to the tower near this area. (See photo No.6).
Large cracks ran practically the full height of the tower at
each corner.

The cast iron stairs, that wind their way up inside the
tower had deteriorated so badly that several treads broke
off when weight was put on them. The stairs stop just below
the low roof and ladders provide access to the remainder of
the tower. Most of the supports for these ladders had
rusted completely through and some of the rungs had corroded
to less than half their original diameter.

DEVELOPING METHODS OF REPAIR

Because the Pine Street Inn would lease the buildings
from the Boston Housing Authority and the Boston Housing
Authority is a public agency, the contract documents had to
conform to Massachusetts Public Biddlng Laws. This meant
that the bidding had to be open to any qualified contractor,
the contract had to be awarded to the lowest responsible
bidder and, most important for us, the extent of the work
had to be clearly defined to preclude any increase in its
scope after it had started.

Several masonry contractors were asked to examine the
tower and suggest methods of repair. All balked at the com
plexity of the task and their replies were always the same;
"Its a beautiful piece of work but I wouldn't touch it un
less it were on a cost plus basis." In a cost plus contract
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the contractor is reimbursed for all labor, materials and
equipment he uses and he receives a percentage of the total
cost for his profit. Since 'cost plus' was out of the ques
tion the problem became how to evaluate accurately such an
intricate structure in such an advanced state of decay built
85 years ago by craftsmen whose work no one seemed able to
understand or duplicate now. (See photo No.1).

It was decided that the repair methods should be devel
oped one step at a time. The first step was to accurately
determine the tower's present condition. Every inch of the
tower inside and out was examined. Binoculars were used to
study those areas that were too far away to see clearly. A
camera, with a telephoto lens, was used to photograph the

.exterior of the tower. The interior was also photographed.
Problems were recorded on sketches of the tower. The second
step involved using a combination of both the photos and the
sketches to evaluate the existing condition of the tower.
After careful study, the following i"tems were determined;
that the freezing and thawing of the water that had pene
trated the bricks had caused the bulk of the damage, and
areas where the flashing had been removed appeared to have
suffered the most, that large sections of brick had lost
their mortar and were in immediate danger of falling from
the tower and finally that because of the thickness of the
walls (over three feet at their base) the stresses in them
were thankfully low. (See photo No.4).

Tracings were made of various horizontal sections of
the tower from actual field measurements for the next step.
These tracings were superimposed over each other in order to
determine the relationship between the walls, corbels and
piers. This process revealed that the walls at the corbels
at the low roof were over four feet thick which meant that
the structure supporting them was perhaps sounder than it
seemed from the outside.

Study of the field notes, photos and the scale drawings
indicated one important fact. The large cracks in the ex
terior did not appear on the inside, indicating that the
damage might extend only as far as the exterior veneer. The
forces of nature were peeling off the exterior skin of the
tower as one peels off the skin of an onion. If this was the
cause of the damage, the repair of the tower would consist
mainly of replacing the damaged bricks and sealing the walls
to prevent water from entering them again.
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CONTRACT DOCUMENTS

The repair of the tower could be bid as a separate en
tity or it could be part of a total masonry sub-bid. The
advantage of the first was that contractors who specialize
in this type of work could bid it. However, the possibility
of finding three qualified contractors appeared slight.
Also, the bidders would have to apply a factor to cover un
forseen problems. Because of these concerns the second
method was chosen. The total estimated masonry sub-bid was
over $200,000 and the complex tower repair would only con
stitute one third of that. A masonry sub-bid of that size
as well as the fact that two thirds of the work would be
straightforward would increase the possibility of getting
enough contractors to bid the work.

The scope of the repair work had to be clearly indica
ted in the contract documents and many approaches were
studied. One method of applying pictures to the originals
was considered. The problem with this method was that not
every part of the tower could be clearly photographed. The
method finally adopted was to draw a plan of each of the
five levels of the tower and indicate the scope of work on
each plan. In addition a comprehensive document for the
mason to follow in repairing the brickwork was needed. As
much information as possible was condensed onto a single
sheet in the form of a series of tower repair notes (see
Appendix II).

A drawing showing the entire height of the tower on
every side, interior and exterior was made. All repair
work was shown on these drawings by circling the areas to
be repaired and keying the required repairs to a repair
schedule (see Appendix III).

REPAIR OF THE TOWER

The contract documents were completed in April of 1976.
Before bidding could start the various city and state agen
cies had to review them. When a bid date had not been set
by September, the then owner of the building, the Boston
Redevelopment Authority, was informed that the tower was
structurally unstable and repair work had to be done before
winter. If water penetrated the bricks and froze, large
sections of brick could falloff the tower and injure pas
sersby. With the Boston Redevelopment Authority's blessing,
a brief specification and a couple of drawings were develop
ed to remove the hazardous top of the tower.
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Bids were solicited from several contractors that
specialized in chimney building and repair and work pro
ceeded immediately. The piers on top of the the parapet
wall were so loose that a crane was able to lift them up
in one piece and lower them to the ground. The stone cop
ings and the yellow bricks were stacked up inside the build
ing and used later to rebuild the top of the tower. At
this point the Boston Redevelopment'Authority began receiv
ing protest calls as the men dismantled the parapet. Every
one was assured that the tower would be restored to its
original appearance at a later date.

In the Spring of 1977 Coronis Construction Co. of
Winchester, Massachusetts came in as the low bidder for the
project. After the scaffolding had been set up around the
tower, the contractor began replacing the broken bricks on
the corners. The exterior veneer was removed and the back
up brick examined for cracks. When no cracks were found the
corners were rebuilt using salvaged bricks from the site.
(See photo No.8).

The top was then started. The first step in rebuilding
it was to repair all the loose bricks in the small corbels
and arches. The exterior wythes of the arches were not tied
back to the rest of the tower and the bricks were being held
in place by gravity alone. Several ways to tie these arches
back were discussed with the masons working on the tower,
and the way finally decided upon indicated their exceptional
skill and ingenuity. The chief problem facing them was that
if any bricks were removed the whole arch would cave in and
cause the arches on either side to collapse as well. Thus
the arches had to remain intact. Screw jacks were placed
horizontally between the scaffolding and wood blocking placed
across the face of the arches. A slight amount of horizontal
pressure was then applied to the arches while a long thin
bar was used to chip out all the loose, crumbly mortar behind
the bricks. As the mortar was cleaned out the pressure from
the jacks was increased. Eventually, the entire arch was
pushed back to its original position and a header course was
placed along the top to tie the veneer to the rest of the
wall (see photo No.9). Next the two foot thick parapet was
built up from the roof level. Photographs of the original
parapet helped the masons rebuild the top to its original
shape.

A stone coping covered the original parapet and small
pieces of stone ran across the front of the piers at the
same level. These stones gave the appearance of a band a
round the tower. Two of the larger stones were broken and
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several of the smaller ones were missing. (See photo No.2).
Instead of trying to match the missing stones, a cast-in
place coping was used and the outside edges were formed to
match the original shape of the stones. This concrete cop
ing not only provided a waterproof cap for the parapet but
also provided additional reinforcing for the top of the
tower (see photo No.3). The masons rebuilt the piers to
their original size and shape on top of this new concrete
coping. (See photo No.5).

Each corner of the tower was rebuilt by one mason, and
it was interesting to note that each mason became very pos
sesive of 'his' corner. They took great pride in their work
and proved themselves to be true craftsmen in carrying on
a centuries old tradition.

The most difficult part of the tower to repair were the
large corbels just below the low roof. The southeast corner
corbel had been shattered by lightning. (See photo No.6).
The extent of the damage was not known and the drawings
called for the entire corbel to be removed and rebuilt. The
magnitude of this task was tremendous. The whole corner of
the tower would have to be shored and braced. The masons
felt that the tower would collapse if this section of wall
were removed and they suggested peeling the outside veneer
off and examining the interior wythes first. The masons re
moved the outside veneer and examined the back up bricks
carefully. Fortunately, only the outside veneer was damaged;
the force of the ligtning had been dissipated in the exteri
or bricks. Therefore only the veneer had to be replaced
and no extensive repair was needed. (See photo No.7). The
bricks above the large corbels were so loose that they
started to move when the corbels were being worked on. (See
photo No.6). The masons had to rebuild the corners above
the corbels before the corbels themselves could be repaired.
This particular job was akin to building a brick wall from
the top down. Stainless steel tie rods were installed just
above the corbels in order to relieve some of the strain
these ten ton pieces of brick work put on the tower.

Before winter arrived all of the loose and broken brick
work had been repaired and at this writing the repointing,
cleaning and the replacement of the stairs were all that re
mained to be done to complete the restoration of the tower.
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CONCLUSION

The restoration of yesterday's intricate brick work
would seem to present an insurmountable challenge to the
modern engineer. Many of the old skills are lost and the
construction industry is no longer based on a labor inten
sive economy. Budget limitations, deadlines, dealing with
neighborhood groups, the various authorities and labor prob
lems are enough to undermine the simplest of building pro
grams. This paper has shown how one office dealt with these
sorts of problems and managed to save a historic landmark.
While the methodology outlined in this paper may not be the
final answer for dealing with a complex restoration problem,
it at least demonstrates some of the basic techniques and
analysis which are necessary. The writer only hopes that
this paper will give some encouragement to those who are
faced with similar tasks in the future.
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PHOTO NO 2

PHOTO NO 3
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PHOTO NO 6

PHOTO NO 7
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~pendix II

Tower Repair Notes:

1. The intent is to provide repair work to match in char
acter and appearance the original work, and to provide com
plete repair and renovation of all defective existing brick
and stone work, including replacement of missing or damaged
bricks and stones, repair of existing brick arches, and the
complete re-pointing of all masonry joints to replace mis
sing, crumbling, or decaying mortar. The present brick is
a "yellow New Jersey fire brick." Some brick is available
from the walls that will be demolished on the site. The
cap stones and trimming stones are "Amherst stone." The
natural color is light buff. Light buff concrete of match
ing color may be used to replace broken and missing stones.

2. Each bidder shall visit the site and examine the tower
to ensure his knowledge of conditions affecting the work.

3. All information given relating to existing materials and
conditions to be encountered is furnished for the information
and convenience of the bidders and neither the owner nor the
architect warrants or guarantees that such materials, or
conditions will be the same as those encountered during con
struction.

4. Re-pointing: remove all defective brick work. Cut out
all crumbling and decaying existing mortar from defective
joints at least 1/3 deep. Where severe, replace entire
bricks in fresh mortar. Clean surfaces to receive new mor
tar by wire brushed scrubbing with water, and/or other
means subject to approval of architect.

5. Blend the repair work into the existing work by tooth
ing.

6. Anchor all repair work to the existing construction by
use of metal masonry ties.

7. The re-pointing and the repair schedule apply to both
the exterior and interior faces of the tower.

8. The repair schedule is intended as a guide to indicate
the scope of work, but shall not be constructed to limit the
scope.

9. Store existing structure where required during construc
tion.
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10. See sheet s-7 for tower level plans.

11. Stones from the top are stored on the site.

Appendix III

Repair Schedule:

A) Replace missing, loose and/or broken face brick and any
loose or broken back-up brick. Re-build to match existing.

B) Remove any loose and/or broken face brick and any loose
and/or broken back-up brick and re-build to match existing.

C) Remove unsound section of wall or pier and re-build to
match existing.

D) Remove any loose and/or broken bricks and re-build arch
to match existing.

E) Remove any loose and/or broken bricks and re-build cor
beling to match existing.

F) Re-build to original height and re-place coping.

G) Brick up solid existing opening or chase.

H) New opening or enlarge existing opening. Provide new
lintel angles as specified in the general notes sheet s-l.
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THE CENTER FOR EDUCATIONAL DEVELOPMENT 

A MEDIUM SCALE SEISMIC UPGRADING

Harold A. Davis 1

ABSTRACT: During the 1960's, many substantial buildings in San
Francisco were vacated or abandoned by industrial and commercial
occupants, creating a surplus of unused floor space. Most of these
buildings were old, poorly ventilated, without adequate parking
facilities, and dangerously inadequate in seismic capacity, thereby
becoming presumed liabilities to their owners rather than assets.

Far West Laboratory for Educational Research and Development
obtained a federal grant to relocate in San Francisco and purchased
a 43-year-old warehouse building at 15th and Folsom Streets in the
city. Proposed use of the space included a school (part of the San
Francisco School District), offices, and retail facilities for
selected light industry.

The seismic upgrading requirements of Title 21 were met with
gunite backing on the brick walls and new concrete wall elements.
By adding major grade beams attached to the existing structure, it
was possible to continue to use the existing pile foundations.

Disruption to the existing structure was kept to a minimum by
drilling hundreds of holes of varying size and location in the
existing concrete and brick fabric of the building. These holes
were then filled with epoxy bonding agents and reinforcing bars.
The exterior appearance of the building was maintained virtually
unchanged by placing all new elements on the inside. The flexibility
of the interior space was maximized by locating all shear elements
on the exterior perimeter of the building.

lStructural Engineer, Rutherford & Chekene, San Francisco, CA.
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THE CENTER FOR EDUCATIONAL DEVELOPMENT
A MEDIUM SCALE SEISMIC UPGRADING

1
. 1By Haro d A. Davls

INTRODUCTION

Many engineers are now familiar with the problems and technical
details of rehabilitation work and seismic upgrading, both for public
agencies and private owners. The reconstruction and upgrading of
unreinforced masonry structures is a problem which is now becoming more
and more a necessity of solution, especially in California and other
major urban centers. The economics of new construction vs.
rehabilitation make rehabilitation a more frequent choice than in the
past. Some of the design investigations will be described as well as
details of the reinforcing elements added to upgrade the structure.
The project I wish to review, the Center for Educational Development,
includes some unique features deserving our examination for ideas on
design investigation, analysis and implementation.

FIGURE 1

lstructural Engineer, Rutherford & Chekene, San Francisco, CA
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The Center for Educational Development is located in the Mission
District of San Francisco, at Fifteenth and Folsom streets. The site
borders a residential, small commercial retail area and light-to-medium
industry. Main traffic thoroughfares such as freeways, bridges and
transit facilities like BART (under construction when our involvement
with this building started) are nearby. When planning began, the San
Francisco Chamber of Commerce actively campaigned to save older
existing structures by urging real estate investors to consider
rehabilitation as an alternative to the demolition of older, neglected
buildings, or to relocation outside the city itself. The Cannery and
Ghirardelli Square projects had recently been completed and stood as
guideposts for future efforts along the same lines. (See Figure 1)

The problem, as it faced us in 1969, was this: the building is six
stories, containing some 300,000 square feet of floor spape, measuring
approximately 190 feet by 255 feet. Constructed in 1926-27, it was the
second structure to occupy the same site, built and used as a warehouse
for merchandising and retail concerns such as Woolworth's. In 1969 it
stood empty and neglected, a visual deterrent to change. Exterior
walls were varying thicknesses of unreinforced brick masonry, supported
on the flat-slab concrete frame.

At this point, Far West Laboratory, an energetic team of
educational research and development professionals from Berkeley, were
looking for space to house 75,000 square feet of offices and an
experimental school in the same building. Thanks to funding from the
Office of Education of HEW, this building was purchased with part of a
$4.75 million federal grant. The grant was to pay for all construction
work on the condition that there be no major disruption to the exterior
of the building, and that unused space retain a certain flexibility and
ease of future occupancy. Also, the structure had to be approved for
public school occupancy. The architect and consultants were selected
and discussions began on the basic philosophy or design approach to
this problem.

The first questions are familiar to many of you who have experience
in rehabilitation work: Does it meet the code? How much do we have to
do? What's the minimum? How much will it cost? Why are your fees so
high? These are certainly important and basic considerations, but the
answers to such questions alone do not provide a sufficient basis for
proceeding on a project of this scale. The design professions (and I
include structural engineers in this category) need to be made more
aware of issues related to planning, esthetics, community impact, and
flexibility for future uses. What I propose to discuss is how our
solutions for these questions were developed, integrated with other
design requirements, and implemented to produce the final result.
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We began with a set of drawings for the existing construction which
provided enough information to allow preparation of comprehensive
calculations of the existing capacity for vertical loads. The building
was originally designed for an unreduced live load of 200 psf on all
floors, (heavy warehouse occupancy) a fact which we were able to make
great use of. We performed testing on concrete cores, made detailed
measurements, cut chases in brick walls, and water leveled the floors.
Our first surprise came from the results of the water leveling -- as
much as nine inches of differential settlement, and no major,
fundamental cracking to show for it. (See Figure 2)

FIGURE 2
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The structure is founded on wood piles, of unknown depth and tip
size. We verified the number, butt sizes, and conditions by visual
observation in several exploration pits. An initial soils investigation
was performed by Shannon & Wilson, to see if correlation could be
established between the settlement picture and the use of piling, and
to determine if the building was doomed to permanent or short-term
foundation failure.

Results showed that there could indeed be a logical explanation for
the differential, but without information on driving, depth or size, we
could reach no definite conclusions, especially if new dead loads were
to be required. As the preliminary development of structural schemes
and requirements proceeded, it became apparent that dead load would be
increased, and therefore two pile load tests were required. (See
Figure 3)
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C. Floor slabs were adequate to support the 50 psf andlOO psf loads,
based on the slab load test.

d. Application of new dead and real-live loads were required to be
distributed evenly over the building to avoid costly foundation
revisions.

E. New seismic resistance elements should be located on the perimeter.

About six months after starting the project, we began to firm up our
ideas on the system of lateral bracing to be used. It was clear to
everyone involved that the solutions to the engineering problems would
have a major impact on architectural planning and design. We operate
on the conviction that in a rehabilitation project like this, the
structural engineer occupies the position of leadership, and if he is
sensitive to the overall needs of the project his work is in the nature
of a creative contribution rather than just solutions to limited
technical problems. In response to the original appearance of the
building and the fact that projected occupancies were offices and
school::;, we proposed that the lateral scheme use the form of the
building as an outline, and that the entire exterior wall become a new
concrete shear wall. From the sixth floor down, pier and spandrel
elements become larger and larger; window and door openings diminish.
At first, no judgement was made whether the concrete elements would be
poured-in-place or gunite, but as the design progressed, gunite clearly
seemed the more appropriate material.

The design detail sections are worth examining -- not to count
reinforcing bars, but to demonstrate the relationship between our
design and the original construction. Figures 4 through 7 show a Pier
Sections and Spandrel Sections, both on the first floor and on the
sixth floor.

Foundation work was limited to the construction of a major perimeter
grade beam to receive the nearly vertical wall elements and distribute
the load to the existing pile caps. The ground floor slab had failed
in many bays due to the ground settlement, so a new flat slab was
designed, with the old slab cut away from the columns to remove any
possible load transfer and to provide space for a drop panel.

The decision to use gunite rather than cast-in-place concrete was
based partly on considerations of economy in formwork, but also was
influenced by the necessity of achieving positive bond on a variety of
surfaces. Some of these surfaces would require temporary ports, chases
and intricate placing schemes to receive concrete properly and develop
bond.
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Figure 8 shows the construction work
itself. Foundation work was the
first phase following demolition.
While foundation construction
proceeded, holes and chases were
drilled in slabs, columns, and brick
walls throughout the building. (See
Figure 9)

FIGURE 9
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Existing wythes of masonry were anchored to the new concrete elements
by rebar anchors set in 8"16 holes drilled by core barrel. Holes were
filled prior to guniting by an pneumatically applied dry pack material.
(See Figure 10)

The installation of reinforcing was a major, time-consuming portion
of the work. Because of the number and distribution of the bars, and
clearances necessary for gunite work, very close coordination between
the men drilling the holes and the reinforcing installation was
necessary. Our construction observation required one man to be assigned
on a continuing basis to assist the owner's project representative and
review conflicts as they developed. (See Figure 11, 12)

FIGURE 10
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FIGURE 12
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As soon as possible after the completion of reinforcing, screed wires
were set, back forms installed and gunite applied. Masonry and concrete
surfaces were thoroughly sand blasted. Although difficulties in mixing
and application did occur at first, they were soon overcome. Only the
workmanship of the nozzlemen remained problematic. The key to gunite,
of course, is the proper compaction of the material in place, and the
elimination of rebound material from the section. OSA requirements
determined the minimum core testing, but on several occasions,
additional cores were taken because of low breaks or cores which
indicated the inclusion of rebound.

The finish coat, applied by plasterers, was between 1/4" to 1/2" in
thickness. This dimension was originally intended to be an integral
application with a wood float finish, but nozzlemen simply were not able
to control the tolerances to that degree, so plasterers were called in
to apply the finish. Figure 13 shows the general shape and appearance
of spandrel and pier section (at the 1st floor) after the forms are
stripped.

FIGURE 13



42-14

The finished building originally housed offices, mechanical service
areas, and a television studio on two floors (5th and 6th), and
combined joint-use space on the first floor for community groups and the
Laboratory. There is also a pre~school children'a center on the first
floor.

Our solution to the seismic upgrading has produced a scheme which did
not significantly alter the exterior appearance, p10vided total interior
flexibility for space planning, and met the criteria fo~ OSA-approved
school occupancy without further structural modifications. School
occupancy of the second, third and fourth floors has not yet occurred,
but numerous proposals have been discussed. A major facility of higher
learning is currently planning to develop two or more floors into new
classroom and office space. A Mexican museum has recently been
established in the building, exhibiting Mexican and Mexican-American
paintings, traditional crafts, and other works of art.

Figures 14 and 15 show some aspects of the completed work, and
demonstrate how the structural work was integrated into the
architectural solution.

Total cost of the construction was $3,500,000 or roughly $11.50 per
square foot, bid in 1971. The Architect was Esherick Homsey Dodge and
Davis, San Francisco. The contractor was DeNarde Construction company
of San Francisco.

SUMMARY

A large concrete frame and brick wall industrial building was
rehabilitated and remodeled for an educational facility and office.
Integration of requirements for seismic design and foundation loads
resulted in a solution permitting maximum space planning flexibility, as
well as minimum change in the exterior appearance. Construction aspects
involved close coordination of a multitude of holes, chases and removals
for reinforcing steel in gunite. Completed construction cost was
approximately $11.50 per square foot in 1973.
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FIGURE 14

FIGURE 15
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LOW COST FACILITY FOR TESTING THE ULTIMATE EARTHQUAKE RESISTANCE OF
MASONRY STRUCTURES

By Keightley, W.O., Department of Civil Engineering and Engineering
Mechanics, Montana State University, Bozeman, Montana

ABSTRACT: A shock table, 6m x 7m, which can impart horizontal half
sine acceleration pulses to the foundations of 20-test structures has
been constructed around the frame of a used railway wagon. The shocks,
of 0.1 second duration and up to 2g amplitude, are generated by impacts
from two other heavily loaded wagons which roll down short inclines and
collide through heavy springs with the platform wagon. Tests of half
scale models of one-room low grade masonry houses reveal the weakness
of walls transverse to the shocks, demonstrate the effectiveness of
vertical steel bars in the building corners and of encircling reinforced
concrete bands at lintel level, and raise questions about the anchorage
of corner reinforcing bars in the foundation. A proposal is made for
construction of a similar facility with capability of shaking to the
point of collapse structures weighing from 100 to 200 tons.
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LOW COST FACILITY vOR TESTING THE ULTIMATE EARTHQUAKE
RESISTANCE OF MASONRY STRUCTURES

by

W. o. Keightleyl

INTRODUCTION

The design of a reinforced masonry structure which is to be built
in a region subject to earthquakes is based on a large body of simpli
fying assumptions as to the behavior of materials, joints, and large
assemblages of materials, as well as assumptions as to the nature,
intensity, and duration of the ground shaking. When the ground shaking
is strong enough to cause serious damage to the structure, most of the
assumptions about the structure will be incorrect. Proof of the value
of the presently used methods of designing comes from observing the
performance of structures during strong shaking, but to date not much
performance data has accumulated for modern types of construction.

Greater assurance of the reliability of today's methods and
materials can be had by large scale destructive testing, which means
subjecting the foundations of structures to simulated earthquake motions
strong enough to cause damage to the point of collapse. Testing of this
kind is expensive because large structures must be built and then des
troyed. In addition, facilities for simulating three-dimensional ground
motion at high force levels do not exist, and those which are capable of
one-, or two-dimensional motion are expensive to construct and expensive
or unavailable for rent for the period of time necessary to build a
reinforced masonry structure in the usual fashion and carefully test
it. Nevertheless, as masonry structures increase in height and numbers,
and depart more from designs and methods tested by experience, some
tests to destruction of large assemblages under simulated earthquake
loading should be made. As one testing machine manufacturer puts it,
"One test is worth a thousand expert opinions."

This paper describes a low cost testing facility which has been
recently constructed in India, capable of destroying 20-ton structures.
Suggestions are given for constructing a similar facility to test much
larger structures. Although the facility cannot simulate earthquake
motion, but is capable of imparting only uniaxial acceleration pulses,
it is believed that it can reveal much useful information about the per
formance of masonry structures up to the point of collapse.

DESCRIPTION OF THE FACILITY

The principles of the low cost test facility can be grasped from
Figure 1. Three railway wagon (car) underframes, with wheels, were

lprofessor, Department of Civil Engineering and Engineering
Mechanics, Montana State University, Bozeman, Montana.
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mounted on a 36-m long railway track, the central portion of which was
depressed to create a short ramp at each end. Integral with the center
frame there was constructed a stiff steel platform, 6m x 7m, as shown in
Figure 2. Houses to be tested were built on top of this platform. The
other two frames were fitted with sides and bottoms, and then loaded
with boulders and sand to become movable 32-ton dead loads.

To conduct a test, one dead load wagon and the platform wagon were
positioned on the track as shown in Figure 1. The other dead load
wagon was pulled partway up the incline, and then released to roll down
and collide with the platform wagon through heavy coil springs which
had been mounted on its ends. The platform wagon would thus receive an
acceleration pulse and be driven forward into collision with the sta
tionary dead load wagon. This second collision resulted in another
acceleration pulse being given to the platform wagon, but in the oppo
site direction. Once the wagons had been brought to rest after this
pair of collisions, the process was repeated, except that the roles of
the two dead load wagons were interchanged.

The amplitude of the acceleration pulses was controlled by the
height from which the dead load wagons were released. Theoretical
expressions for the amplitude and the duration of an acceleration pulse
are shown in Figure 1. These expressions are based on the assumption
that all the mass associated with each wagon, including wheels and pay
load, can be treated as a single rigid unit, although actually the test
structures are far from being rigid, and there was looseness in the
connection between the axles and the frame. Measured values of ampli
tude and duration, however, were reasonably close to the computed
values at higher acceleration levels.

The track for this facility was made of new rails (90 lbs/yard)
spiked to wood ties on broken stone ballast. The underframes and the
wheels came from 50-year old rolling stock condemned by the Indian
Railways, but with rehabilitation of bearings and wheels on two wagons.
Rated loaded gross weight of each wagon in railway service had been
about 35 tons. Figure 3 shows the track and the frame used for the
platform wagon, and Figure 4 shows the entire facility near completion,
including the surrounding building. Total cost of the facility, in
cluding the building, was approximately $12,500. Of this amount, $3,300
was spent for the 3 wagons, and $1,900 for 7 tons of structural steel
and plate.

Hand operated winches were used to draw the dead load wagons up
the inclines; release was effected by driving out a steel connecting
pin with a sharp blow from a sledge hammer. In Figure 7 can be seen
the coil springs on the ends of the platform wagon, which are necessary
to moderate the impacts. These were salvaged from the buffers of the
wagons. The springs on each end could resist 70 tons before becoming
solid, meaning that a maximum acceleration of 2g could be imparted to
a rigid 35-ton platform wagon.
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PERFORMANCE OF THE FACILITY

Data from only one set of tests is available to evaluate the per
formance of the facility, and this appears in Table 1. Four half-scale
one room brick structures, representing typical peasant houses in India,
were constructed symmetrically on the platform. Made with half-scale
bricks, their outside dimensions were 1.75m in the direction of the
shocks, by 2.17m, by 1.60m high above the plinth, capped with a 7.6cm
concrete roof slab, with walls 11. Scm thick. Three walls contained a
window, and one shear wall contained a door. Weight of each structure
was 3.7 metric tons. Two of the houses were laid in mud mortar, and two
in 1:6 cement mortar, one of each kind unreinforced, and the other rein
forced with an encircling reinforced concrete band at lintel level and
with a vertical steel bar set in cement mortar in each corner and sur~

rounding each opening. Vertical steel reinforcing bars in the walls
were anchored by welding them to plates anchored in the roof slabs, and
by embedment four courses deep into the brick-cement mortar foundations
which were built around light steel angles welded to the platform.

Records of accelerations of the platform during two shocks, shown
in Figure 5, exhibit roughly the half-sine shaped pulses which are ex
pected. The oscillations which follow the pulses in the upper traces,
shock no. 3, were caused by free vibrations of the structures on the
platform. These oscillations do not appear in the lower traces, shock
no. 17, because by this time all of the structures except one had been
destroyed and were now piles of rubble resting in their former locations
on the platform to preserve balance. The peak acceleration in the
second pulse in each pair of pulses is about 80% of the peak in the pri
mary pulse, indicating that some energy has been lost in the primary
collision and in rolling between collisions.

In Table 1 significant discrepancies are noted among peak accel
erations pertaining to the same release point of the dead load wagons
and between the two edges of the platform, the latter indicating twist
about a vertical axis. Some factors affecting these discrepancies are:
(1) The wheels of the dead load wagons had been coarsely machined,
leaving ridges on the rims which cut grooves in the rails, thus slowing
the rolling. It is believed that this cutting process definitely af
fected the first few runs and possibly affected later runs if the
wheels had been displaced laterally and thereby cut new grooves. (2)
Tests of the recording instruments showed that the two channels of in
strumentation were unequally affected by line voltage variations, one
by a change in gain of 12% as the line voltage varied over a not unusual
range. These conditions create some doubt as to the actual variations
that might be expected under ideal conditions, but undoubtedly varia
tions will exist due to changes in properties of the test structures as
damage progresses, due to slight variations in the point of release of
the dead load wagons, and due to wobbling of the wagons as they roll
down the inclines.
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PERFORMANCE OF THE STRUCTURES

Damage to the structures when they were near the point of collapse
is pictured in Figures 6 through 10. The unreinforced mud mortar struc
ture failed, not in the shear walls, but by collapse of the walls trans
verse to the impacts. Vertical cracks at the building corners and a
horizontal crack in the transverse walls one course below the roof slab
appeared after shock No.5, and these determined the course of failure.
During subsequent impacts, the tops of the transverse walls displaced
further and further, and they finally fell in shock No.8, with the
shear walls also in bad condition. In an earthquake, with excitation
in both directions, the roof would have fallen sooner because the dam
aged transverse walls would not have been able to sustain the shear
caused by transverse ground motions. For more realistic testing it is
recommended that future test structures be aligned so that the impacts
occur along a diagonal, thus loading walls both transversely and paral
lel to their surfaces.

The unreinforced cement mortar structure was the next to fail,
starting with a crack appearing at the junction of the foundation and
the walls entirely around the structure after shock No.6, and also
cracks in the shear wall below the window. One method of protecting a
structure against earthquakes is to build it on a sliding foundation so
that it more or less stands still when the ground shakes. This base
crack to some degree served this purpose, but due to rough surfaces, the
coefficient of friction along the crack probably varied greatly, so that
under subsequent impacts the base shear was concentrated at a few points,
leading to local failures. The walls broke into large chunks which
shifted unequally on the foundation, and in shock No. 10 the west trans
verse wall fell, with shear walls in a collapsing condition. The im
portance of a uniform and low coefficient of friction in a sliding base
structure was made apparent.

The reinforced mud mortar structure, being more flexible, experi
enced less base shear than the cement structure, but this shear was
concentrated at the cemented corners and the door jambs, where there was
also tension from the reinforcing bars. Cracks started first in the mud
portions of the shear walls after shock No.6, but probably caused no
weakening of the structure. At the next shock, cracking at the upper
level of the foundation began at the corners, extending down through
four courses of brick to the bottom of the anchorage of the vertical
bars. The foundation masonry had been broken open during construction
to insert the corner bars and was then recemented. Possibly these cold
joints were responsible for the early failure at this point. During
subsequent shocks, the lower ends of the corners displaced outward in
diagonal directions, while the reinforced corner columns remained rigid
and uncracked up the lintel band where they were broken. There was
little damage above the lintel band. It was difficult when viewing the
structure as it was near collapse to~~rletermine from which direction the
shocks had come.
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After shock No. 14, only the reinforced cement mortar structure re
mained standing, with small well distributed cracks. It was rigid, but
had not cracked along the base as the plain cement structure did because
the vertical reinforcing bars prevented the corners from lifting. As
the shock intensity increased, cracks appeared in the shear wall below
the window sill, and extended diagonally into the corner of the founda
tion, down to the bottom of the steel anchorage. The masonry piers
alongside the door and masonry above the lintel band remained in good
condition. Failure progressed by the breaking and diagonal displacement
of all four corners, and failure of the shear wall containing the window.

A PROPOSED LARGE CAPACITY FACILITY

Before a large capacity testing facility is built, some thought
should be given not only to the cost of the facility and its mainte
nance, but also to the cost of the testing and the extent to which the
facility might be used. Large test structures are expensive to build,
instrument, and test. Probably no one is prepared at the present time
to commit himself to financing tests of 1000-ton structures, except in
the case of existing structures which are scheduled for demolition.
Mechanical oscillators can be attached to the floors of such structures
and they can be resonated to the point of light to moderate damage.
However, it is not often that condemned structures of the proper type
can be found and permission be obtained for the testing. In the author's
opinion, a reasonable facility for testing masonry structures today
would be a platform 12m x 12m, with a capacity in the range 100 to
200 tons.

It can be argued that since large scale testing is expensive, the
testing facilities should be sophisticated so as to provide as much
knowledge as possible for each dollar spent. This is good reasoning,
but the initial outlay for the testing facility, and the staffing and
maintenance costs represent a major hurdle.

Proposed for consideration here is simply an enlarged version of
the 20-ton facility which has been described. Shortcomings of the
facility can easily be pointed out: (1) It is not possible to generate
a realistic earthquake motion to create significant resonance in a
structure. Only widely separated pairs of pulses are possible, and
these are influenced to some degree by the properties of the structure
under test. (2) Vertical accelerations and independent transverse hor
izontal accelerations cannot be generated. (3) Soil-structure inter
action and the effect of travelling waves through the foundation cannot
be studied. (4) There is much uncertainty in predicting how a structure
would behave during a prescribed earthquake from observation of the
behavior of only a part of it or of a scaled down model of it during
these simple tests. This latter shortcoming is true of all testing
today.

The advantage~ of such a facility are: (1) low initial cost, (2)
low maintenance and staffing requirements, and (3) low level operating
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technology. The chief benefits of the testing would probably be: el}
the discovery of unexpected structural weaknesses and modes of failure,
(2) the opportunity to experiment with new constructional features in
tended to improve earthquake resistance, (3) the opportunity to compare
the strengths of structures employing new materials, techniques, and
designs with strengths of present construction, (4) the gaining of a
better idea of the extent of damage that mi9ht be caused by earthquakes
of a certain intensity, and (5) the gaining of general knowle~ge that
would advance the state of the art of earthquake resistant design.

The test platform would be built around several wagons placed side
by side on several sets of rails embedded in a concrete slab. The
wagons would be shimmed to a common height, and the original spring
mountings retained. The rolling dead load would consist of several
wagons rigidly connected side by side. As an alternative to excitation
by impacts from wagons rolling down inclines, it might be possible to
simply bring the platform wagon up to a prescribed speed by means of a
power winch and then permit it to impact massive abutments. Many wagons
in use today are about 12m long and are rated at 50 to 60 tons live load.
It is believed that five such wagons side by side could carry ISO-ton
structures and impart base accelerations up to 2g. It is recommended
that used wagons and rails be purchased to reduce costs, and that the
facility be located in an area which has a long construction season and
in which the level of masonry construction activity is high.

SUMMARY

A simple shock facility made from used railway equipment, capable
of destroying 20-ton masonry structures with acceleration pulses of up
to 2g, has been described. Results were presented from one set of tests
in which four half-scale one room low grade masonry houses were shaken
to destruction. It was pointed out that this type of facility has many
shortcomings, but its simple technology and low cost are attractive
features. Useful observations resulted from the tests described in
spite of their simplicity. It was proposed that a similar but larger
facility of capacity 100 to 200 tons be constructed for testing large
scale models or full scale portions of masonry buildings. It is be
lieved that use of such a facility will bring more realism into the
methods of earthquake resistant design.
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Table 1. Acceleration of the Shock Table

Direc- Dead Load Maximum Horizontal Acceleration
tion wagon initial impact rebound

Shock From Position s. side n. side s. side n. side

1 E 14.5 negligible
2 E 15.5 0.22 9 0.20 0.14 0.10
3 E 15.5 0.40 0.34 0.30 0.29
4 W 15.5 0.51 0.47 0.36
5 w 15.5 0.57 0.47 0.46 0.37

Transverse walls of PM =acked

6 E 17 1.05 0.78 0.96

Base crack all around PC, shear wall cracks in PM, RM

7 E 17 0.83 0.84 0.71 0.84

Transverse walls of PC bending, foundation cracks in RM

8 W 17 Power failure

PM demolished, small cracks in RC

9 W 17 1.24 1.18 1.16 1.01

All walls of PC have wide cracks

10 W 17 0.22 vert

PC demolished, large foundation cracks inRM

11 W 17 0.19 vert
12 W 17 0.32 vert 0.97
13 W 17 1.26 0.36 vert 1.06 0.55 vert
14 E 18 1.30 1.27 1.30 1.46

RM demolished

15' E 19 1.85 0.49 vert 1.40 0.31 vert
16 E 19 1.84 0.30 vert 1.52 0.30 vert
17 E 19 1. 78 0.21 vert 1.45 0.18 vert
18 E 18 1.60 1.56 1.36 1.47
19 E 19 1.95 1.83 1.68 1.63

RC demolished.

Mortars: PM: plain ~d, PC:plain cement, RM:reinf. IllUd, BC:reinf. cement
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FIG. 3.-0riginal Wagon Frame

--~--.~

FIG. 4.-Facility Near Completion
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HORIZONTAL, SOUTH EDGE

HORI ZONTAL, NORTH EDGE

--0.34 9
I I
o 0·1

SEC
0·2 Shock no. 3

HORIZONTAL, SOUTH EDGE

! I

1.0 9

o 0.1

SEC
0·2 Shock no· 17

VERTICAL, CENTER WEST SIDE

ACCELERATIONS OF PLATFC>RM

(Traced)

FIGURE_.5



FIG. 6.-Unreinforced Mud Mortar, Transverse Wall

FIG. 7.-Removing Slab From Unreinforced Mud Structure
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FIG. 8.-Unreinforced Cement Mortar, Transverse Wall

FIG. 9.-Reinforced Mud Failure, Reinforced Cement Standing
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FIG. lO.-Failure of Reinforced Cement Mortar Structure
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AN INVESTIGATION OF THE DYNAMIC RESPONSE OF THE PARK LANE TOWERS TO EARTH

QUAKE LOADINGS.

By Medearis, K.

ABSTRACT: The Park Lane Towers complex is located in Denver, Colorado, and
currently consists of four high-rise towers. Each of the towers is about 206'
high, having twenty main levels above ground plus a two-level penthouse. These
high-rise structures are somewhat unique because of their predominantly rein
forced masonry construction. In order to learn more about the dynamic response
of such structures to earthquake loadings, the Colorado Masonry Institute en
gaged Kenneth Medearis Associates to perform an applied research study of the
Park Lane Towers. Modern, computer-oriented analysis techniques,whereinmath
ematical models of the structures were subjected to earthquake ground motion
time-histories, were utilized for the study. Three different earthquake time
histories were used, two having motions corresponding to a Richter magnitude
of about 5.6, and the other, magnitude 7. The former are appropriate for the
Denver area, with the latter being relatable to more seismically severe loca
tions, such as Southern California. The magnitude 7 earthquake was utilized to
determine how the Towers would respond to ground motions much larger than anti
cipated in the design. This paper describes the Park Lane Towers dynamic re
sponse studies.
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AN INVESTIGATION OF THE DYNAl1IC RESPONSE

OF THE PARK LANE TOvlliRS TO EARTHQUAKE LOADINGS

By Kenneth Medearis l

INTRODUCTION

The 20 story Park Lane Towers in Denver, Colorado, are among the
tallest load-bearing masonry buildings in the world. There are four tow
ers in all, each about 206' high. As such, these significant structures
were designed to satisfy a number of pertinent criteria, including the
withstanding of static lateral forces associated with earthquake and wind
in accordance with the provisions of the Uniform Building Code (UBC).

The Colorado Masonry Institute, recogn1z1ng the growing acceptance
of the dynamic analysis of structures subjected to seismic ground motions,
engaged Kenneth Medearis Associates (KMA) for an applied research study
of the Park Lane Towers. The scope of the original research included dy
namic analyses of the Towers for earthquake ground motions that might be
experienced in the Denver area, micro-vibration measurements of the struc
ture dynamic characteristics, and interpretation of results. In addition,
three permanent seismic motion monitoring instruments were installed in
the Towers for the purpose of response recording and further study. Sub
sequent research considered the response of the Towers to a strong motion,
Richter magnitude 7 earthquake. The associated responses, as anticipated,
exceeded design levels,necessitating a form of non-linear analysis.

DISCUSSION

The response of the Towers is simila~ to that of a cantilever beam
undergoing flexural vibrations. The Towers are essentially idential, thus
only one was analyzed. The tower was ultimately modeled as a frame struc
ture, shear and bending deformations being considered for all elements
(Figure 1). The precast floor panels were assumed to act only as dia~

phragms, i.e., rigid in their own plane and flexible normal to that plane.

A comparison of the stiffness and stress distributions for the beam
and column frame representation and finite element plane stress models was
made to verify the adequacy of the former. A typical beam and column
model of an E-W exterior wall, two stories high, was subjected to a static
lateral load at the upper level, as indicated in Figure 2. The resultant
axial forces, shears, and moments were calculated at mid-height of the
second level. These internal forces (Figure 3) were then applied as lead
ings to a plane stress finite element model of the portion of the struc
ture below, as depicted in Figure 4. The applied axial force was distri
buted uniformly over the piers, the moments linearly, and the shears

lprincipal, Kenneth Medearis Associates, Research, Engineering, Computer
Consultants, Ft. Collins, Colorado.
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quadratically. The resulting displaced configuration of the finite ele
ment model is depicted in Figure 5. The lateral stiffness was considered
to be the ratio of the shear force to the displacement, the obtained re
sults being as follows:

Beam and Column Model

Finite Element Model

Displacement
.191"

.190"

Stiffness
52,300 kips/inch

52,300 Kips/inch

The beam and column model is clearly adequate.

The most critical area for stresses was found to be in the short
beams above and below openings. Those stresses, for the two models, were
thus compared, the agreement being found to be excellent. The beam and
column model was thus deemed sUfficiently accurate for analysis purposes.

ANALYTICAL RESULTS

Computer runs were made for earthquake motions occurring in the di
rection of both major structure axes directions using story masses de
rived using either dead load or dead load plus 1/2 live load. The DBC
seismic design method recommends using only dead load in obtaining lateral
forces. However, it is more realistic to recognize that, during most of
the lifetime of a structure, a certain amount of live load will be pre
sent, and that a substantial portion of this load may be assumed fixed to
the structure. The most probable loading is a combination of dead load
plus some fraction of the design live load. It is believed that responses
determined using dead load and dead load plus 1/2 live load bracket the
most probable results. It is generally true that an inerease in loading
corresponds to more critical static stress states in a structure. How
ever, this is not necessarily the case for dynamic stress~s. A change
in mass usually alters the nature of dynamic response, and may increase
or decrease its amplitude. This is in contrast with the DBC method of
static seismic analysis wherein lateral forces are proportional to the
assumed weights. Accurateassessment of the weight of a structure is thus
more important in dynamic analysis because one cannot rely on certain as
sumptions being conservative or non-conservative.

Initital response calculations were made using uncracked sections,
dead load only, and ground motions corresponding to a 5.6 Richter mc:gni-··
tude earthquake. The results indicated high stress levels, thus the
cracked member section concept was utilized for subsequent calculations.
This reduced stiffness was accompanied by a corresponding reduction in
some frequency and response levels. The first five natural frequencies
for the cracked section models, in cycles/second, are as follows:

f
I

f 2 £3 f 4 fS
N-S, DL + ~LL .902 3.589 7.800 I3 .OLf9 19.417

N-S, DL .908 3.651 8.195 13.781 20.069

E-l>J , DL .799 3.231 6.923 11.157 15.900

E-W, DL + ~LL .738 2.979 6.403 1.0.314 1/i ,695
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FIGURE 4. PLANE STRESS FINITE ELEMENT MODEL 
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FIGURE 5. FINITE ELEMENT MODEL - DISPLACED CONFIGURATION
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The first four normal modes of vibration for the E-W direction, dead load
only, are given in Figure 6.

Envelopes of maximum story displacement and moment for earthquake
E-l (magnitude = 5.6) acting in the E-W direction are plotted in Figures
7 and 8. These envelopes represent the maximum values that occur at a
given level over the entire ground-motion time history and do not neces
sarily occur at the same time. It may be noted the UBC response levels
are significantly lower in all cases. Also, the dead load and dead load
+ 1/2 live load dynamic response curves are similar in magnitude and char
acter.

EXPERIMENTAL EFFORT

An experimental effort was also carried out in conjunction with the
dynamic earthquake analysis of the Park Lane Towers. This effort con
sisted of taking measurements of the tower micro-vibrations at various
levels in the directions of its principal axes. To elaborate, all struc
tures are constantly moving, or vibrating, even on calm days. Such move
ments were monitored on the Park Lane Towers using a sensitive vibration
instrument, typical motion records being given in Figure 9.

The micro-vibration records were subsequently digitized and computer
analyzed to obtain the natural frequencies of the structure. The first
five frequencies, in cycles/second, were found to be

N-S

E-W

f
S

20.7

20.2

These values are in reasonable agreement with those computed theo
retically using cracked sections models. However, results for the un
cracked sections model are clearly more appropriate for comparison with
the micro-vibration (micro-motion) results. The first five natural fre
quencies for the former are:

f 1 f 2 f 3 f
4

f
5

N-S, DL + ~LL 1.13 4.20 8.70 14.07 20.58

N-S, DL 1.14 4.29 8.20 14.88 21.88

E-W, DL LOS 4.01 8.29 12.95 17.95

E-W, DL + 1LL .97 3.73 7.70 12.02 16.67

The agreement between the experimental and uncracked theoretical
frequencies is quite good, the latter generally being slightly less.
This is probably due to the effects of nonstructural elements, such as
partitions, which contribute additional stiffness to the structure. Much
of this stiffness would probably be lost through local failure during
high amplitude response, however.

The results of the experimental investigation were deemed to be quite
significant because they provided verification of the adequacy of the



51-9

20

2

3

7

19

18

17

6

9

15

4

16

5

11

13

14

12

10

8

1 ..........---r-----r----~L----___r_--_____r

ROOF

-.2 -.1 o +.1 +.2

FIGURE 6. TYPICAL NORHAL MODE SHAPES - E-W DIRECTION



51-10

ROOF , ,I'I20 , ,.

19 1 !, .,
18

LUBe WIND LOADING 11
I ..
f ,~17 ,

~I ,f DEAD LOAD + LIVE LOAD

16 , .,

I ,f
15 , ,.

I /114 I It

13 I ,f
, , ,

12 I If. , ,

I If
11 ,

1f'~EADI LOAD ONLY
10 , ..

I II
9 , I.

I I8 , ..
I /

7 . • - 8% DAMPING-

I /
6 , •

I /
5 . •

I I
4

ii
3 "

I2 I

1

0 .5 1.0 1.5 2.0

FIGURE 7. MAXIMUM STORY DISPLACEMENTS, INCHES -

E-W DIRECTION, EARTHQUAKE E-l



51-11

ROOF

- 8% DAMPING-

~ LIVE LOAD

, ..
'\\

\.
\.
\
,

\.
\.
\.
\
\
\

\,.
\\
\\\
,\\
i "\\
, ,.

\ \ \
\ ,,-\
\ \ '\. . ..
\ \ ~\. . ...
l·_-UBC \ ~
, (1970 . ~,

\ ~~ .....-e.~--DEAD LOAD +
• UBC ,,~.

((1973) \\. ..

\ DEAD)\
• LOAD •

\ \- '..\ \\
\ \~. ..
\ \\.
\

4

5

6

7

8

9

2

3

1

20

18

17

19

16

14

15

12

13

11

10

o 500,000 1,000,000 1,500,000 2,000,000

FIGURE 8. MAXIMUM STORY MOMENTS, INCH-KIPS - E-W DIRECTION,

EARTHQUAKE E-l



51-12

II
I

I
[J)

rtj
s::
0
t>
<lJ
[J)

rrl -r--+---

~~.. ~-==: c:::::-: ~I~
:'.~ ~'''::' :~-= :::::. '":~

4-H +-+-'

.=
.:c; ~ f-C~ .E: C _:: C:= ~._~.

e"_' ;_~: ~~c::;_.--.:. -::.-y~

--'--:-t-:
t-t, .....;...L.

-j--r-:, .~

T---f--i- +-i-+

~t:;:tt;It::::; t:
-i--+7-t' '

I:'~ .. I'--:'~~~ ~-::'::~.: .:::.::::':-=:
::::~:: I'::: ·~.:::t rs::i= =::;. :::;~:-='

".-H"

'...........+-

'i- ....... .:...;,

FIGURE 9. TYPICAL MICRO-VIBRATION I~ASUREI~NT TRACES

PARK LANE TOWERS



51-13

analytical model and assumed elastic properties.

STRONG MOTION RESPONSE

The response of the Park Lane Towers to a strong-motion earthquake
was evaluated as a corrollary effort of interest. The higher level
ground motions utilized correspond to an earthquake, herein referred to
as BE-I, having a Richter magnitude of about 7. This seismic level is
considered to be quite excessive for the Denver area, being more appro
priate for areas of major seismic risk, such as California. The asso
ciated response levels, of course, exceed those anticipated in the design
of the structures, thus the analysis results should not be construed as
reflecting the adequacy of the buildings with regard to sustaining the
normally anticipated seismic loadings.

The analytical model was initially based on linear load-deformation
relationships, although there was little doubt that stresses would be in
the yielding, non-linear range. This indeed proved to be the case. How
ever, the obtained results provided valuable insight, especially in regard
to the possible upper bounds of the response. Configuration of frames
and elements was identical with that previously utilized (Figure 1). The
somewhat hypothetical, elastic, responses of the E-W model, with dead
load only, to the original (E-l) and higher (BE-I) ground motions are com
pared in Figure 10.

Overstresses associated with the E-l earthquake, lesser ground
motions,were mainly limited to the spandrel and header beams. The re
sponse of the model to the BE-l ground motions was indicative of more
extensive yielding in both beam and column sections. Damping values as
high as 16% may be obtained where considerable cracking has occurred, and
that value was deemed reasonable for this investigation.

Considerable yielding of structural members was apparent even at the
higher damping level. Information concerning the non-linear, cyclic
loading characteristics of reinforced masonry is currently not available,
thus an iterative analytical procedure was utilized to obtain approximate,
but realistic, response results. In this analysis, member areas and in
ertias were changed in accordance with the overstress condition indicated
by the results of each iteration, and the response recalculated. Conver
gence of results was usually obtained in less than 10 iterations. In
the final configuration, plastic hinges had formed in all exterior wall
spandrel beams and a number of columns. The yielded exterior wall columns
are graphically depicted by the cross-hatched areas in Figure 11. No
beam or column exceeded its estimated ultimate load-carrying capacity,
thus, despite the formation of plastic hinges throughout the structure,
general collapse was not indicated.

The change in lateral stiffness also had a significant effect on the
vibrational characteristics of the structure. The values of the first
five natural frequencies, in cycles/second, of the original and reduced
stiffness E-W models (DL only) clearly illustrate this effect. They are
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given below:

Initial Stiffness

Reduced Stiffness

f}

.799

.399

f
2

3.231

1.657

f
3

6.923

3.650

f
4

11.157

5.995

f
5

15.900

8.621

SUMMARY COM}lliNTS

One of the Park Lane Towers has been dynamically analyzed for earth
quake loadings that might reasonably be expected to occur in the Denver
area. The predominantly reinforced masonry wall construction of these
high-rise structures make them somewhat unique. Modern computer-oriented
analysis techniques were utilized throughout the investigation. These
were supplemented with experimental verification measurements taken using
sensitive vibration monitoring instruments. The experimental results
were found to be in good agreement with those obtained analytically.

As anticipated, some structural members were found to be overstressed
under dynamic earthquake loading; others were not. The former result is
somewhat typical for structures designed to Uniform Building Code (UBC)
static seismic requirements. Of importance is the fact that overstresses
occurred primarily in header and spandrel beams and could probably have
been initially avoided at a relatively minor increase in construction
cost. It may be noted that some of the overstress conditions would never
have surfaced using a UBC static seismic analysis.

A limited study was made of the response of the Park Lane Towers to
a strong motion earthquake having a Richter magnitude of about 7, i.e.,
a motion far more than that for which they are designed. An approximate,
non-linear analysis was utilized for that study, but the obtained results
are believed to be realistic. The associated response levels, of course,
far exceeded those anticipated in the design of the buildings, and extensive
yielding of the various structural elements was apparent. The overall
results, however, indicate the Park Lane Towers would survive a severe
earthquake, although there would probably be some localized material fail
ures. Damage to non-structural components was also deemed probable be
cause of the larger deflections accompanying the strong-motion response.
It should be noted that net tensions occurred in certain columns, primar
ily at the corners. Although the redistribution of such tensions to
other structural members merits additional study, it seems clear the speci
fying of additional wall reinforcing at corners would, in general, be ~e

sirable.

The results of this investigation indicate that it is quite feasible
to utilize reinforced masonry for high-rise construction in earthquake
prone areas. However, it should be required that such structures, as well
as those constructed of other materials, be rigorously analyzed for appro
priate earthquake loading using modern dynamic analysis techniques.

Details of the overall research effort are given in:

Medearis, K., "An Investigation of the Dynamic Response of the Park
Lane Towers to Earthquake Loadings," a report to, and available from,
Colorado Masonry Institute, 3003 E. 3rd Ave. at Milwaukee, Denver, CO 80206.
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THE EFFECT OF FLOOR AND WIND LOADS APPLIED SEPARATELY OR SIMULTANEOUSLY

TO TWO-STORY HI~H HALT,S

by H. R. Hodgkinsonl

ABSTRACT

The British Ceramic Research Association has, for the past seven
years, been carrying out an extensive investigation of the performance of
brick walls when subjected to lateral loads arising from wind forces.
Most of this work has been on plain storey height walls within framed
structures, both with and without window openings.

This paper is concerned with the performance of two-storey high walls
as used in domestic accommodation. It describes the structural testing of
a number of two-storey high single leaf walls, together with their
associated floor and roof timber. This structural testing has involved
the simultaneous application of lateral loads to the walls (simUlating
wind loads) and loads to the floors. The walls have been built of several
different types of bricks and of various configurations, both plain and
with returns - both bonded and tied. The testing has shown up the short
comings of some of the metal tying devices widely used in traditional
British building practice; as a result of this, improved tying devices
have been developed which are also described in the paper.

1. Principal Scientific Officer, British Ceramic Research Association.
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THE EFFECT OF FLOOR AND WIND LOADS APPLIED SEPARATELY OR SIMULTANEOUSLY

TO TWO-STORY HIGH WALLS

by H. R. Hodgkinsonl

INTRODUCTION

The British Ceramic Research Association has, for the last seven
years, been engaged in a very extensive programme of research to determine
the resistance of masonry walls to lateral loading arising from wind
forces' This work has been primarily concerned with infill panel walls in
reinforced concrete framed buildings. The largest group of walls in
the programme has been plain single leaf walls without openings and built
of various combinations of bricks or blocks and mortar and with different
degrees of peripheral restraint. A smaller number of two-leaf cavity
walls and walls with door and window openings have also been tested.

The infill panel wall is the most vulnerable to damage by wind
loading. Structural walls which carry a compressive load are not in
general susce~tible to wind damage because, as has been demonstrated by
earlier work ,they behave as 3-pinned arches and the magnitude of the
compressive load is sufficient to generate adequate lateral resistance;
the strength of the bricks and mortar is largely irrelevant. Walls in
single-storey domestic housing, although carrying a compressive load
arising from the roof weight, are vulnerable because in the worst wind
loading condition there is a suction on the roof which effectively removes
the precompression on the wall. Similarly in two-storey domestic housing,
which is the most common in the United Kingdom, the upper storey behaves
like the single storey building. The lower storey loading is somewhat
more complicated because the wall carries the compressive load of the
upper storey wall, possibly the roof load and the first-floor dead and
imposed load which may be applied eccentrically, whe~ depending on
whether the wind load on the wall is positive or negative, the floor load
may act on the wall to augment or partially offset the wind loading.

This paper describes a number of tests on various configurations of
two-storey high walls built in combination with roof and floor timbers,
and to which lateral, floor and roof loads were applied.

BASIS OF EXPERIMENTATION

A total of eight walls have been built and tested so far, using three
different bricks and one mortar, 1:1:6 Portland cement:lime:sand. All but
the first of the walls, which was exploratory in nature and has previously
been reported 3, were built within a very rigid steel space frame, which
provided support for the outbpard ends of the floor joists, and also
provided the reaction against the applied lateral loads. The photograph
Figure I shows Wall No. 8 in place in the test frame.

1. Principal Scientific Officer, British Ceramic Research Association.
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The details of the three bricks are given in Table 1. Bricks 1 and 3
were British Standard-sized bricks, but Brick 2 was a special brick of 140 mm
width with the single frog divided into two to provide a hand hold.

Bricks 1 and 2, which were both frogged and of a high water
absorption, were laid frog uppermost and had their suction rates corrected
to about 1 kg/m2/min before laying.

Three of the walls were plain and approximately 2 m long; the other
five had two returns and were approximately 5 m long. All the walls were
two-storeys high (2 x 2.6 m) and were complete with floor joists and top
restraint. The configuration of the walls is summarised in Table 2. The
floor joists were of 225 x 50 mm softwood and were supported in the test
wall by joist hangers; in the early tests these hangers were of conven
tional pattern, but in the later tests were of a modified construction
as described later. A floor of 18 mm chipboard was attached to the floor
joists. The restraint at the top of the wall was provided by 225 x 50 rom
softwood joists, in some cases lying parallel to the wall and in the other
cases running at right angles to the wall.

METHOD OF TEST

Lateral loads were applied to the walls using a number of light
weight inflatable airbags connected through a manifold to a compressor.
The reaction from these airbags was taken on wooden clad metal frames of
the same area as the test walls, and positioned about 20 rom away from the
walls. The floor load was similarly applied by airbags resting on the
floor and reacting against reaction frames which were tied down to the
floor of the laboratory. All the walls were firstly subjected to a floor
overload, and then a constant floor load was maintained while an
increasing lateral pressure waS applied to the wall.

INSTRUMENTATION

The pressures applied to the walls and floors were measured by water
manometer. The lateral deflections of the walls were measured by a
mUltiplicity of linear transducers mounted horizontally to bear on the
middle of the unloaded side of the wall at the bottom and top and usually
every three courses in between; other transducers were mounted along the
length of the wall at selected heights. Where applicable, other trans
ducers were mounted to detect any uplift and rotation of the returns.
The deflections of the floor joists were monitored by similar transducers
mounted underneath the floor. All the linear transducers were coupled to
a data logger with punched tape output, from which computer plots of the
wall deflections could be derived. In the case of a few of the walls,
strain gauges were affixed to measure the compressive and tensile strains
arising from the eccentric loading.
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RESULTS AND DISCUSSION

(a) Plain Walls Without Returns

Walls I, 3 and 5 were respectively 1.83, 2.0 and 2.0 metres long and
without returns. In each case the lateral load was applied to the inner
face of the wall. Initially a uniformly distributed floor load of 5 kN/m2
was applied with no resulting damage to the wall; at this load the
deflections of the floor at the middle of a 3.2 m span were 7.4, 8.3 and
6.0 mm respectively. Then a constant floor load of 2.1 kN/m2 (the design
load) was sustained while the lateral load was applied to the wall in
increments of 0.5 kN/m2 . In all three walls the upper storey failed
first; at this juncture the air supply to the upper storey airbags was
disconnected and the loading to the lower storey continued. The results
for all three walls are given in Table 3 and a typical computer plot of
the deflection immediately prior to failure (for Wall No.5) given in
Figure 2.

Concurrently with the test walls, wallettes were built for the
determination of the ultimate flexural strengths of the brickwork. These
wallettes were tested under 4-point loading in such a direction that the
direction of tensile stress was -at right angles to the bed joint. These
values for tensile strength are compared in Table 4 to the ultimate tensile
strengths of the upper storeys of the three walls (calculated from the
applied pressure), assuming simply supported end conditions. From the
table it will be seen that there was no advantage accruing from the use of
the wider bricks other than that arising from the greater section modulus.
The design lateral load chosen for the walls was 1.0 kN/m2, based on B.S.
Code of Practice 3:Ch.V:Pt.2.~ Clearly in this situation the upper storey
walls with only 2 sided restraint ~ould be structurally inadequate, and
the remainder of the test walls were built with additional peripheral
restraint provided by returns.

(b) Walls with Returns

Wall 2 was 4.5 m long and had two bonded returns at the ends, each
0.9 m long and 102 rom thick. Walls 4, 6 and 8 were each 5.27 m long and
had one return 0.55 m long bonded to one end and another return 0.88 m
long tied in, approximately 0.8 m from the other end. The leading dimen
sions and the arrangement of the floor and ceiling timbers are shown in
Figure 3. The purpose of the tied returns was to simulate an internal
stiffening wall; they were tied to the main wall by Tee-ties (Figure 4)
450 mm long and 3 mm thick, placed every 4 courses. Wall 7 had two 1 m
returns which were each tied to the main wall, one 0.16 m from one end and
the other 0.71 m from the other end. The floor joists were cut back to a
trimmer to represent the staircase well and there were three small windows,
two in the lower storey and one in the upper storey.

Walls 2, 4, 6 and 8 represented part of a gable wall including the
corner, in which case the maximum lateral load would arise from an
external negative pressure and the most onerous loading condition would be
this lateral load together with the maximum (dead and live) floor load.
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As with the plain walls, an initial floor overload of 5 kN/m2 was
applied, followed by a constant design floor load of 2.1 kN/m2 with a
lateral load applied to the inner face.

The results of all the walls with returns are given in Table 5. For
Wall 2, only the strength of the lower storey is reported, because
defic·,·ncies in the timber restraint to the top of the wall rendered the
value for the top storey meaningless. A typical computer plot for a wall
(No.8) just prior to failure is shown in Figure Sa (top storey) and
Figure 5b (lower storey). Walls 4, 6 and 8 are directly comparable
because their configurations are identical, apart from the bricks. Their
typical mode of failure (Figure 6a) was a more or less horizontal crack
near to the top of the upper storey, and a four-sided restraint (back of
envelope) crack pattern in the lower storey. As with the plain walls, the
results show that the use of the wider brick produces a strength advantage
only proportionate to the increase in section modulus. The performance of
Wall 4 was superior to Wall 6, but this superiority was less than the
disparity between the ultimate flexural strengths of brickwork built of
the two bricks, but this is explained by the fact that the strength of the
wall is only partly dependent on the strength of the brickwork.

In no case was there relative movement between the tied return and
the wall, and the short length of wall beyond the tied return did not
crack, thus indicating that the tied return afforded a similar degree of
peripheral restraint as the bonded return. In every case th~ failing
pressure of the lower storey was higher than the upper storey, indicating
that the eccentricity of the floor load was not adversely affecting the
strength of the lower wall, as might have been expected.

Wall No. 7 differed from the other walls with returns in two respects.
It was of a much more complex shape (Figure 7), being punctured by three
windows and having restraint provided for only part of its length at first
floor level, due to the presence of a stair well. In the preceding tests,
the most arduous combination of possible loading was a floor load combined
with lateral pressure on the inside of the wall (simulating external
suction). Wall 7 however represented a section of a gable wall which
would not be subject to external suction effects. Reference to British
Standard Code of Practice No.3: Chap. 5:Part 2 4 showed that wind
pressure produced a more onerous loading than suction and so the wall was
tested with external load simulating wind pressure together with the
minimum floor load of 0.55 kN/m2. In addition, a load equivalent to a
roof load of 0.88 kN/m2 was applied by kent ledge to the top of the wall.

The wall failed (Figure 6b) as one panel at a load of 4.5 kN/m2 , and
the deflection plots indicated that failure started in the upper storey
and spread to the lower. From this it can be assumed that because the
eccentric loading occurred close to the buttressing wall positions its
effect on the failure of the panel as a whole was small. The design wind
pressure for this wall was 0.87 kN/m2 , so that the partial safety factor
was 5.2. The flexural strengths of the brickwork, as determined by tests
on wallettes, were 2.26 N/mm2 and 0.68 N/mm2 in the two orthogonal
directions. Using these values, a partial safety factor for materials of
5.1 was obtained by calculation using the method evolved by Haseltine 5
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for laterally loaded walls. The corresponding mlnlmum required partial
safety factor is 2.5. Of the three walls 4, 6 and 8, the upper storey of
wall 6 was the weakest element, having a failure load of 3.2 kN/m2• In
relation to the design wind load of 0.87 kN/m2 this gave a partial safety
factor for materials of 3.6.

(c) The Performance of Tying Devices and Joist Hangers

In the course of this programme of work some of the shortcomings of
some of the metal tying devices widely used in traditional British
building practice were shown up.

Little research has been done on typical joist hangers or straps when
used in conjunction with brick masonry. Manufacturers of such devices
have largely confined their testing to production line strength tests in a
steel rig, and design has been founded on calculations of strength of the
device based solely on the dimensions of the steel, and in isolation from
its performance in combination with the masonry. The B.e.R.A. has
produced a document 6 giving guidance on the design of tying details,
based on good current practice, but there is a necessity for an investi
gation of such criteria as load limits and eccentricities for straps and
hangers in actual use in masonry.

It is common practice in the U.K. to provide restraint at the top of
a cavity wall by proprietory straps which are typically 30 mm x 5 mm.
These are attached to ceiling ties of trussed rafters by woodscrews, pass
through the inner leaf and turn down into the cavity to lie alongside the
interior face of the inner leaf. They thus provide reasonable restraint
to a wall subject to exterior suction, but little restraint to a wall
under exterior pressure. In this series of experiments the ceiling ties
have been positively fixed to the masonry to provide some degree of
restraint against lateral loads in both directions.

For walls 2 and 3 the 30 rom x 5 rom straps were attached to the
masonry by woodscrews inserted into superior quality plastic plugs in the
top course of bricks. When the lateral load was applied to the wall the
plastic plugs pulled out of the brickwork; for all subsequent test walls
(except No.7) the 30 mm x 5 mm straps were modified as illustrated in
Figure 8 by the addition of a 6 rom mild steel plate welded on, the latter
being attached to the brickwork by three woodscrews and two masonry bolts.
In the initial stages of Test 4 the woodscrews attaching the straps to the
ceiling joists proved insufficient and the straps were increased in length
to 1000 rom to permit additional screws. In this modified form, the straps
were more than adequate in that they were intact when the brickwork
failed, and each was capable of sustaining a lateral load in excess of
5.5 kN without relative movement between the masonry and strap, and
between timber and strap.

In situations where the support of floor joists by building into the
walls is not appropriate or suitable, it is common British practice to use
metal joist hangers. These are in the form of a stirrup in which the
joist sits, and with a tongue which is laid in the bed joint of the masonry.



52-7

The connection between the wooden joist and the hanger is by a pair of
nails or screws passing through holes in either side of the hanger. Tests
On the earlier walls in the series showed that under load the woodscrews
pulled sideways in the grain of the wood and the connection was grossly
inadequate. An improved experimental joist hanger was developed and was
used in Walls 4 - 8. The design, which is illustrated in Figure 9,
incorporates two bolts which clamp the timber securely. The joists are
drilled in situ, using the holes in the hanger as a drilling jig, so that
the bolts also act as dowels and the inevitable random length of joist
which would occur in site practice has no adverse effect on the rigidity
of the connection. The tongue of the hanger is split and splayed to
augment anchorage in the mortar joint. The design also incorporates a
stand-off, to permit 12 mm of thermal insulation material between the
hanger and the masonry, but this is an optional feature which may be
omitted. Examination of the computer plot of horizontal deflection showed
that there was virtually no lateral movement of the wall at the first
floor level, indicating the total effectiveness of the joist hanger.

An attempt was made by two methods to determine the magnitude of the
eccentricity of loading of the lower storey wall due to the application
of the floor load through joist hanger's. On a number of walls vibrating
wire strain gauges were affixed to determine the magnitude of the
compressive and tensile stresses in the lower storey. The strain gauges
used to determine the stresses in the brickwork were 100 mm long; they
were affixed to two adjacent bricks and straddled one mortar joint. The
gauge encompassed 10 rom (nominal) of mortar and 90 mm of brick whereas the
ratio of mortar to brick in the generality of the brickwork was 10 mm of
mortar to 65 mm of brick. Since the values of Modulus of Elasticity for
the mortar and the brick were not identical, the stress-strain relation
ship for the specimen of brickwork spanned by the strain gauge was not
representative of that of the wall. Consequently it was necessary to
calibrate the strain gauges by affixing them to prisms built of the same
masonry and measuring the strain under a known applied compressive stress.
The stiffening effect of the returns on walls 4, 6 and 8 was such as to
make the strain gauge readings unreliable, and only the results obtained
on the plain walls were considered. These indicated that the point of
application of the load lay within the middle third of the joist hanger.
Supplementary tests were carried out using an adaptation of the method
evolved by Watstein and Johnson 7 using a joist hanger mounted in a small
specimen of brickwork. This was set on a load-detecting fixture in such a
manner that the overturning moment produced by the load applied from the
wooden joist could be measured. Two methods of attaching the joist to the
hanger were used (a) the customary two woodscrews and (b) the bolted and
gripped connection of the B.C.R.A. modified hanger. Calculations of
moments from these experiments indicated that the load was applied between
5 rom and 17 mm outside the wall. There was thus a range of results by
both methods and a discrepancy between the two, so that the need for
further investigation is indicated.
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CONCLUSIONS

1. Two-storey high plain walls without returns built of standard
102.5 mm wide bricks and restrained only by floor and roof
timbers, such as might be obtained by floor to ceiling
fenestration, are only adequate to withstand wind loads arising
from the lower speed ranges. The use of wider bricks gives
enhanced resistance proportional to the greater section
modulus.

2. The additional restraint provided by short return walls renders
such two-storey high walls adequate to withstand most wind loads
arising in the U.K. and U.S.A., i.e. of the order of a maximum
basic wind speed of 50 m/sec, based on a 50 year mean recurrence
interval.

3. The strength of such walls can be predicted satisfactorily by
the modified yield line theory evolved by Haseltine for the
design of laterally-loaded walls.

4. The types of masonry to timber fixing commonly used in the U.K.
are,in certain circumstances, structurally inadequate and there
is scope for development work in this field.

5. The degree of eccentricity of loading imposed on a wall by the
application of a floor load through metal joist hangers is in
the approximate range 20-40 mm outside the face of the wall. The
experimental determination of this eccentricity has not yet been
satisfactorily solved and further work is indicated.
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TABLE 1

Details of Bricks

Brick 1 Brick 2 Brick 3

Description Semi-dry pressed Semi-dry pressed Wirecut 23 holes
single frog twin single frog 19% perforation
16% frog 21% frog

Dimensions mm 215 x 102.5 x 65 215 x 140 x 65 215 x 102.5 x 65

Mean crushing 30.5 28.8 55.8
strength N/mm2

Water absorption % 24.6 23.8 7.6

Suction rate (dry) 2.50 2.73 0.86
kg/m2/min

Approx. suction rate 1 1 -(corrected) kg/m2/min
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SEISMIC RESEARCH ON MULTISTORY MASONRY BUILDINGS
UNIVERSITY OF CALIFORNIA, BERKELEY, 1972 TO 1977

By Mayes, R.L., Clough, R.W., Hidalgo, P.A., and McNiven, H.D.

ABSTRACT: This paper describes the scope and provides a summary of
the results of the seismic research program on multistory masonry
buildings that has been ongoing at the Earthquake Engineering Research
Center, University of California, Berkeley, since September, 1972. The
program to date has consisted of two major phases. The first phase
consisted of seventeen in-plane shear tests on a double-piered concrete
block test specimen. The second phase, which is still in progress,
consists of eighty in-plane shear tests on a single pier test specimen.
The tests include hollow concrete block, hollow clay brick, and grouted
core clay brick specimen.

The paper includes a section on the design implications of the
results obtained to date in both the Berkeley test program and a
similar test program being performed in New Zealand.
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SEISMIC RESEARCH ON MULTISTORX MASONRX BUILDINGS

UNIVERSITX OF CALIFORNIA, BERKELEX! 1972 TO 1977

Ronald L. Mayes l , Ray W. Clough2 ,
Pedro A. Hidalgo 3 and Hugh D. McNiven~

INTRODUCTION

The masonry research program was initiated at the Earthquake Engi
neering Research Center, University of California, Berkeley, in September,
1972, and has continued for the past five years. The program currently
has two major parts: The first is an experimental study of multistory
masonry buildings, and the second is an experimental study of masonry
housing construction and is described in references [3,4].

The program on multistory buildings has been in progress for five
years and consists of three major parts. The first, which has been com
pleted, is a series of seventeen in-plane shear tests on a double-piered
test specimen [8]. The second, which is in progress, consists of a series
of eighty in-plane shear tests on a single pier test specimen [9]. The
third, which is planned to begin in October, 1978, consists of a series
of tests on spandrel girders. In addition to this experimental work,
recent Uniform Building Codes (UBC) have been evaluated to determine their
adequacy in protecting masonry structures against severe damage or collapse
in an earthquake [7].

After an extensive review of literature [5,6] dealing with earthquake
resistance of masonry, it was concluded that exterior wall panels pene
trated by numerous window openings (Fig. 1) were the components of multi
story masonry buildings most frequently damaged in earthquakes, and it was
decided to make an experimental study of the seismic behavior of such com
ponents. A testing fixture was designed to subject typical full-scale
window piers to combined static vertical (gravity) and cyclic lateral
(seismic) loads (Fig. 2), and the stiffness and strength of a series of
seventeen double pier wall panels were measured (Fig. 3). Results of these
tests indicated significant variations of the pier behavior with the vari
ous test parameters--type of grouting, types of reinforcing, rate of load
ing, etc. The results were not conclusive and demonstrated the need for
more extensive tests to establish definitive parametric relationships.

The cost of the double pier tests, both in money and time, precluded
carrying out the extensive parametric variations which are needed by this
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test procedure f ~nd consequently, a single pier test system was devised
which greatly simplified the investigation (Fig. 4). Preliminary studies
showed that single pier results could be obtained which were comparable
to the double pier tests; hence a large number of single pier tests were
planned for 1976 to 1978.

Details of both the double and single pier test programs are dis
cussed in the following sections.

TEST OBJECTIVES

In determining the shear strength of masonry piers and panels, the
first step is to evaluate the mode of failure. Because most failures in
past earthquakes have been characterized by diagonal cracks, many research
programs have concentrated on this type of failure mechanism. Test tech
niques used by Blume [1], Greenley and Cattaneo [2], and others induce the
diagonal tension or shear mode of failure. Scrivener [13], Meli [10],
Williams [14], Priestley and Bridgeman [11] recognized that there were two
possible modes of failure for cantilever piers. In addition to the shear
or diagonal tension mode of failure, they recognized that for certain
piers, a flexural failure could occur. This mechanism is characterized
by yielding of the tension steel of the wall, followed by a secondary
failure at the compressive toe, with associated buckling of the reinforce
ment once confinement is lost. Meli [10] described the flexural failure
as similar to that of an underreinforced concrete beam; i.e., with exten
sive flexural cracking and strength limited by yielding of the reinforce
ment with failure finally due to crushing of the compressive corner or to
rupture of the extreme bars.

Because the double pier tests were the first fixed ended piers to be
tested cyclically, the objective of the tests was to determine the effect
of various parameters and compare the results with those obtained by
others on cantilever piers. Both the shear and flexural modes of failure
were included in the investigation.

The thirty-one tests reported herein for the single pier tests are
part of a total program of eighty tests. One of the main objectives of
these tests was to thoroughly investigate the effects of different para
meters on the shear mode of failure. It was evident from the double pier
test program that the flexural mode of failure in a fixed ended pier had
desirable inelastic characteristics, however, these were not as desirable
as those obtained by Priestley in cantilever piers. Furthermore, it was
recognized that for fixed ended piers, with height to width ratios com
monly found in multistory buildings, the amount of horizontal reinforce
ment required to force a flexural mode of failure was substantially greater
than required by current codes. Therefore, it was decided to investigate
the effects of lesser amounts of horizontal reinforcement on the shear mode
of failure to determine if desirable inelastic behavior could be obtained.
Single pier test parameters other than the amount of reinforcement included
types of masonry construction and the effect of partial grouting.

TEST SPECIMEN

a) Double Pier Specimen. The overall dimensions of the seventeen double
piered test specimen are the same and are shown in Fig. 3. The test
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specimen was designed to satisfy as closely as possible the boundary condi
tions of piers in a real structure. The piers, which had a height (5 ft
4 in.) to width (2 ft 8 in.) ratio of two, were the elements of interest.
The top and bottom spandrels were heavily reinforced (using #7 rebars as
shown in Fig. 3) in an attempt to prevent their failure, although this ob
jective was not achieved in all cases.

The panels were constructed from standard two core reinforceable hol
low concrete blocks, nominally 6 in. wide by 8 in. high by 16 in. long.
The core of each block has an area of approximately 51.4 sq. in. with a
ratio of net (concrete) to gross (block) area of 58 percent.

Both the piers and the top and bottom spandrels were fully grouted in
fifteen specimen, but only the cores containing the vertical rebars were
grouted in the piers of Tests 11 and 12 (partially grouted).

The series of seventeen tests was planned to determine the effect of
the bearing stress, the rate of loading, the quantity and distribution of
reinforcement, and ~~e effect of partial grouting on the strength and de
formation properties of the piers, as shown in Table 1. In general, the
specimen were constructed in identical pairs, one being tested dynamically;
the other under pseudo-static conditions. Test specimen 1 and 2 were con
sidered to be the basic panel, while all other pairs of panels had varia
tions of one or two major properties that varied from those of Tests 1 and 2.
Specimen 17 was unique; it did not have an identical mate.

Tests 1, 2, 5, 6 and 9 to 12 had 2-#6 vertical rebars in each jamb of the
pier, providing a ratio of 0.0092 of the area of reinforcement to the gross
cross-sectional area. Tests 3 and 4 had 2-#4 vertical rebars in each jamb,
giving a reinforcement ratio of 0.0042. Tests 7and8had2-#6verticalrebars
in each jamb and 3-#5 horizontal bars at the quarter points in each pier, giv
ing a reinforcement ratio of 0.014. Tests 13 to 16 had a substantial amount of
reinforcement (0.0168), arranged to ensure a flexural failure. In addition to
the horizontal and vertical bar reinforcement, Tests 15 and 16 had steel plates
inserted in the mortar joints at each of the three courses at the top and bottom
of each pier [8]. The piers of Test 17 were completely unreinforced.

The standard two core reinforceable hollow concrete blocks, when tested
as single units, had an average gross compressive strength of 1714 psi (2944
psi net strength). The average gross tensile strength of the unit was 267
psi. The mortar was specified as standard ASTM Type M (i.e., 1 Cement: 1/4
Lime: 2-1/4 to 3 Sand), with a minimum strength of 2500 psi. The grout was
also specified according to ASTM specifications. Because each of the nine
sets of panels was built at different times, the grout and mortar strength
for each set varied according to normal workmanship.

b) Single Pier Specimen. The overall dimensions of the thirty-one single
pier test specimen were the same: 4 ft 8 in. high and 4 ft wide (1.17
height to width ratio). The top and bottom flanges that transfer the loads
from the loading beam and to the base were 8 in. high and 5 ft 4 in. long.
These flanges were fully grouted and contained shear keys to transfer the
load to the specimen. Three different types of masonry construction were
used; namely, hollow concrete block (HCBL), hollow clay brick (HCBR), and
double wythe grouted core clay brick (CBRC).

The HCBL specimen were constructed from standard two core reinforce
able hollow concrete blocks, nominally 8 in. wide by 8 in. high by 16 in.
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long. The net to gross cross-sectional area was 58 percent. The average
gross compressive strength was 1800 psi (3000 psi net). The average gross
tensile strength of the units was 293 psi. The HCBR specimen were con
structed from standard two core reinforceable, hollow clay brick units,
nominally 8 in. wide by 4 in. high by 12 in. long. The net to gross cross
sectional area was 61 percent. The average gross compressive strength was
3430 psi (5717 psi net). The average tensile strength of the units was
248 psi. The CBRC specimen were constructed from two wythes of clay brick
units nominally 4 in. high by 4 in. wide by 12 in. long. The grouted core
between the two wythes was nominally 2 in. thick giving the test specimen
a nominal thickness of 10 in. The average compressive strength of these
clay brick units was 5440 psi. The average tensile strength was 253 psi.

The mortar used for all construction was the standard ASTM Type M, and
the grout was lC:3S:2G, where G refers to 10 rom maximum size local gravel.

The variables of the test specimen are listed in Table 2. When vertical
rebars are used, they are placed one at each jamb of the pier. The horizon
tal rebars, when included, are evenly distributed over the height of the
pier. The F and P in the grouting column refer to full and partial grouting.
Partial grouting means that piers are grouted at rebar locations only.

TEST EQUIPMENT AND PROCEDURE

The test equipment shown in Figs. 2 and 4 permits lateral loads to be
applied in the plane of the piers, using two displacement controlled actua
tors with a combined maximum capacity of 150 Kip. A vertical load may be
applied to the piers through the springs and rollers shown above the span
drel beam in Fig. 2 and above the lateral loading beam in Fig. 4. The
Thomson Dual Roundway Bearings connecting the springs to the loading beam
allow the piers to move freely with minimal friction force.

In the single pier test setup, the two hinged external steel columns
restrain the rotation of the top of the pier, forcing it towards a condition
of rotation fixity at the top and bottom. An additional compressive load
was imposed on the pier by the unequal forces developed in the two hinged
columns during the cyclic loading.

The loading sequence for each test consisted of groups of three sinu
soidal displacement cycles applied at a specified actuator amplitude and
frequency. In the case of the double pier tests, the actuator displacement
amplitude followed the sequence at 0.02 in., 0.04 in •••• 0.08 in., 0.12 in .
••. 0.20 in., 0.25 in .••• 0.50 in., 0.60 in •••• l.50 in. This sequence was
changed during the single pier tests to 0.02 in., 0.04 in., 0.08 in.,
0.10 in., 0.12 in., 0.14 in., 0.16 in., 0.20 in., 0.25 in ..•• 0.60 in.,
0.70 in•.•• l.20 in.

TEST RESULTS

The results presented in Tables 1 and 2 for the double pier and single
pier tests, respectively, include tabulations of the maximum shear forces;
for the double pier, the applied bearing stress, and for the single pier,
the compressive load corresponding to the maximum shear force. It should
be noted that in the double pier tests, the actual compressive load of the
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piers varied as a function of the overturning moment resulting from the
applied shear force. For the single piers, the compressive load generally
increased as the input displacement increased. Also included are compari
sons of the envelopes of the hysteresis loops (average force versus deflec
tion results) for most tests (Figs. 6 to 16). The hysteresis envelopes
are a plot of the absolute average of the maximum positive and negative
forces and corresponding displacements for each of the three cycles of
loading at a given input displacement. The ultimate shear forces given
in Tables 1 and 2 are the average and peak values. The peak ultimate
value is the maximum shear force obtained in anyone cycle of loading.
The average ultimate value is the maximum value obtained from the hystere
sis loops. This is always less than the peak value, and except for a few
cases, it is generally within 90 percent of the peak value.

In evaluating the inelastic characteristics of the pier behavior, the
hysteresis envelopes provide a good visual picture; however, they must be
considered in conjunction with other parameters to fully evaluate the ine
lastic behavior. The other parameters include the energy dissipated per
cycle, the ultimate strength, indicators of ductility, and comparisons of
crack patterns at equal displacements. The usefulness of hysteresis enve
lopes is that they provide visual comparisons of ductility and ultimate
strength; however, they give no indication of the energy dissipated per cycle.

The hysteresis envelopes (average maximum force-deflection curves) are
used as a frame of reference for the discussion of the test results. The
question to be considered is what constitutes desirable inelastic behavior.
It is difficult to answer this question in quantitative terms; but Figs. Sa,
b, and c are useful for a qualitative discussion of three different aspects
of the behavior encountered in the test program. Figure 5ashows a set of
four force-deflection relationships, each with the same ultimate strength
(FI ). Obviously, the inelastic force-deflection relationship becomes more
desirable in passing from curves A through D. Figure 5bshows a set of four
force-deflection relationships with different ultimate strengths. The rela
tive desirability of these curves is more difficult to evaluate, as it is a
function of the imposed interstory deflection. If the interstory deflection '
never exceeds d

l
, then piers with the force-deflection relationships given

by B, C and A are preferable to those of D. If the interstory deflection
increases to d , then B, C and D are preferable to A; and finally, if the
interstory deffection increases to d3 , then the order of increasing prefer
ence is A, B, C and D. Hence the relative desirability of the force-deflec
tion relationships in Fig. 5b depends on the intensity of the expected
earthquake. For a moderate earthquake where the interstory deflection may
not exceed d

l
, the order of increasing preference would be D, C, A and B.

If, however, a large earthquake is considered, and the interstory deflection
could be of the order of d3 , the order of increasing preference would be A,
B, C and D (It should be noted that the interstory deflection resulting from
a particular earthquake is a function of the dynamic characteristics of the
building.).

For the two force-deflection relationships given by Fig. Sc, obviously
B is preferable to A, as it is able to resist a greater lateral force and
has the same characteristics when the interstory deflection exceeds d

l
•

With the foregoing discussion in mind, the effect of the various test para
meters on the hysteresis envelopes of the piers will be discussed.
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DISCUSSION OF THE TEST RESULTS

The discussion of the test results is presented in two sections; one
on the effect of horizontal reinforcement, and the other on the effect of
partial grouting. Under each section the results of the three materials
of construction are presented separately.

a) Effect of Horizontal Reinforcement. Although not discussed in detail
in this paper, increasing amounts of horizontal reinforcement with all
materials of construction generally improved the crack pattern, even though
the hysteretic behavior was not always improved.

Hollow Concrete Block Series--For the double pier tests, Fig. 6 shows
a comparison of Tests HCBL-2l-1, 2, 7 and 8. Clearly the shape of the
hysteresis envelopes is improved with the addition of the 3-#5 horizontal
rebars. The horizontal reinforcement forced a flexural type of behavior,
although the final mode of failure was shear. Fig. 7 shows a corrparison
of Tests HCBL-21-3, 4 and 13 to 16. The addition of a large amount of
horizontal reinforcement in Tests 13 and 14 did improve the shape of the
hysteresis envelopes, although this was not as significant as that noted
for Tests 7 and 8. With the addition of the plates in the mortar joints
in Tests 15 and 16, the full flexural capacity of the piers and the result
ant desirable type of flexural behavior was obtained.

For the single pier tests, a similar trend was noted. However, in
this case, relating the quantity of horizontal reinforcement to the flex
ural capacity is difficult because the flexural capacity increases at
each stage of loading due to the increase in compressive load resulting
from the test fixture arrangement. The discussion of the single pier tests
is therefore presented in qualitative terms. It should be noted that the
mode of failure for all single pier tests was shear. For the fully grouted
piers with vertical rebar, the effectiveness of horizontal reinforcement is
dependent on the quantity, as seen in Figs. 8 and 9. If the quantity of
horizontal reinforcement is expressed by Ahsfy as a percentage of the aver
age ultimate shear strength of the horizontal unreinforced wall (45 Kip for
HCBL-11-3, then with a quantity less than 65 percent (HCBL-11-9), the effect
of horizontal reinforcement was not significant. The shape of the hystere
sis envelope did not change, although there was an 18 percent increase in
the average ultimate strength for HCBL~11-4. If the percentage of horizon
tal reinforcement was greater than 130 percent (HCBL-11-6 and 11), the
inelastic characteristics of the wall were substantially improved. The
combined shear action of the masonry and horizontal reinforcement in this
case was capable of forcing a flexural type of behavior, although the mode
of failure was still shear. The result of this was a significant increase
in the peak ultimate strength. In terms of the UBC ratios of steel area
(based on the gross area of the pier) horizontal reinforcement up to a
ratio of 0.0017 did not significantly improve the inelastic behavior. The
behavior was substantially improved when the ratio increased to 0.0033;
this is 4.5 times the minimum required by the Code.

Hollow Clay Brick Series--For fully grouted piers with vertical rebar,
the effect of increasing a~ounts of horizontal reinforcement after 1-#5 was
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added was not significant, as seen in Figs. 10 and 11. The shape of the
hysteresis envelopes for all test specimen with one or more horizontal
rebars was improved over the two cases with none--HCBR-11-3 and 8 (Figs. 10
and 11). Unlike the hollow concrete block walls, it appears that the hollow
clay brick material is not able to act in combination with horizontal rein
forcement to force a flexural type of behavior and thus obtain improvement
in inelastic behavior. In terms of the UBC ratios of steel area, horizontal
reinforcement equal to 0.0008 improves the inelastic behavior of the pier
when compared with horizontally unreinforced walls; however, increasing
the ratio above this value does not result in any improvement in the
inelastic performance.

Grouted Core Clay Brick Series--For the piers with #5 vertical rebar
(Fig. 12), the shape of the hysteresis envelope was improved when the 5-#5
horizontal rebars were added, although the average ultimate strength was
approximately the same for all tests. For the piers with #8 vertical rebar
(Fig. 12), the shape of the hysteresis envelope gradually improved as addi
tional horizontal reinforcement was added. Also, the average ultimate
strength gradually increased, although the increase was small in comparison
to the amount of steel added. This type of behavior indicates a trend
towards the flexural type of behavior even though the actual mode of failure
was shear.

b) Effect of Partial Grouting.

Hollow Concrete Block Series--For the double pier Tests HCBL-21-1, 2,
11 and 12, the inelastic behavior of the partially grouted walls is compar
able to the fully grouted walls if net shear stresses are used (Fig. 13).

For the single pier tests, partially grouted walls with no horizontal
reinforcement had less desirable inelastic behavior when compared with the
fully grouted walls (Fig. 14). As expected, the partially grouted walls
were significantly more flexible and carried significantly less total load.
They also had less desirable hysteresis envelopes. The average ultimate
shear stress based on the net area of the partially grouted walls was also
less than for the corresponding fully grouted walls. Partially grouted
walls with horizontal reinforcement also had less desirable inelastic
behavior when compared to fully grouted walls (Fig 15), although this dif
ference was not as great as that for walls with no horizontal reinforcement.
The partially grouted walls were more flexible and carried less total load.
The shape of the hysteresis envelopes was less desirable, although not
significantly. With regard to average ultimate shear stress based on net
area, the partially grouted walls had approximately the same value as fully
grouted walls.

Hollow Clay Brick Series--Partially grouted walls, regardless of the
amount of horizontal reinforcement up to a ratio of 0.0016, had significantly
less desirable inelastic characteristics when compared with the fully grouted
walls (Fig. 16). The partially grouted walls carried 40 percent or less total
load than the fully grouted piers; and the shape of the hysteresis loops was
substantially less desirable than for the corresponding fully grouted walls.
The ultimate average shear stress based on net area was 55 percent or less
than obtained with the fully grouted pier.
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SU~~ARY OF TEST RESULTS

1. For fully grouted hollow concrete block piers with vertical reinforce~

ment in the jambs, the inelastic behavior was improved only when the ratio
of the horizontal steel area to the gross cross-sectional area of the pier
exceeded 0.0032. With a ratio of 0.0016 or less, the inelastic behavior was
not significantly different from the pier with no horizontal reinforcement.
2. For fully grouted hollow clay brick piers with vertical reinforcement
in the jambs, a ratio of horizontal steel area of 0.0008 improved the
inelastic behavior when compared with a horizontally unreinforced pier.
Additional increases in horizontal reinforcement up to 0.0041 produced no
further improvement in the inelastic behavior.
3. For grouted core clay brick walls, improved inelastic behavior was
obtained as the amount of horizontal reinforcement was increased; however,
the improvement was not as significant as that noted for hollow concrete
block walls, and it also was dependent on the amount of vertical reinforcement.
4. Partial grouting in hollow concrete block walls decreased the effective
inelastic behavior of piers with no horizontal reinforcement when compared
with the fully grouted piers in the single pier tests. However, this con
clusion is not applicable to the double pier test results. For piers with
horizontal reinforcement, the inelastic behavior of the partially grouted
walls was not significantly different from the fully grouted walls.
5. Partial grouting in hollow clay brick walls, regardless of the amount
of horizontal reinforcement (up to a ratio of 0.0016), significantly
decreased the inelastic behavior of piers when compared with fully grouted
piers.
6. Fully grouted hollow clay brick and grouted core clay brick walls are
able to resist approximately twice as much shear load as fully grouted
hollow concrete block walls.

DESIGN IMPLICATIONS OF THESE AND OTHER TEST RESULTS

The only extensive code related study the authors have performed to
date has been an evaluation of the design force and stress levels of recent
Uniform Building Codes for multistory masonry buildings [7]. The study
concluded that the trend towards increasing conservatism, which is evidenced
in recent UBC code changes concerning masonry structures, is justified.
Moreover, the study suggests that the codes should be more conservative for
masonry buildings of moderate height. This study was envisaged to be the
first part of a continuing effort to utilize relevant research data in
evaluating masonry codes. It made no attempt to develop a design methodol
ogy or recommend specific code changes. It is hoped these can be done when
the eighty single pier tests are complete. However, based on the results
presented herein, code writers should consider the following:

1) Fully grouted hollow clay brick and grouted core clay brick piers
have significantly greater strength than corresponding fully
grouted hollow concrete block walls.

2) Partially grouted hollow clay brick walls have significantly
less desirable inelastic characteristics than fully grouted walls.

The most specific design orientated recommendations available to the
authors are those presented by Priestley. Priestley, et aI, [11,12] have
performed several extensive series of tests on cantilever piers and have
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shown that very desirable inelastic behavior can be obtained with the
flexural mode of failure. For cantilever piers, Priestley has shown that
it is necessary to provide sufficient shear strength with horizontal
reinforcement to exceed the flexural strength using a capacity design
approach. Priestley has recommended that the total area of shear steel
crossing a potential 45° shear crack in a pier be calculated as follows;

(1)

(2)

where VB is the shear force required to induce yielding of all the vertical
steel in the pier, ¢f is the flexural undercapacity factor, and is recom
mended as 0.7 for masonry design, ¢ is the flexural overcapacity factor
and represents the ratio of maximumofeasible flexural strength to ideal
flexural strength based on nominal material strengths and is recommended
as 1.25 for 40 ksi steel and 1.4 for 60 ksi steel. V is the shear force
usea to calculate the required area of horizontal ste~l, ~s ' as follows:

V
D

¢sfy

where ¢ is the shear capacity reduction factor and is recommended as 0.85
and f Is the yield stress of the horizontal steel.

y
The major problem associated with this design methodology is one of

sliding shear along the base of the pier or wall when the flexural mode
of failure is forced to occur. This was evident in Priestley's tests and
led to a limitation of the design shear force in his recommended design
methodology. A few simple calculations will show that the required
amount of horizontal reinforcement far exceeds the amounts of horizontal
reinforcement required by the current Uniform Building Code.

Consistent with the desirable characteristics obtained for the flex
ural mode of failure, Priestley has recommended that in the conceptual
design of a building, all walls be designed to act as cantilever walls so
that desirable inelastic structural behavior is attained. It is clear
that this may be a difficult architectural constraint, and, consequently,
the inelastic behavior of walls other than cantilever must be investigated.

Priestley also comments that the perforated shear wall of Fig. I will
have a tendency to form a soft first story in a large earthquake unless
it is designed elastically for realistic forces. This infers that a build
ing will have to be designed for a larger force than is used in most current
codes. This inference was validated by the authors study [7] in which a
low ductility factor was assumed for the structural elements.

The test results on the fixed ended test specimen presented herein
indicate that the desirable inelastic behavior is decreased with the addi
tion of vertical load and that large amounts of horizontal reinforcement
are not always effective in developing the flexural capacity of a pier.

An example of the effect of vertical load is seen in the double pier
Tests HCBL-2l-7 and 8 (Fig. 6) in which a desirable elastoplastic type of
behavior was not obtained. In this case the bearing stress was 250 psi.
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The ineffectiveness of increasing amounts of horizontal reinforcement
is indicated in single pier Test HCBL-ll-ll, which should have a greater
ultimate strength than HCBL-11-6. Both tests have similar ultimate loads
and inelastic behavior. A similar result was obtained for hollow clay
brick walls in Tests HCBR~11-7 and 12.

The authors are not yet sure if this discrepancy with Priestley's
results is attributable to the reasonably high compressive load induced in
the single pier tests or to the difference between cantilever and fixed
ended pier tests. However, it is clear that these differences should be
resolved before applying Priestley's design methodology.
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APPENDIX II - NOTATION

A
hs

area of horizontal steel reinforcement

VD design shear force

VB = shear force required to induce yielding of all vertical steel

f yield stress of steel
y

¢f flexural capacity reduction factor

¢o flexural overcapacity factor

¢s shear capacity reduction factor
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TABLE 2. S INGLE PIER TEST RESULTS

(kips)

Compressive
Load at

Ultimate

Peak
Ultimate

Shear
Force

(kips)

Average
Ultimate

Shear
Force

(kips)

Horizontal Rebarvertical Rebar

(psi)

Prism Ratio of Total
1-----,----.,------1--.,---,.-------,.---1 Area of Rebar

Strength No. Yield A
vs

No. Yield ~ £ to Gross Area
of Strength Pv =A of Strength Ph =~ 'bs' y of Wall

Bars (k!"il 9 Bars (ksi) 9 (kips) Ph + Pv

Grouting

Full (F) or

Partial (Pl

Test

(cps)

Frequer.cy

Specimen

Designation

HCBL-ll-l 1.5 1330 No No 45.0 46.6 44.0

-2 1.5 1330 No 1<0 26.2 26.3 42.2

-3 1.5 1833 2-#5 70.8 0.0016 No 0.0016 45.0 49.1 25.1

-4 1.5 1833 2-#5 70.8 0.0016 1-#5 47.9 0.0008 14.7 0.0024 53.1 54.9 39.1

-5 1.5 1330 2-#5 70.8 0.0016 1-#5 47.9 o.oooa 14.7 0.0024 42.5 46.7 30.2

-6 1.5 1833 2-#5 70.8 0.0016 4-#5 4"1.9 0;0032 58.8 0.0048 80.0 82.7 52.7

-7 1.5 1905 2-#8 69.2 0.0041 No 0.0041 52.5 65.8 33.3

-8 1.5 1330 2-~8 69.2 0.0041 No 0.0041 33.8 37.9 29.2

-9 1.5 F 1905 2-#8 69.2 0.0041 2-#5 47.9 0.0016 29.4 0.0057 53.8 56.9 41.9

-10 1.5 1330 2-~8 69.2 0.0041 2-~5 47.9 0.0016 29.4 0.0057 43.1 50.6 31.2

-11 1.5 1330 2-#8 69.2 0.0041 4-#6 73.9 0.0046 130.6 0.0086 84.4 87.7 50.8

HC8R-ll-l 0.02 2535 No No 86.2 98.5 116.1

-2 0.02 2535 No No 23.7 76.5

-3 0.02 2535 2-#5 75.0 0.0016 No 0.0016 96.2 98.9 52.3

-4 0.02 2722 2-#5 71. 3 0.0016 1-#5 70.0 0.0008 21.5 0.0024 120.0 124.8 114.3

-5 0.02 3053 2-#5 71. 3 0.0016 1-#5 70.0 0.0008 21.5 0.0024 45.0 52.4 53.7

-6 0.02 2722 2-#5 71. 3 0.0016 5-#5 64.2 0.004 98.5 0.0056 105.0 105.3 61.9

-7 0.02 2535 2-#5 75.0 0.0016 5-#5 72.6 0.004 111.4 0.0056 90.0 96.2 85.3

-8 0.02 2866 2-#8 69.2 0.0041 No 0.0041 85.0 85.6 43.4

-9 0.02 3053 2-~8 69.2 O.u041 Ho 0.0041 36.2 49.1 37.3

-10 0.02 2722 2-#8 72.9 0.0041 2-~5 68.7 0.0016 42.2 0.0057 100.0 104.8 54.2

-11 0.02 2722 2-#8 72.9 0.u041 2-#5 68.7 0.0016 42.2 0.0057 32.6 37.1 26.7

-12 0.02 2535 2-#8 76.0 0.u041 5-#6 73.9 0.0058 163.2 0.0099 92.6 98.7 85.0

-13 0.02 2722 2-#8 72.9 0.0041 5-#6 74.7 0.0058 165.0 0.0099 111.2 116.1 110.0

CBRC-ll-1 0.02 2507 No No 110.0 118.6 141.9

-2 0.02 li07 2-#5 71. 7 0.0013 No 0.0013 111.2 117.1 9:l.7

-3 0.02 2507 2-#5 71. 7 0.0013 1-#5 68.3 0.0006 21.0 0.0019 105.0 114.5 89.5

-4 0.02 2507 2-#5 71. 7 0.0013 5-#5 68.3 0.0032 104.8 0.0045 113.8 128.6 132.5

-5 0.02 2507 2-#8 72.9 0.0033 No 0.0033 98.8 104.3 76.4

-6 0.02 2507 2-#8 72.9 0.0033 2-#5 73.9 0.0013 45.3 0.0046 117.6 130.4 100.3

-7 0.02 2507 2-#8 72.9 0.0033 5-#6 74.7 0.0046 165.0 0.0079 125.0 127.3 80.9
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AN EXPERIMENTAL INVESTIGATION ON THE SEISMIC BEHAVIOR
OF SINGLE~STORY MASONRY HOUSES

by

P. GUlkan,l R.L, Mayes,2 R.W. Clough,3 and R, Hendrickson4

ABSTRACT

Observations on the seismic behavior of a simple masonry house sub
jected to simulated earthquake motions on the University of California,
Berkeley, shaking table are presented. The house was constructed such
that similar masonry components were placed both parallel and transverse
to the table motion. Measurements indicated that the orientation of the
timber trusses comprising the roof assembly, base fixity of the in-plane
walls, and cracks which developed in the walls affected the overall
response in a complex manner. In general, a nominal amount of reinforce
ment appeared to have a beneficial effect on preventing the formation of
cracks which could lead to failure. Additional pseudo-static tests were
conducted on typical timber roof-masonry wall connection details to assess
their adequacy for resisting seismic forces.

IVisiting Assoc. Research Engineer, Earthquake Engineering Research
Center (EERC), Univ. of California, Berkeley, California.

2Assist. Research Engineer, EERC, Univ. of California, Berkeley,
California, and Principal, Computech, Berkeley, California.

3prof . of Civil Engineering and Assist. Director, EERC, Univ. of
California, Berkeley, California.

4Former Assist. Specialist, EERC, Univ. of California, Berkeley,
California.
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AN EXPERIMENTAL INVESTIGATION ON THE SEISMIC BEHAVIOR
OF SINGLE-STORY MASONRY HOUSES

by

P. Gulkan, 1 R.,L. Mayes, 2 R. W. Clough, 3 and R. Hendrickson4

INTRODUCTION

To evaluate U. S. Department of Housing and Urban Development (HUD)
criteria for single-story masonry dwellings, an experimental investigation
of the design and construction requirements for these dwellings in Uniform
Building Code Seismic Zone 2 regions of the united States was embarked
upon at the Earthquake Engineering Research Center (EERC), of the Univer
sity of California, Berkeley. Because of limited information on the shear
strength of masonry structural elements and the response of masonry struc
tures to earthquakes, the investigation was directed towards testing
masonry houses constructed with full-scale components using the EERC
shaking table. Cyclic pseudo-static displacement type tests were also
performed on typical masonry-timber roof connections to assess their ade
quacy for resisting the forces developed during seismic excitations.

This paper is a progress report for the first year of the experimental
research, and presents an overview of the significant results determined on
the basis of the experiments carried out during that period.

DESCRIPTION OF THE TEST STRUCTURE

The basic purpose of the project is to evaluate experimentally the
seismic resistance of masonry dwellings of typical construction in less
active seismic regions of the United States. To date, no experimental
study has been reported for masonry structures subjected to simulated
earthquakes, although the inadequate seismic resistance of poorly designed
or constructed masonry buildings has traditionally been given heavy empha
sis in post-earthquake survey reports (1, 3, 6). During the planning phase
of the study the primary objective was to obtain a structure which would
be simple in concept and yet would contain the most significant components,

IVisiting Assoc. Research Engineer, Earthquake Engineering Research
Center (EERC), Univ. of California, Berkeley, California.

2Assist. Research Engineer, EERC, Univ. of California, Berkeley,
California, and Principal, Computech, Berkeley, California.

3prof . of Civil Engineering and Assist. Director, EERC, Univ. of
California, Berkeley, California.

4Former Assist. Specialist, EERC, Univ. of California, Berkeley,
California.
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such as wall panels, corners, and wall~footing and roof-wall connections.
Limitations on size imposed by the earthquake simulator facility (7) coupled
with these requirements resulted in the design and fabrication of the struc
ture depicted in Fig. 1. While maintaining geometrical symmetry, similar
wall segments and corner units built in duplicate were placed at 90 degrees
to one another so that both in-plane and out-of-plane wall behavior could
be observed simultaneously. Both partially reinforced and unreinforced
components were used. Another point of interest was the orientation of the
timber truss units which supported the roof. In Fig. 1 the photograph shows
the trusses in the direction of the table motion. Later experiments were
conducted with the roof structure rotated 90 degrees.

The masonry unit used was a standard hollow concrete block unit 4 in.
high, 6 in. wide and 16 in. long with a nominal compressive strength of
1,000 psi based on the gross area. Type S mortar of the Uniform Building
Code with volume proportions of lC:l/2L:4-l/2S was used. The average com
pressive strength of the mortar was 2,650 psi. The grout used for the top
course of all walls and for the vertical cells containing reinforcement was
the standard IC:3S mixture. It had an average strength of 6,300 psi. Rein
forcement consisted of one medium grade #4 vertical bar placed in each end
cell of wall panels WI and W2, and three #4 bars placed in the reinforced
corner units Cl and C3 (Fig. 1). These bars were measured to have an aver
age yield strength of 54,000 psi and an average ultimate strength of
80,000 psi. Also, the top two horizontal mortar joints of each wall and
corner unit contained a 9-gage wire mesh.

The roof trusses were toe nailed at a spacing of 2 ft to a single 2 in.
by 6 in. top plate with three l6-penny nails at each end. Additionally,
every other truss was attached to the top plate with a proprietary metal
strap. Roof-to-wall connection was achieved through three 10-1/2 in. long,
5/8 in. diameter anchor bolts on each wall and corner unit embedded 8 in.
into the masonry.

The masonry segments were built upon footings 7-1/2 in. high and 16 in.
wide. Through a specially designed attachment system (Fig. 1), the hori
zontal translation and rotation of each individual footing could be con
trolled. During the early tests, only translations were prevented. During
later stages the footings of the in-plane walls WI and W3 were bolted to
prevent the observed uplift of the footings. Transverse walls W2 and W4
were left free to rotate at the footing level at all times with the assump
tion that this would more closely approximate actual conditions.

In addition to the roof assembly which weighed 2,600 lb., concrete
slabs totaling 12,000 lb. were attached to the top of the plywood sheathing.
This provided a total roof load per unit length of wall periphery of approxi
mately the same as that of a typical 40 ft by 50 ft prototype unit.

DESCRIPTION OF THE TESTS

Although the roof structure shown in Fig. 1 is stiffer than what a
full-size house might be expected to have, no attempt was made to modify the
base motions applied to the test specimen for "scaling" purposes. The test
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specimen was subjected to a series of base motions of increasing intensity.
The base motions used were the N-S component of the 1940 El Centro, the
S69E component of the 1952 Kern County (Taft), and the N76W component of
the 1971 San Fernando earthquake recorded at Pacoima Dam. In Fig. 2 the
range of the response spectrum ordinates for elastic systems with 2 percent
damping is indicated for all three types of base motions normalized to a
maximum peak acceleration of 1 g. Also superimposed on the same figures
for comparison are the corresponding response spectra of the original
ground motions normalized to the same peak.

The house was tested under a wide spectrum of conditions. Inaddition
to the variations in the type and intensity of base motions, cracks which
formed during the tests were repaired by plastering the affected masonry
walls with a fiber glass based surface bonding mortar on both surfaces.
The roof truss orientation was changed, and the base fixity of the footings
of the in-plane walls was also changed.

The response of the masonry structure was monitored through a wide
array of transducers. By means of displacement measuring devices, deflec
tions of the wall panels, as well as the relative motions between the timber
and the masonry components, were recorded. Also, accelerometers were used
to obtain a more complete understanding of the response. Table 1 provides
a summary of the conditions that prevailed at the beginning of each test
run, along with a summary of important developments.

The reference number used to designate a given test run consists of a
letter followed by a decimal number. The letter T, E, or P represents the
Taft, El Centro, or Pacoima signals. The number indicates the peak table
acceleration of that test run, expressed as a fraction of g. It should be
noted that unreinforced wall W3 was cracked along the mortar joint of the
eighth course from the bottom while it was being moved onto the shaking
table. This was epoxy-repaired before the tests commenced. The first crack
that developed was in this joint during test T-0.214. The out-of-plane walls
W2 and W4 did not crack during the first thirteen tests when the roof trusses
were orientated in the direction of table motion and these walls acted as
bearing walls. The maximum base motions during this series of tests were
T-0.267 and E-0.282. After the roof trusses were rotated 90 degrees, the
unreinforced out-of-plane wall W4 cracked during test E-0.311. This was
then repaired with the fiber glass reinforced plaster, and did not crack
again until test P-0.492.

The in-plane and out-of-plane partially reinforced walls remained
uncracked during all phases of testing. The maximum base motions used dur
ing the first phase of tests had peak accelerations of the order of the
actual recorded Taft and EI Centro earthquakes. During the second phase
when the roof structure was rotated 90 degrees, the peak table accelerations
exceeded the corresponding peaks of the Taft and EI Centro earthquakes, but
remained well below the peak of the original pacoima record.
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OBSERVED RESPONSE

Masonry structures are complicated systems because of the inherent
nonlinear characteristics of the constituent materials, effects of cracking,
and boundary conditions as well as loading circumstances (2, 4). The diffi
culty involved in interpreting the measured response of the structure tested
on the shaking table is further exacerbated because of the differences intro
duced by reorienting the roof trusses, repairing damaged sections, and imple
menting deliberate variations in the fixity conditions of the footings.
Moreover, the structure was subjected to three different types of base
motions during which the peak accelerations varied by as much as an order
of magnitude. One must frequently gloss over these differences in order
to bring out the more important characteristics of the response parameters.
In order to illustrate the bulk of the observations that follow, two test
runs have been selected. These are Tests 10 and 19, in which the Taft earth
quake was used. The peak table acceleration recorded in Tests 10 and 19
were 0.267 g and 0.248 g, respectively. The orientation of the roof struc
ture was different for the two tests. In Test 10, walls W2 and W4 were
load-bearing, while in Test 19, walls WI and W3 were load-bearing. Due to
limitations of space, the discussion of the response will be made only with
respect to the following quantities:

(1) Input table motion
(2) Out-of-plane displacements of the reinforced wall segment W2,

and the unreinforced wall segment W4
(3) In-plane displacements of the reinforced and unreinforced

walls WI and W3
(4) Displacements of the reinforced and unreinforced corner units

C3 and C4
(5) Relative slip of the timber top plate with respect to WI and W3
(6) Acceleration on two sides of the roof

The respective time history plots for these quantities are given in
Figs. 3 and 4 for the two selected test runs. In the following discussion,
corresponding frames in these two figures should be considered simultaneously.

The table motion during similar runs was remarkably repeatable. This
is visually verified by comparing the table acceleration traces in Figs. 3
and 4, and accounts for the narrow band of variation for the velocity
response spectra ordinates presented in Fig. 2(a). The fidelity of the
simulated motion to the original ground motion can, of course, best be
evaluated in terms of the response spectra for both. Here, an absolute
reproduction of the original spectrum is not as essential as obtaining a
ground acceleration history which may justifiably be called an expectable
earthquake due to its temporal and spectral characteristics.

The displacement histories of Test 10 for the reinforced and unrein
forced out-of-plane load-bearing walls W2 and W4, respectively, indicate
insignificant differences in response. The transverse displacements of
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these walls were measured at the top, as well as the central one-third
points. These displacement histories are superimposed on the same frame
for each case to allow an estimation of the displacement profiles to be
made at any given instant of time. Inspection of Figs. 3(b) and (c) reveals
that both transverse walls vibrated at the frequency of the structure as
a whole in the first "cantilever" mode, and both had remarkably similar
peak displacements--0.42 in. at the top, 0.25 in. at two-thirds the wall
height, and 0.12 in. at one-third the wall height. All of these maximum
displacements were reached simultaneously. This picture is totally altered
for Test 19 in Figs. 4(b) and (c) when the walls were not load-bearing. In
addition to displacement magnitudes decreasing significantly (note that the
scales for displacements are not the same in Figs. 3 and 4), there appears
to be a slight increase in the frequency indicating the existence of local
modes. Also, peak displacements are no longer attained simultaneously along
the height, especially for W4 for which the peak amplitude at the top and
two-thirds height are both 0.065 in. From about 12 seconds into the
response, the displacement at the top is less in magnitude than that at the
next location below it, indicating a "kink" due to local cracking along the
height.

A striking difference in the response mechanism is illustrated by the
in-plane displacements of WI (reinforced) and W3 (unreinforced) together
with readings of the slip of the top plate interconnecting the roof assembly
relative to these two units. With the trusses parallel to table motion,
Test 10, Fig. 3(d), the in-plane displacements measured at the top are of
the same order of magnitude as the transverse wall displacements. Also,
W3 developed a cracking plane along the entire length of the wall at the
mortar joint of the eighth course from the bottom, and the motion recorded
as deflection at the top was probably slippage along this plane. What was
recorded as the in-plane displacement of WI was due in part to the uplift
of the footing under it. Both walls were bolted to the table after Test
No. 13. Still, because of the great difference in the stiffness of WI and
W3, relative slip readings of the top plate showed great differences as
indicated in Fig. 3(g). After the rotation of the roof, when WI and W3
became load-bearing walls, the magnitudes of these displacements as well as
the relative slip readings were reduced to only a fraction of their previ
ous values. It should be noted also that during this test the walls were
not restrained from uplift. This is readily observed from a comparison of
Figs. 3(d) and (g) with Figs. 4(d) and (g). The same trend is noted for
the corner units C3 (reinforced) and C4 (unreinforced) with the latter
going through slightly greater amplitudes of displacement than its counter
part in both cases. Displacement readings at two different heights are
shown in Figs. 3(e) and (f) and 4(e) and (f). Accelerations recorded on
either side of the roof and superposed on the same diagram for comparison
show an amplification ratio of 2 with respect to the table acceleration in
the case when the trusses were parallel to motion (Fig. 3(h» as compared
to the state when their orientation was rotated through 90 degrees (Fig. 4
(h». The former figure also indicates a substantial amount of twist in
the roof response due to the different stiffnesses of Wl and W3.
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TESTS OF TIMBER ROOF~MASONRY WALL CONNECTIONS

An integral part of the research directed toward the assessment of the
behavior of masonry assemblages under dynamic loading conditions has been
the identification and evaluation of the mechanisms through which inertia
forces generated at the roof level are transmitted to the masonry components
and ultimately to the foundation (5). To this end, the five types of typical
connection details shown in Fig. 5 were tested in duplicate concurrently with
the shaking table tests. In addition to a simulation of the in- and out-of
plane connections of the shaking table specimen, typical connections for
industrial buildings were also included in the test series as shown in
Figs. 5(d) and (e). Figure 6 shows the overall force-deformation response
of a connection of the type given in Fig. 5(a). Analysis and interpretation
of the data obtained from this phase of the research is expected to give an
indication of the strength requirements for typical connections in seismic
design.

FUTURE TESTS

Following the examination and evaluation of the results from the first
test specimen, specimens with increasing complexity are to be tested in the
program. Figure 7 shows the features of the second model which is due to
be tested during March, 1978. Future tests will include different reinforcing
and opening details as well as clay brick units for the building material.

SUMMARY

The research program reported in this paper has the objective of pro
viding experimental information to determine the seismic resistance of typical
one-story masonry dwellings constructed in moderately seismic regions of the
United States. Evaluation of selected quantities describing the behavior of
the first test specimen which was simple in plan, but which contained signifi
cant components of a masonry structure, indicates the following:

(1) The response of the test specimen to the base motions was complex
and was affected by the orientation of the roof structure, the
base fixity of the in-plane walls and the cracks that developed
in the unreinforced walls.

(2) The overall behavior is strongly dependent on the orientation and
vibratory characteristics of the roof assembly. The in-plane
response of walls is governed entirely by the inertia effects
transmitted from the roof. The out-of-plane response depends on
the constraint provided by the roof.

(3) With the roof trusses oriented in the direction of the table
motion, the test specimen was subjected to twelve consecutive
base accelerations patterned after the Taft and El Centro earth
quakes. During this series, the maximum peak table accelerations
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were of the same order of magnitude as the original ground motions.
After the roof structure was rotated through 90 degrees, the struc
ture was subjected to sixteen additional motions. In general, the
peak table accelerations recorded during these tests were consid
erably larger than the corresponding original motions with the
exception of the Pacoima signal.

(4) The first observed damage in the unreinforced walls occurred in
the in-plane wall W3 when the test specimen was subjected to the
Taft base motion with a peak acceleration of 0.214 g. It is not
clear if the crack was initiated by the repair necessitated during
the moving of the test specimen onto the shaking table. The out
of-plane unreinforced wall W4 was essentially undamaged during all
tests while it was a load-bearing wall. When it was nonload
bearing, it remained undamaged when the test specimen was subjected
to a sequence of Taft motions, but was cracked during Test E-0.3l1
when the peak acceleration of the El Centro motion was approxi
mately equal to the peak of the original accelerogram.

(5) The nominal amount of reinforcement used in the reinforced walls
and corner specimens was sufficient to prevent any damage from
occurring throughout all the tests.

(6) The surface bonding material used to repair the cracked, unrein
forced walls appeared to be quite effective. Following the repair
of both in-plane and out-of-plane walls, the test specimen had to
be subjected to base motions of substantially increased intensity
before cracking occurred again.
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STABILITY UNDER SEISMIC LOADING OF BUILDINGS WITH

FULLY CRACKED WALL-FLOOR JOINTS1

by

W. Nachbar~ and R. Furgerson3

ABSTRACT

Structural collapse by loss of kinematic integrity is studied.
Ll'l particular, the failure of a floor slab and shear-wall model s truc
ture by loss of support is considered. It is assumed that all floor slab
to shear-wall connection reinforcement has failed, and that motions of
t..~e floor slab relative to the shear-walls and due to acceleration
applied to the foundation are restrained by friction only. Coulomb
friction with a constant coefficient of friction is used in the analysis.
Our previous work has shown that a Coulomb friction law with a con
stant coefficient of friction is a good approximation to the experimen
tally observed frictional behavior of cracked joints in concrete masonry
blocks, provided that the blocks have slid against one another a dis
tance that is found to be short compared to shear-wall widths seen in
standard construction practice. The collapse time is defined as the
instant when the floor slab first ceases to be in contact with its
supporting walls. Since vertical displacements are not considered in
the present model, this definition of collapse implies loss of structural
integrity. The seismic foundation acceleration input is simulated by
a sinusoidal oscillation contained within an envelope that has a shape
representative of a type of earthquake. A number of envelope shapes
are considered. The results of computations show that the relationship
between collapse time and maximum foundation acceleration, earth
qua..1<e duration and predominant frequency is surprisingly well-defined.
Although derived from. a much simplified model, these results defining
safe and unsafe parametric regimes can be of use to engineers and
building designers.

1 Res earch was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2professor, Department of Applied Mechanics and Engineering Sciences,
University of California, San Diego, La Jolla, California, 92093.

3 Res earch As sis tant, Departm.ent of Applied Mechanics and Engineering
Sciences, University of California, San Diego, La Jolla, California,
92093.
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STABILITY UNDER SEISMIC LOADING OF BUILDINGS WITH

FULLY CRACKED WALL-FLOOR JOINTS1

by

W. Nachbar2 and R. Furgerson3

INTRODUCTION

Damage assessment photographs of structures subject to earth
quake ground motion frequently show that the seismic forces break
connections holding major substructures together allowing them to
move as individual rigid bodies. Stairwells, elevator shafts, precast
floor slabs, roof channels and reinforced concrete roadway bridge spans
are seen to be examples of such substructures. Reference (2) contains
many excellent photographs of such substructures more or less intact
after being overthrown from their foundations or sliding off their
supporting uprights.

The following analysis des cribes a failure of this clas s through
the solution of rigid body equations of motion for a simplified shear
wall floor slab system subject to a realistic friction law between the
floor slab and shear-wall and a simulated seismic acceleration applied
to the shear-wall foundation. The solution predicts the elapsed time
after onset of acceleration of the kinematic failure of. the system by
loss of support. Further, the results show a surprisingly well-defined
relation between the time that the system can resist the applied acceler
ation and the predominant frequency and maximum. amplitude of the
applied acceleration.

lResearch was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818.

2 P rofes sor, Department of Applied Mechanics and Engineering Sciences,
University of California, San Diego, La Jolla, California, 92093.

3 Res earch As sistant, Department of Applied Mechanics and Engineering
Sciences, University of California, San Diego, La Jolla, California,
92093.



55-3

DESCRIPTION OF THE MODEL

Consider the assembly of a rigid floor slab supported by two
rigid walls built into a rigid foundation, Fig. 1. An analys is of sliding
concrete block experiments suggests that Coulomb friction with a co
effic ient of o. 6 is an appropriate friction condition to pres cribe4. The
slab is constrained to move with the walls by Coulomb friction only.
A prescribed acceleration, a(T), acts on the foundation.

MATHEMATICAL MODEL AND NUMERICAL SOLUTION TECHNIQUE

Including Coulomb friction with its stick-slip character intro
duces significant complications in the integration of the equations of
motion. Heretofore, the rather dubious substitution of an "equivalent"
viscous or velocity dependent friction law to render the equations of
motion more tractable analytically has been made. By contrast, this
work relies wholly on numerical methods to integrate the unsimplified
equations.

The floor slab begins slipping on the walls when the magnitude
of the base acceleration in g's exceeds the friction coefficient, if the
slab is sliding over the walls, it will stop sliding if the magnitude of
the base acceleration in g' s is less than the friction coefficient and
the velocities of the slab and walls are equal. The describing equa
tions follow:

Let

y (1') = nondimensional displacement of the floor slab
s

from its l' = 0 location

Yb (1') =nondimens Lonal displacement of wall
from its l' = 0 location

at l' = 0

then

Y
b

(7') =a(1')

1Y (,.) = a(7')
s

floor slab \-vill slide if

1a(,.) 1 >a
s

if floor slab is not
sliding on the walls
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I if floor slab is sliding
on the walls

floor slab will stop sliding if

A brief description of the solution technique follows; reference
(5) contains complete details of the code.

The integration of the initial value problem proceeds by
marching, with a polynomial approximation of the slab and wall velo
cities updated at each time step. Tests for changes in motion regime,
sl,ipping or sticking, are then performed on the solution.

If the slab and walls were sticking at the previous time step,
the magnitude of the acceleration is computed. If the magnitude of
acceleration is less than as' the motion regime is unchanged and the
solution is again advanced a time step. If the magnitude of acceler
ation is larger than as' then slipping begins at SOIYle tiIYle between the
current solution time and the last solution tiIYle. .A Newton iteration
calculates the time at which slipping begins,

previous time < i < present time such that I a(T)! = a •
s

The integration from the previous time is repeated with a step size to
ad vance the solution to the time of slipping, the rnotion regime is
changed, and the slipping equations are then advanced to the intended
time with the displacement and velocities of the slab and walls at the
time of slipping as the initial conditions. Marching then proceeds
with the original time step.

If the slab was sliding on the wall at the last tirne step, the
solution is advanced integrating the equations of rnotion for the slipping
regime and the solution there is tested. If Ia(r)! > as' marching
proceeds to the next time step. If I a(T) 1 < as, then the difference of
the polynomials approximating the wall and slab velocities is formed.
If the difference of velocities changes sign in the interval, the velo
cities are presumed to be equal somewhere in the interval. The time
when the velocity difference is zero is calculated, and the integration
of the slipping equations is advanced from the previous tinle to the
time of sticking, time of zero velocity difference. The equations for
sticking floor slab and walls are integrated from the time of sticking
to the intended time. Afterward, marching proceeds using the
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original step size.

Detail drawings of building plans1 and photog raphs of construc
tion underway3 show that a reasonable floor slab bearing length is one
half the wall thickness, 0 = 1. The difference in displacements, 0(7'),
is tested at each time step. Should the magnitude of the difference
exceed I, the assembly is considered to have collapsed, and the time
at the present integration step is taken as the collapse time.

While it is true that distance from the focus of an earthquake,
depth of focus, whether the soil is firm or whether it is soft and layered,
and other geological concerns control what the local earthquake ground
accelerations will be 5

, it is expeditious to regard earthquake ground
motion accelerograrrls as showing quickly varying random oscillations
within a much smoother envelope which rises to a peak then slowly
decays.

The function (e -ex t';'7' _ e -l3 t ';'7') is a smooth. 2 parameter enve

lope function which is qualitatively similar to those of recorded
accelerograms. Specifying 7". and 7"d allows the parametersrlse ur
Ct and 13 to be evaluated. This was done for 3 pairs of 7" rise and 7"dur
to yield 3 envelope functions with characteristics representative of a
fast rising, a moderately rising, and a slowly rising envelope function
as seen in published earthquake ground motion accelerograms. Table 1
shows the correspondence between the chosen nondimensional charac
teristic times and real tirrle for an 1'8 inch" wall. Choosing the
acceleration £Wlction, a(7"). as

where

a(7")
2

= A 2(t':') g
d S

max

S
max 1 -Ci t>:'l' -l3t>:'T I;: rrlax (e - e ) sin W7'

7'>0

gives the oscillatory motion within an envelope of realistic proportion.
Fig. 2 shows the superposition of the North-South component of the
accelerogram of the El Centro earthquake of 1940 and the fast rising
en velope scaled to a similar height ve rsus nondimensional time.

RESULTS AND DISCUSSION

For each of the three envelope shapes, the collapse time is
cOrrlputed for amplitude A in the range of O. 7 ~ A :0;; 1. 15 and for ire
quency f in the range 0.5 :0;; 1. 125. Because of the finite duration
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of earthquakes, the smaller collapse times represent greater hazard
than the larger collapse times. The product of a scaling parameter,
which is a reference nondimens ional time, and the reciprocal of the
nondimensional collapse time is calledYc; Yc is plotted on the vertical
scale of the cartesian coordinate system in reciprocal time - envelope
amplitude - frequency space, in brief the y-A-f space. The larger
values of y c are the more significant. Computations were made with
different scaling parameters to find a scaling parameter which makes
the surfaces of Yc in y-A-f space relatively independent of the envelope

shape. Scaling parameters of 7' rise' 7' max' 7' dur' and 1 were tried.
The greatest similarity is shown in the surfaces 'Xc(A, f) := T r " ITlse c
and Yc := 7'maxITc; these surfaces are shown in Figs. 3 to 8. The
cros s -hatching in thes e figures repre sents lines parallel to the ampli
tude and frequency axes following the surface Yc (A, f). One notes
that, for a given frequency, the collapse factor increases rapidly with
amplitude after a critical amplitude is reached. Fig. 9 gives an indica
tion of this steepness in the area of critical amplitude. On the other
hand, the collapse factor y c decreases with increasing frequency at a
fixed ampl itude.

In addition, the complete displacement histories for certain A
and £ in the critical area were examined to demonstrate that the inter
val of integration (Sect. 2) was chosen adequately long to reach collapse
in all possible cases. Fig. 10 shows such a displacement record with
the peak relative displacement 0(7') per cycle decreasing for 7' > Tmax.
Such records also justify the us e of the Coulomb friction model, as
experiments (Ref. 4) show that for concrete blocks sliding along
cracked grouted and mortared surfaces, the friction ratio I-l approaches
the as ymptotic Coulomb friction value after sliding about 0.4 inches.
The present calculations show sliding of many times that distance
before the collapse time is reached.
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value of 'T at maximum of the acceleration envelope
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Nondimensional Time Real Time (seconds)

fast rising envelope

"I"rise = 3.38 0.33

"I"max = 27.78 2.75

"I"dur = 732. II 72.48

moderately rising envelope

Trise = 8.92 0.88

... = 37.89 3.75'max

"I"dur = 113. 80 II. 27

slow rising envelope

"I"rise = 12. 81 1.27

'" = 63. 13 6.25'max

'Tdur = 266. 23 26.36

Table 1. The correspondence between the chosen
nondimensional characteristic times and
real time for an 118 inch" wall, t':< = .099.
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APPENDIX II - NOTATION

pres cribed nondilnensional acceleration.

max !a(7')!
7'>0

nondimensional accele ration at which the £loor slab begins
sliding: a == 2{t*)2 'I1g/ d

s

width of the wall (feet)

frequency of base oscillation (Hz)

2
acceleration of gravity (32.2 ft/ sec )

time (s e conds)
1

a characteristic time defined by (dl (2g) '2

relative horizontal displacement between the wall and the
floor slab

pres cribed nondimensional displacement of base

max ! y(7') 1
7'>0

maximum expressed in "gls" of the prescribed nondimensional
acceleration. a(7')

parameters controlling the shape of the acceleration envelope

nondimensional relative displacement. ul (d/2)

nondimens ionaI frequency. 27T"ft':~

11 . 1 to (7' )-1co apse factor proportLOna
c

nondimensional time. tit':'

value of j at collaps e

value of j at which the prescribed acceleration envelope
decreases to half maximum amplitude
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HIGH RISE BUILDING VIBRATION PROPERTIES:

AN UNEXPECTED BEHAVIOR MECHANISM

Irving J. Oppenheim1

A twenty storey reinforced masonry apartment building was the
subject of experimental and analytical studies. The building,
basically rectangular in plan, has seven pierced shear walls in the
short plan direction. All walls are constructed of two wythes of
concrete block, enclosing a grouted core containing the longitudinal
reinforcement.

Acceleration records at roof level were obtained under ambient
and man-induced vibrations. A Fast Fourier Transform of the ambient
records provided frequency information in the E-W, N-S, and torsional
directions. The man-induced vibrations provided direct observation
of structural frequencies, and a measurement of damping. The build
ing was then the subject of an elastic modal analysis performed by
the analysis program ETABS; the building was analyzed under two
behavior assumptions. In one analysis the wall sections were con
sidered coupled, while in the other they were uncoupled; as built,
the walls were designed as uncoupled. Quite surprisingly, the
building behavior as measured was in exact correspondence with the
coupled wall mechanism.

On closer examination, the reason for this coupled wall behavior
was apparent. The detail of supporting the lintels had them
embedded in the wall for a distance of 8 inches. The bearing stress
in the wall, acting over that embedment length, supplied a fixity
moment to the lintel ends, transforming them from simply supported
lintels into fixed ended coupling girdles of limited capacity.
Theoretical calculations of fixity moments were prepared, along with
behavior under design loads and recommendations for designers.

lAssociate Professor of Architecture and Civil Engineering,
Carnegie-Mellon University, Pittsburgh, PA, 15213.
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HIGH RISE BUILDING VIBRATION PROPERTIES:
AN UNEXPECTED BEHAVIOR MECHANISM

By Irving J. Oppenheiml

INTRODUCTION

A twenty storeY masonry apartment building was studied. The ambient
vibrations at roof level were measured, and those records processed to
obtain fre~uency and damping estimates. A complete elastic analysis was
performed, using the analysis program ETABS, to attempt the reproduction
of measured fre~uency values. Surprisingly, the analytical results
implied coupled shear wall behavior, even though the design was executed
as uncoupled. A reason for this unsuspected behavior was found on
examining the lintel detail. Theoretical limits for lintel fixity were
developed, and a lateral load analysis performed to estimate the
significance of such effects.

The masonry apartment building is an interesting structural type.
It represents the convergence of numerous factors (functional, structural,
material, and construction) which produce a highly efficient architec
tural/structural solution. This paper begins with a short examination
of shear wall structural types, and their interaction with the building
design itself.

STRUCTURAL TYPES FOR SHEAR WALL BUILDINGS

If buildings are grouped into office or apartment categories, there
are numerous functional factors which shape the engineers choice of a
structural system. A brief review of those factors follows, in an attempt
to spotlight the structural efficiency of reinforced masonry walls for
apartment construction.

Office buildings may often be characterized by the following three
features:

1. Elevator, stair, and service re~uirements extensive enough to
re~uire a "core" area no less than 20% of the plan area.

2. The use of forced air climate control.

3. A desire to provide flexible wall-free areas.

A particular structural type evolves from these factors, and is shown
in Figure lao The floor depth re~uired for the mechanical system permits
large girder spans. The engineer can then concentrate his shear wall
group around the core, and span to the exterior wall. (It should be noted

lAssociate Professor of Architecture and Civil Engineering,
Carnegie-Mellon University, Pittsburgh, PA 15213
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that in the absence of a mechanical system depth requirement, the engineer
might find it difficult to justify girder depth decisions.) This system
transfers the lateral load to a small number of central walls, and
lateral load quickly governs such a design. The analyst often turns to
coupled wall design, employing deep coupling girders between wall sections.
With a typical storey height of 12 feet, there is ample structural depth
for floor and coupling girders.

Apartment buildings could be characterized by negating the three
factors which applied to office construction; a totally different
structural type evolves. There is little benefit in providing clear
span, so walls are closely spaced. Without a mechanical system depth
requirement, a minimum floor depth is desirable; in practice this
often is an 8 inch slab spanning about 20 feet between parallel walls.
The system which evolves, for a double loaded corridor, is typified by
Figure Ib or lc. In either case, the significant structural feature is
the large number of wall sections available to resist lateral load. Such
a design is not likely to require resolution by coupled wall behavior;
designs are typically uncoupled walls with a storey height near 9 feet.

BUILDING DESCRIPTION, PENN CIRCLE TOWERS

The structure which was tested, a twenty storey apartment building,
is located in Pittsburgh. Tasso Katselas, architect, and Gensert-Peller
Associates, engineers, were the professionals who designed the building
(together with its twin, and other buildings in the complex) in 1969.
The building, pictured in Figure 2, is regular in its upper 17 storeys.
In the bottom three storeys, the walls flare out to reduce stresses
induced by lateral load. A typical section is shown in Figure 3. The
structural plan for the middle and upper floors (Figure 4) shows seven
walls in the E-W direction, and five walls running N-S. All walls are
14 inches thick, consisting of two five-inch concrete masonry units
enclosing a four inch grouted core.* The masonry cross-section is not
uniform, as blocks with different densities (between 25% and 100% solid)
were specified as required. While wind loading governed wall design in
the E-W direction, a zone I seismic loading was critical for the N-S
direction. The floor system is 8 inch deep Celldex (a prestressed
concrete plank svstem) with poured troughs to ensure diaphragm action.
Almost all spandrels and lintels were from a group of precast concrete
rectangular sections.

The close wall spacing resulted in numerous walls being available to
resist lateral loads. The individual wall sections, acting as uncoupled
shear walls create a satisfactory load carrying system, with the mild
expedient of the aforementioned bottom storey flaring. As a system of
uncoupled walls, no continuity was required with the lintels. Lintels
were designed as simply supported beams, and framed into the wall as
shown in Figure 5. It will shortly be shown that the lintels instead

* Exterior wythes employ brick rather than concrete block.
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act as coupling girders, even though not designed as such. One point
must be emphasized; the lintels in this particular building are in no
danger of being overloaded as a result of that coupling action. The
engineer provided compression steel (to control long term deflection)
and shear stirrups, which mitigate any serious problem which could have
arisen.

TEST RESULTS, AMBIENT AND MAN~INDUCED VIBRATIONS

Ambient and man~induced vibrations [1,2,3,4J were measured at roof
level on several different occasions. All readings were taken with a
Kinemetrics VM-I single channel vibration monitor. Motion records were
produced on paper strips, from which hand-digitization was performed.
Typical records are shown in Figure 6, at locations indicated in Figure 4.
Man-induced vibrations were used to determine the ;owest frequencies of
vibration in the E-W and N~S directions; those same records yielded
damping estimates of 1.1% of critical damping, obtained from the
logarithmic decrement. The lowest torsional frequency, and the second
frequency in the E-W direction, were obtained from a plot of the
Fourier Transform (Figure 7) of the ambient vibration records. The
measured frequencies are presented in Table I.

TABLE I MEASURED FREQUENCIES OF VIBRATION

Mode Description Frequency, Hz

E-W I 1.16

E~W 2 4.40

N-S 1 1.48

Torsional 1 1. 72

ANALYTICAL RESULTS, ETABS PROGRAM

Analytical predictions of vibration frequencies were obtained using
the computer program ETABS. [5J The inertial mass, mass center, and polar
moment of inertia were calculated at each storey. Every flexual element
was modelled individually; flexural and shear deformations were
considered along with "rigid depths" to model shear walls as columns.
There were a total of 26 wall sections in plan with 200 different wall
cross sections used in modelling the building.

Two analyses were performed, corresponding to uncoupled and coupled
wall construction. The coupled wall analysis treated lintels as having
rigid supports. The floor slab was not considered to couple wall segments;
the floor is constructed of planks running at right angles to the wall.
Had the floor slab been cast-in-place, it would have been appropriate to
consider it too as a coupling mechanism.
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It has been the experience of researchers that analytical results
often prove reliable in the short plan dimension, but not in the long
plan or torsional directions. That was the experience in this case,
where results in the E-W direction were the most reasonable. The
analysis required the assumption of an effective elastic modulus for
the walls; a value of 2500 KSI was chosen. The results are shown in
Table II.

TABLE III MEASURED AND ANALYTICAL E,,,..W FREQUENCIES, Hz

Mode Measured Analytical Analytical
Description (Uncoupled) (:Coupled)

E-W 1 1.16 0.68 1.18

E-W 2 4.40 3.37 4.49

A first examinat,ion of the results indicates that coupled wall
action more accurately models the measured behavior than does uncoupled
action. This is, of course, partly due to the fortuitous (though
unplanned) choice of an elastic modulus which yields a fundamental
frequency within 2% of the measured frequency. A more meaningful measure
for comparison would be the ratio of the second freqeuncy to the first;
this quantity is a characteristic of the structural behavior mechanism,
and is independent of elastic modulus. It is listed in Table III.

TABLE III CHARACTERISTIC FREQUENCY RATIO, E-W2/E-Wl

Measured

3.79

Analytical (Uncoupled) Analytical (Coupled)

4.96 3.80

Examination of Table III clearly indicates that behavior mecha
nism is not of the uncoupled walls. Instead, the building behavior
is apparently predicted by coupled wall action, where the lintels
themselves act as coupling girders. The next section will clearly
show how this behavior is brought about.

THEORETICAL BASIS OF LINTEL FIXITY

E~amination of Figure 5, the lintel support detail, provides a
mechanism for coupled wall behavior. Although the lintel was designed
as simply supported, it has been embedded in the wall to a depth of
8 inche~. For low values of moment, that embedding will suffice to fix
the lintel against rotation, and to create coupling action. How strong
is that end fixity? Does it remain in effect at high load levels?

Figure 8a shows the lintel end condition, with bearing stress ,f
b

,
present in the wall. A first (lower) bound for the lintel end fixity
limit may be found from the rigid limit state.
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M
o

2= 0.5 f b bw

In the typical fifth storey wall, the bearing stress, f b ' is taken as
300 psi. That corresponds to a moment of 134 K.in.

An upper bound to the lintel end fixity limit may be found from
the ultimate strength limit state, shown in Figure 8b.

M ' = 0.335 f ' bw
2

u c

In this example the moment would be 1200 K-in. A theoretical M-8
relationship for the lintel/wall connection could then be imagined in
Figure 9. Of course, the ultimate moment capacity of 1200 K-in. is
not likely to be achieved; local failure of the concrete and mortar in
the wall would certainly precede it. Moreover, the end fixity is not
"rigid" above moments of say, 100 K-in. A hypothetical M-8 relationship
has been indicated, and experimental studies are needed in the future.

Had the lintels been designed as singly reinforced, their negative
moment capacity would have been minimal, certainly less that the end
fixity capacity. In that case, lateral forces could induce excessive
cracking in the upper part of the lintel near its support. Even with
light reinforcement , the danger associated with excessive cracking
remains, because o~ the presence o~ high shear in that region. Again,
this particular design is quite adequate; this note of caution is
addressed to designers who might be reluctant to provide top steel and
shear reinforcement in the apparent "absence" of loads requiring that
capacity of the member.

EXAMPLE ANALYSIS UNDER WIND AND EARTHQUAKE LOADS

The coupled wall analytical model was subjected to a lateral wind
pressure of 30 psf, and a Newmark-Hall design spectrum for a ground
acceleration of 4% g, with 2% of critical damping. Lintel end moments
were in the range of 100 to 150 K-in. for the lateral wind loading. The
elastic modal response produced end moments generally five times as
high as produced by the wind loading.

The end moments produced under wind load are significant. They
approach the strength of the reinforced cross sections, and are
associated with rotations which would represent serious cracking in the
absence of top steel. The end moments are not signifcantly larger than
M " and are much smaller than Mu'. Lintel end fixity is certain to
ogcur at those levels of end moment. For analysts familiar with
coupled shear wall design, a representative ~H factor between 2.0 and
3.0 would characterize the behavior of the coupled walls.

The results of the earthquake spectral analysis are not too meaning
ful, as they predict stresses far beyond the elastic range. It should,
however, be recognized that an earthquake loading is likely to place
extreme demands on the deformation of those embedded lintels.
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SUMMARY

Man induced and ambient vibration tests provided measures of
structural frequencies for the masonry building studied. Comparison
with analytical results from elastic analysis indicated that coupled
wall behavior was present. Examination of the lintel detail showed
that embedment of the lintels in the wall was sufficient to fix the
ends of the lintels, and turn them into coupling girders.

This behavior was observed at low stress levels. The lintel end
fixity was shown (theoretically) to be high enough to surpass the
moment capacity of lightly reinforced lintel sections. Actual behavior
of the lintel/wall combination remains to be studied experimentally;
tests are being planned for next year at Carnegie-Mellon University.
Analysis under lateral loads did indicate the likelihood that design
wind loads or earthquake effects would induce high moments in the
lintels. Those moments could approach or exceed the lintel capacity,
and are within the limits of end fixity provided by the wall detail.

This behavior is no cause for concern if top steel and stirrups are
provided, as they were in this design. Engineers should be aware of
potential cracking in those lintels if such reinforcement is not
provided.
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APPENDIX II - NOTATION

width of lintel

bearing stress in wall

crushing stress of block

lintel end fixity limit from the rigid limit state

lintel end fixity limit from the ultimate strength
limi t state

length of embedment
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Figure 1 Types of Shear Wall Buildings
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Figure 2 Photoaraoh of Structure
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INTERACTION BETWEEN UNREINFORCED MASONRY STRUCTURES AND THEIR ROOF
DIAPHRAGMS DURING EARTHQUAKES

By Adham, S.A., and Ewing, R.D.

ABSTRACT: Numerous wood roof diaphragms are found in existing masonry
buildings in highly seismic zones. The effect of varying the stiffness
of these diaphragms on the response of masonry buildings was studied.
A lumped-mass analytical model representing the masonry-wall/diaphragm
interaction was developed. This model was then subjected to earthquake
acceleration time-history input that corresponds to the intensity level
of the Los Angeles area. Plywood, diagonal, and straight-sheathed
diaphragms were examined. Results of this study indicate that the
response of a wood diaphr~gm is highly nonlinear, and that low amplitude
tests are not adequate for predicting the response of these diaphragms
in highly seismic zones. It was concluded that softer wood diaphragms
will attenuate the input earthquake accelerations and result in shear
forces transmitted to the masonry walls that are lower than those
obtained from stiffer diaphragms as expected; however, the corresponding
midspan deflections will be larger.
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INTERACTION BETWEEN UNREINFORCED MASONRY STRUCTURES AND THEIR
ROOF DIAPHRAGMS DURING EARTHQUAKES

I d . 2By Samy A. Adham an Robert D. Ew~ng

INTRODUCTION

Wood diaphragm roofs supported on unreinforced masonry walls are
found in numerous existing masonry buildings in highly seismic zones.
Reports of damage from past earthquakes indicate that such diaphragms
have suffered little or no damage during these earthquakes.

Studies by Blume et al. (1/ 2) and Rea et al. (3) on full-scale
school buildings indicated that (a) wood roof diaphragms had periods
ranging between 0.17 and 0.75 seCi (b) to reduce the response of these
buildings to earthquake motions, roof diaphragms should be stiffened.
However, these results were obtained from low-amplitude vibration tests
and therefore are limited to low magnitude earthquake shaking.

Static tests of full-scale lumber and plywood-sheathed diaphragms
were conducted by several invest~gators (4 through 17). The results of
these tests indicate that the behavior of these diaphragms is highly
nonlinear. Therefore, these diaphragms would exhibit longer periods
when subjected to high intensity earthquake shaking.

This paper presents some results obtained using computer analyses to
study a simple lumped mass model of a one-story building with a wood dia
phragm roof supported on masonry walls. These calculations demonstrate
(1) some basic phenomena and the potential effect that the energy-absorp
tion capacity of wood diaphragms will have on the response of existing
masonry buildings, (2) the effect that stiffening these diaphragms will
have on the response of masonry buildings to earthquake loading, and (3)
the usefulness of computer analyses as a tool for studying these effects.
The results were obtained from a preliminary study that is part of a pro
posed program for evaluating seismic hazards in existing unreinforced
masonry buildings.

ANALYTICAL MODEL

System Description.- The one-story building considered in the follow
ing calculations consists of a wood-diaphragm roof supported at four
sides by 13-in. solid masonry walls as illustrated in Fig. 1. The uni
form load of the roof is assumed to be 30 lb/sq ft and the wall uniform
load as 130 lb/sq ft.

1. f' .
Sen~or Sta f Eng~neer, Agbab~an Associates, El Segundo, California

2Associate, Agbabian Associates, EI Segundo, California
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The roof diaphragm is modeled as a deep shear beam (Fig. 2a). This
beam is divided into a series of segments, as shown in Fig. 2b and 2c.
The 100-ft-long masonry wall was assumed to crack when subjected to
shaking normal to its plane. Therefore, only its weight will be included
in the model.

For the present phase of the analysis, the two end walls are assumed
rigid. A study ·of wall overturning under seismic loading (18) indicated
that for the height-to-width ratius in this structure the earthquake
input motions will be transmicted from the foundation level (Fig. 2a,
Levels C and D) to the top of the end shear walls (Levels A and B) with
little modification. A four-segment model was used for preliminary cal
culations. However, the final results were based on the more refined
eight-segment model shown in Fig. 3.

Material Properties.- From full-scale tests on plywood diaphragms
(19) it appears that for cyclic monotonic loading, the deflection may be
expressed by

where

~ = CWL (1)

~ = Midpoint diaphragm deflection in inches (total deflection is
attributed to in-plane shear deformation)

C = Flexibility coefficient

W = Total load in kips in diaphragm assumed uniformly distributed
over diaphragm length

L = Diaphragm span in feet

Use of the single constant C to describe flexibility appears to be
applicable for diaphragm span/depth ratios of 2 to 4.

The plot on Fig. 4 indicates that the diaphragm will cycle at
approximately constant deflection for repetitions of reloading (19).

The simple idealized load/deflection relation, shown in Fig. 5,
describes a monotonically increasing loading curve in compression and an
image relationship ill tension. The hysteretic curve indicates a perma-
nent set of 0.5 ~ This idealization was included in the present

1
. maxana ys~s.

As illustrated in Fig. 5, the data on plywood were presented by
the relation

~ = 5 x 10-4 WL

for

W = 5 kips

(2)
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and

L = 100 ft

6. = 0.25 in.

The stiffness of the plywood diaphragm is expressed as

or

or

K =
1

5 x 10-4 L

K
1

= CL
(3 )

K 20 kips/in.

For the four-segment model, the stiffness per segment is

k
K
4

= 5 kips/in.

For the eight-segment model

k = K
8 = 2.5 kips/in.

A summary of material properties used for the diaphragms analyzed in
this study is given in Table 1.

TABLE 1. STIFFNESS OF ROOF DIAPHRAGM USED IN THE PRESENT ANALYSIS

Stiffness/Segment, k,
kips/inch

Diaphragm Preliminary Final
Roof Stiffness, Model, Model,

Diaphragm Load/Deflection Relation kips/inch 4 Segments 8 Segments

Plywood f:,. = 5 x 10-4 WL 20 5 2.5

Diagonal D. = 2.5 x 10-3 WL 4 1 0.5

Straight D. = 10 x 10-3 WL 1 0.25 0.125
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In addition to the hysteretic damping provided by the hysteretic
cycles of Fig. 5, a 10% critical damping was used in the analyses of
some cases to account for viscous damping provided by the roofing materi
als (viscous damping shown in Table 2).

Input Motions.- The intensity of ground shaking used in this study
represents the level of shaking expected in a highly seismic area such as
Los Angeles. Effective peak acceleration for such an area is 0.40 g (20)

The N-S component of the 1940 El Centro record was scaled to the
0.40 g level and used as input to diaphragm models. The response spectra
for this record are shown in Fig. 6. The critical orientation of these
motions for the diaphragm analyses is shown in Fig. 2.

DISCUSSION OF RESULTS

A number of parametric cases were run as summarized in Table 2.
The length of the record used for cases 1 through 6, in addition to
case 8, was 15 sec. The length of record used for cases 7 and 9 was
30 sec.

Both elastic and hysteretic material properties were assumed in the
analysis. Viscous and hysteretic damping were included in 8 cases, as
illustrated in Table 2. The results of the calculations are provided
at the middle of the diaphragm (DOF 5 in Fig. 3). The relative peak
displacements shown in Table 2 and Figs. 7 through 13 correspond to the
maximum difference between input displacements and the absolute displace
ments of the middle point of the diaphragm at the same instant of time.

The first set of results corresponds to cases 1 through 3 and were
obtained using a preliminary four-segment model. The diagonal-sheathed
model (case 2) has a longer response period than the plywood model
(case 1); and as a result, the peak acceleration at the middle of the
case 2 diaphragm is lower than that of the case 1 diaphragm (0.06 g vs.
0.20 g). However, these response periods are in the approximately
constant displacement portion of the response spectra (Fig. 6); and the
relative peak displacement of case 2 is only slightly higher than that
of case 1 (7.4 in. vs. 6.2 in.), as illustrated in Fig. 7.

The straight-sheathing diaphragm (case 3) has the longest period
among the three diaphragms studied (9.30 sec). Maximum acceleration of
0.02 g and relative peak displacement of 12 in. were calculated at the
middle point.

The second set of results corresponds to cases 4 through 7. Four
diaphragms of varying material properties and damping were analyzed.
Fig. 8 and Table 2 illustrate how the response of the diaphragm is affec
ted by increasing the number of segments in the diaphragm model. The
results of case 5, compared to those of case 1, indicate that the second
and third natural modes provide a considerable contribution to the
response. The 6.2 in. peak displacement of case 1 was increased to
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10.4 in. in case 5 by including the contribution of the second mode
(Fig. 8). This resulted in shifting the response to a lower acceleration
region. The contribution of the higher modes, particularly the second
mode, to the acceleration is minimal; and the final result was a reduc
tion in peak acceleration from 0.20 g for case 1 to 0.14 g for case 5
(Fig. 9). Therefore, the four-segment model behaves like a stiffer
structure with a higher acceleration (0.2 g), shorter period (1.8 sec),
and smaller displacement (6.2 in.); whereas the eight-segment model per
forms like a more flexible structure with a lower acceleration (0.14 g),
longer period (2.8 sec), and larger displacement (10.4 in.). It is
observed that the El Centro input, with its strong long-period content,
when applied to the eight-segment model, provides considerable inter
action with the periods of the plywood diaphragm (Fig. 10).

When the diaphragm material is represented by hysteretic character
istics, as shown in case 6, the structural response corresponds to con
tributions from a band of diaphragm frequencies, bounded by values
related to the slopes of the loading and unloading curves (Fig. 11). The
period of the diaphragm is lengthened from 2.8 sec (case 4) to 3.0 sec
(case 6) for the plywood diaphragm. Because of the combination of higher
damping and more frequency contribution to the response, the relative
peak accelerations are about the same for cases 4 and 6, as illustrated
in Fig. 12 (0.2 g). However, the peak.displacement for case 6 is
8 in., which is smaller than that of case 4, due to the damping effect.

The difference between cases 6 and 7 is that the latter has viscous
damping in addition to the hysteretic characteristics. In addition,
case 7 was run to 30 sec, whereas case 6 was run for only 15 sec. The
peak acceleration for case 6 is 0.20 g as compared to 0.12 g for case 7.
Therefore, viscous damping appears to have a considerable effect on
attenuating peak accelerations in these diaphragms. The relative peak
displacement for case 7 is 10.7 in., compared to 8 in. for case 6
(Table 2). However, case 6 may show higher displacements if run for an
additional 15 sec.

For the straight-sheathed diaphragm, the natural periods are 10.6
and 11.5 sec for cases 8 and 9, respectively. The effect of the addi
tional viscous damping in case 9 results in a reduction of the response
of the diaphragm from 11.0 in. for case 11 to 9.0 in. for case 9. The
peak acceleration of the midpoint is 0.02 g and 0.007 g for cases 8 and 9,
respectively. These values indicate no significant changes in the peak
acceleration calculated for the four-segment model of case 3. The
results illustrate the considerable attenuation of peak acceleration
that is provided by these relatively soft diaphragms. The shear force
transmitted to the ends of these diaphragms is reduced from 7.5 kips for
the plywood diaphragm (case 7) to 0.54 kips for the straight-sheathing
diaphragm (case 9).

A comparison of the response of the plywood and straight-sheathed
diaphragms indicate that the periods of the latter are much longer,
whereas the peak accelerations are much lower. The peak displacements
vary between 8 and 11 in. for both diaphragms (Figs. 12 and 13).



57-12

12.-------,----..------r----.-------,----,....------,.-----.,

__••__ CASE 1 (4 SEGMENTS)

--0-- CASE 5 (8 SEGMENTS)

8

£
x 4 /\

'" ,u ••....
II>.....
Z

iOP-"'f'~f-+-+-~--tI---___=_-I':---_tt___I_1r--_f___1f----'~-_I7"-~,....;t-++_f_+--'<-Y______1

S
uJ
..J....
U
U

« -4
II>

'"«

-8

-D,...
o

'"-12'--__-l.. .L-.__---'- ..J.-__--'- -'-__-:<,...--_--J ~
o 2 a 10 16

TIME, SEC

FIG. 9. COMPARISON OF ACCELERATION TIME-HISTORY RESPONSES AT MIDPOINT
OF PLYWOOD DIAPHRAGM MODELS, CASES 1 AND 5

12,..-----.-----r----.---,----.---..,------,.------,
____ CASE 4 (ELAST I C)

-0-- CASE 5

_+__ CASE 6

8· INPUT EL CENTRO 1940 N-S
(SCALED TO 0.40 G)

4
z

II>

'"«
-4

-8

00,...
o

'"«-12'-----'-----'---_--'- ..J.-__-'- -'-__--'-__--J «
o 2 8 10 12 14 16

TIME, SEC

FIG. 10. COMPARISON OF ABSOLUTE DISPLACEMENTS AT MIDPOINT OF PLYWOOD DIAPHRAGM
MODELS, CASES 4, 5, 6



FIG. 11. COMPARISON OF ACCELERATION TIME-HISTORY RESPONSES AT MIDPOINT OF PLYWOOD
DIAPHRAGM MODELS, CASES 4 AND 6.

12.-------,.-----,-----.-----.----..------,,------.-----.
__• __ CASE 6 •

--e-- CASE 8
INPUT EL CENTRO 1940 N-S

8 (SCALED TO 0.40 G)

•
(

·,,1

V

%

4

V>
II>

« -4

...
%

~....
~O~.....-",.---I-~i------4.#--\-i----q.....--\----4----:v---J~-\--4---i
-'
CL

'"Q

-8

4.....
o

'"-12L ~---_+---...L----_!:_---L--_--I-_-___L-_--.J :::i
0- 16

FI G. 12. COMPARISON OF ABSOLUTE DISPLACEMENTS AT MIDPOINT OF PLYWOOD AND
STRAIGHT-SHEATHED DIAPHRAGM MODELS, CASES 6 AND 8



57-14
12r--------r-----,-----..-----,----.,..----,------r------,

8

__A__ CASE 7 (PLYWOOD)

__• __ CASE 9 (STRAIGHT SHEATHING)

____________ INPUT EL CENTRO 1940 N-S
(SCALED TO 0.40 G)

4
z

....
Z
<oJ
:c
<oJ
u

'"-'
l>.

'"Q
'"'"'"

-8

'".....o

.12l.------l.----+-----'----...l.,-------,,L------I.,-----.L::-----Ji
o 32

FIG. 13. COMPARISON OF ABSOLUTE DISPLACEMENTS AT MIDPOINT OF PLYWOOD AND
STRAIGHT-SHEATHED DIAPHRAGM MODELS, CASES 7 AND 9



57-15

The previous results indicate that the eight-segment model provided
a better representation of the ~esponse of the diaphragms. Addition of
the second-mode contribution resulted in a more intense response with
longer periods and larger displacements.

The results also indicate that the El Centro record has a wide and
strong long-period content. Therefore, this input was critical for
studying the response of the above diaphragms. However, the El Centro
record has strong long-period peaks and valleys. Therefore, its use
must be substantiated by other records with strong long-period content.
The results also indicate that the viscous damping effect of roofing
materials reduced both the acceleration and the displacement of the
diaphragm.

It is of interest to note that the results of this study indicated
diaphragm periods ranging from 1.8 sec for case 1 to 11.5 sec for the
softest diaphragm of case 9. These results are in contrast to those
obtained by Blume et al. (I, 2) and Rea et al. (3), where relatively
shorter periods ranging between 0.17 and 0.75 sec were obtained from low
amplitude testing of full-scale school buildings. This discrepancy is
probably a result of the highly nonlinear character of these diaphragms,
which results in lengthening the periods of these diaphragms when they
are subjected to the input level of the 0.40 g scaled El Centro used in
this study.

CONCLUSIONS

Conclusions of this study can be summarized as follows: (1) Wood
diaphragms studied in this phase had periods that range between 1.80 and
11.5 sec and are strongly influenced by the long-period content of the
earthquake ground motions; (2) response of wood diaphragms is highly
nonlinear when subjected to the level of shaking expected in highly
seismic zones; (3) low amplitude tests are not adequate for predicting
the response of these diaphragms in highly seismic zones; (4) softer
wood diaphragms will attenuate the input earthquake accelerations and
result in shear forces transmitted to the masonry walls that are lower
than those obtained from stiffer diaphragms, as expected; however, the
corresponding midspan deflections will be larger.
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ABSTRACT

COAL ASH UTILIZATION IN MASONRY CONSTRUCTION

BY John H. Faberl

The great progress in design and construction of concrete
structures over the past 40 years has, with some exceptions, not
seen great change in the selection of proportions of concrete ma
terials for improving properties. Ash, a reclaimable material,
offers seven basic benefits when employed in mixes:

1. improving plasticity without increasing water,
2. correcting deficiency in extreme fines in some sands,
3. increasing formation of cementitious compounds,
4. counteracting or reducing cement-aggregate reactions or

damage due to sulfate attack,
5. improving impermeability,
6. improving cement/water ratio, and
7. adding strength to the end product.

Ash is being produced in more areas with attendant economies.
The process of producing ash may permit recovery of scarce metals
and valuable oxides. The recycling of waste materials is still
in its infancy and has a tremandous future.

1 Executive Vice President, National Ash Association, Washington,D.C.



COAL ASH UTILIZATION IN MASONRY CONSTRUCTION

By John H. Faberl

INTRODUCTION

In the past 40 years, tremendous strides have been made in the
design of concrete structures and in construction methods and equipment
for mixing, transporting, and placing concrete. However, with the excep
tion of lightweight aggregate, chemical admixtures, and high-strength
reinforcing steel relatively few changes have been made in the selection
of proportioning of concrete materials for improving properties of struc
tural concrete.

Structural engineers and architects have shown a general lack of
interest in the use of pozzolans - fly ash - in concrete mix designs.
Fly ash is unequivocally considered a good admixture for concrete and
structural fly ash concrete has given a good account of itself.

One can only assume these same engineers have found it much easier
to order concrete from ready-mix dealers by designing the compressive
strength without considering the benefits they could obtain from the use
of a pozzolan.

Perhaps, the best way to introduce my assigned topic is to define
the word pozzolan. What is a pozzolan? The modern term pozzolan is de
rived from the ancient term "pozzuolana" \o1hich referred to a volcanic
ash found near Pozzuoli, Italy. The Romans produced a pozzolanic cement
by grinding this material with lime and used it in the construction of
aqueducts and other structures. Thus, in so doing, they also fathered
the recycling movement.

By definition, ASTM characterizes a pozzolan as follows:

"A pozzolan is a siliceous or silicous and aluminous material
which in itself possesses little or no cementitious value but
will, in finely divided form and in the presence of moisture,
chemically react with calcium hydroxide at ordinary tempera
tures for form compounds possessing cementituous properties."

1 Executive Vice President, National Ash Association, Washington, D. C.
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Silica is the principal constituent of all pozzolans along with sub
stantial amounts of alumnia, and some iron oxides. And, chemically, fly
ash is about 80 percent silica, alumnia, and iron with small amounts of
other elements. physically, fly ash particles resemble glass ball bear
ings or spheres and are about the same fineness as face powder.

Being a residue of the burning process that transforms coal into
electric power, ash has unique properties that require less energy in
turning out acceptable construction materials and improving the quality
of others in specific applications.

Ash is firmly entrenched as the sixth most abundant mineral resource
with 1976 production amounting to 61.9 million tons. According to figures
from the U. S. Department of Interior's Minerals Yearbook, ash ranks behind
stone, sand/gravel, coal (all types), iron ore, and portland cement.
(See Figure 1)2

Last year's totals, being recorded as this paper is written, are
expected to climb to about 65 million tons and by 1985 substantially
greater tonnages are on the horizon. A recent survey by the National
Coal Association indicates the electric utility industry will have 259
new coal-fired stations on stream by that date (See Figure 2)3. Production
totals will be in excess of 100 million tons with this new capability.
At present a majority of the available ash is produced east of the Missi
ssippi River, but many of the new stations will be located in the West
near the new sources of coal being developed. (See Figure 3)4

When fully operational the new stations will have a dramatic impact
on ash availability. It will mean many areas of the country, particularly
the Southwest, will have commercial amounts of these versatile construc
tion materials available to them for the first time at locations that will
minimize transportation costs. I'm happy to report to you that satisfied
ash users and producers in that part of the country are getting themselves
ready to take advantage of these coal by-products. An Ash Management
Conference is to be held at Texas A & M University on September 25-27 and
an Ash Short Course is being planned in Phoenix, Arizona early in 1979.

The advent of these new sources will also bring with them a need for
adjusting marketing techniques. Why? Well, basically, it is because the
sub-bituminous coal ashes are quite different in chemical and physical
composition than the bituminous ash available from Eastern producers.

In 1976, there were 42.8 million tons of fly ash produced in the
United States. Even though the utilization factor reached an all-time
high of 13.3 percent or about 5.7 million tons we had a surplus of 37.1
million tons. Realistically, however, that does not mean all that tonnage
was or is available although there is a decided trend toward dry collec
tion systems rather than sluice ponds and the separation of fly ash and
bottom ash. (See Figure 4)5
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Of the 5.7 million tons of fly ash utilized about 16 percent or
912,000 tons were used in the partial replacement of cement in concrete or
concrete products.

If you don't get anything else out of my remarks here today, I would
hope to impress you with the fact it is imperative that the producer,
marketer, and the ultimate user know and understand the recommended fly ash
before attempting to prescribe its application. Ash is not a miracle
material nor a panacea for all your masonry problems.

Not all ashes are the same. Each is plant specific. Variances in
equipment, burning techniques, station loading, and coal sources all have
an impact on the nature of the ash. Additionally, the installation of
equipment and the use of additives to meet emission standards can also alter
the characteristics of the ash. Likewise, the introduction of pulverized
solid waste into boiler furnaces as a fuel supplement could further change
the make-up of the coal by-products.

The characteristics of fly ash that make it valuable for use in con
crete are its (1) high fineness, (2) low carbon content, (3) a high per
centage of fused silica, and (4) spherical shape which contributes toward
great plasticity.

Let's take a look at how fly ash works in concrete. When Portland
cement hydrates it gives off lime as a by-product. The silica found in
the fly ash combines with the lime that is liberated to form cementious
compounds which adds appreciably to the development of strength, durabil
ity, and other performance qualities important in concrete. In other
words, the fly ash or pozzolan combine with the lime to make a form of
cement.

Another point to remember is that for every 100 pounds of cement
that is put into concrete up to 15-20 pounds of free lime is liberated
after hydration. As you all know, lime is soluble and therefore subject
to leaching out of the concrete. The inclusion of the fly ash in the
mix ties up the free lime and makes additional insoluble cementious com
pounds.

This chemical reaction does not require any complicated curing pro
cedure because pozzolans operate at ordinary temperatures to form these
strength giving compounds. Naturally, this action continues only as
long as the cement hydrates and liberates lime.

Fly Ash Benefits

Generally speaking there are seven basic reasons or benefits why fly
ash is most commonly employed in concrete mixes. They include:
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(1) improving plasticity of mix without increasing water;
(2) correcting deficiency in the extreme fines in some

sands to put more fat in the concrete;
(3) increasing formation of cementious compounds as

mentioned before;
(4) counteracting or reducing cement-aggregate reactions or

damage due to sulfate attack;
(5) improving impermeability of concrete;
(6) improving water/cement ratio;
(7) adding strength to end product.

Additionally, there are a couple of important economic factors that
must be considered. First, because it is much lower in cost than Port
land cement, fly ash has to be rated an economic replacement. Secondly,
some contractors feel fly ash concrete requires less hand work after
pulling forms and this represents significant labor savings. And cost
savings today is the bottom line any way you look at it.

The use of a good quality fly ash is a must in the production of
high strength concrete. A fly ash with an ignition loss of 3 percent or
less is preferable. The strength gain achieved from the use of 10 to 15
percent fly ash (by weight of cement) simply cannot be attained through
additional cement.

Tests have been actually conducted where cement was replaced by fly
ash on a volume-per-volume basis of up to 30 percent.

For many years fly ash was used chiefly in mass concrete where its
slower strength-gaining curve, its fineness, and reduction in heat of
hydration peaks combined to achieve the desired performance qualities.
Fly ash is still used in virtually all mass concrete for dams or spill
ways.

Now fly ash concrete is used on all types and sorts of structures
from the simplest foundation wall to the 1,100 foot high, 100-story John
Hancock Center in Chicago. No longer is it uncommon to hear of using fly
ash concrete for industrial floors, high-rise building construction, resi
dential construction, precast products, tunnels, and other common appli
cations.

There are no established physical' and chemical criteria for deter
mining the value of a given fly ash as a concrete admixture. Therefore,
it is adviseable to test a fly ash with the materials with which it will
be used.

Reputable fly ash suppliers for concrete will provide information on
its physical and chemical characteristics, and samples for analysis and
testing. And many operate their own labs or will contract required work
ups. Such data is valuable and/or essential in forming an initial evalua
tion of its applicability to a specific job.
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Thus, no attempt will be made to get into the critical area of mix
designs in this presentation.

If fly ash is being employed to increase strength, it most likely will
be used as an admixture. That is, it will be in addition to the regular
amount of cement and not as a partial substitute for it. This will hold
true in a majority of applications.

In jobs for which the specifications are aimed at a given strength
at three months or more, some fly ashes may be of value as a partial
cement replacement. However J it is well to remember that replacement of
as little as 10 percent of the cement with a like amount of fly ash will
reduce all strengths up to 28 days. On the other hand, used as an admix
ture, it will usually cause an increase in strength at all ages although
its total effect will be more noticeable after three months.

Let's get back to the benefits for a moment. Plasticity, is or
should be J an important factor in pouring a wall. For example, the more
plastic the mix the less honeycombing will take place. As you know, this
will minimize the segregation of the coarse aggregate from the matrix and
reduce the probability of shrinking and cracking. Also, the ball bearing
effect of the fly ash acts more or less as a dry water and reduces the
amount of vibration that is necessary.

Impermeability or water tightness is one of the most important
qualities of concrete. The very fineness of fly ash aids in producing a
dense, impermeable concrete by filling out deficiencies in the fine
aggregate. Laboratory results have proven fly ash concrete is water
tight concrete.

Concrete used in underground applications, such as foundation walls,
must be able to resist the destructive effects of mild acids, the
agressive action of sulphate soils J the passage of water, and not leach
lime salts onto finishes. Research and actual practice has shown that
fly ash concrete answers the need in all cases.

Fly ash has proved to be of great value in combating deterioration
of concrete subject to sulphate attack. For example, it has been used
in concrete exposed to sea water and sulfate or acid bearing soil waters.
It has been especially effective in cases where a low cement content
concrete has been specified. It is generally used at a rate of one part
fly ash to from 2 to 5 parts Portland cement - either by weight or abso
lute volume. Virtually all fly ashes tested greatly improved the resis
tance of concrete to sulfate attack regardless of the type of cement used.

Pozzolans will also substantially improve the pumpability of a con
crete mix by taking advantage of the spherical shape of the fly ash par
ticles. This has been proven and documented, particularly in high-rise
construction and where it is necessary to move the mix over or under
obstacles on the job site.
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The pozzolans used primarily in the eastern and mid-western section
of the country is fly ash - the resultant by-product of the burning pro
cess in fossil fuel power stations. The lower the carbon content and the
higher the fineness, the more active the fly ash is for use as a pozzolan.
The beneficiation of fly ash to produce specification material while de
sireable, is also more costly.

Carbon, as you no doubt have heard, is one of the most controversial
constituents in fly ash to be used in concrete work. It has been repeat
edly established that carbon affects the amount of air-entrainment. Thus,
a low carbon content is extremely desireable in the fly ash to ease the
control of air content. No one appears to know definitely if a high car
bon content, per se, has a detrimental effect on concrete but the univer
sal practice appears to be to limit the carbon content to a small per
centage - below 6% is recommended.

New Breed of Ash

Two new breeds of fly ash that are now or soon will be entering the
market place which are worth mentioning are: First, lignite ash is avail
able in the midwest - principally in the Dakotas, Minnesota, Canada - and
have been successfully used in Portland cement concrete. And, secondly,
the advent of sub-bituminous coals (so-called western coal) in coal burn
ing power stations will produce an ash with different characteristics.
The lignite ashes have been incorporated into the ASTM C-6l8.77 specifi
cations now for the first time.

Generally speaking, there are four major differences between the
lignite ash and bituminous ash which require some new guidelines in mix
designs. First, the index of refraction of the lignite fly ash is higher;
secondly, the average particle size of the lignite ash is considerably
coarser; thirdly, the presence of free lime is greater; and finally, the
color is brown as compared to the grey or cement-like hue of eastern ashes.

One important factor worth emphasizing again is the tendency for the
lignite ash to set after being moistened because of the reaction of the
hydrated lime with the silica in the ash. If you do this in the bed of a
truck or a mixer truck you had better be looking for a place to dump the
load within a half-hour or stop and buy yourself a jackhammer.

Energy Saver

Another way of introducing fly ash into your mix designs is through
the utilization of Type I-p cement. In l-P cement the ash was added during
the production process. It is noteworthy to mention that l-P requires
only about 80 percent of the fuel consumption that it takes to produce a
ton of standard Type 1 cement. As the nation becomes more energy conscious
this must become an increasingly important factor to the cement industry.
And, it might also be one way of alleviating or extending available supplies
of cement in some areas of the country.
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The cement industry, one of the nation's premier energy consumers,
is thus becoming a major beneficiary of ash utilization. About 20-28
percent of the sales cost of cement corresponds to the cost of energy
used. The production of blended cement is a good example since fly ash
or granulated boiler ash can replace clinker. The replacement of 20 tons
of clinker with fly ash in 100 tons of cement corresponds to 4 tons of coal
saved plus 1,025 KWH of electricity. Additionally, the industry can in
crease its capacity by about 20 percent by using a like amount of fly ash
with Portland cement in the final grinding phase of the process.

As mentioned earlier, most of the current ash production is centered
east of the Mississippi River where the bulk of the fossil fuel is mined.
However, this will shift further west by the mid-80's when the impact of
the new steam generating plants begins to show.

How do you account for this? Well, overly simplified, it is more
efficient and less expensive to transport coal by wire than by any other
mode. And that is why the bulk of the western coal will go to western
markets.

The economic benefits and costs of using power plant ash will vary
geographically just as the cost of transporting all other essential
masonry ingredients - sand, gravel, limestone, cement, and admixtures is
reflected from region to region. What may be an economic bonanza for one
area or one company may turn out to be a horror story for someone else.
One has to assume the profit motive will continue to be the doninant
motive in our free enterprise system.

However, it is rather difficult to always place a dollar sign on the
technological advantages of a material to produce the best end result.
The U. S. Corps of Engineers found it expedient to ship thousands of tons
of fly ash from the midwest to the vast hydro dams in the west and even
today ash is being transported from West Virginia to Georgia and Massa
chussetts by railroad tank car.

I guess what I am trying to say is that when designing a concrete
mix employing fly ash, first clearly define the performance features that
are specified or desired and then go after the best materials to do the job.

Regardless of what your needs are, we, in the ash industry, feel that
concrete utilizing fly ash can be provided more economically.

Product acceptance has been and continues to be the major deterrent
holding back the development and utilization of fly ash in another construc
tion application - lightweight aggregate - here in the United States. One
English firm, Lytag Limited, has just opened their fourth facility in the
United Kingdom and presently convert over 1 million tons of fly ash per
year into useful building products. Lytag has already utilized over 10
million tons of fly ash in aggregate production and justifiably, I think,
claim to be the world leaders in the recycling of power plant ash.
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And I'm happy to report they are shopping around here in this country
for a plant site that is close to an ash source and has the required market
potential as well. These are the critical factors leading to a management
decision committing the required $4 million for plant facilities.

Lightweight aggregate has a wide variety of uses in the building and
construction industry where lightweight, fire resistance, thermal and
sound insulation qualities make it ideal for use in structural concrete,
building blocks, refractory concrete products, or overlays (cladding). It
has also proved highly effective for accident prevention in escape ramps
for trucks on steep grades and is widely used on the continent as a grow
ing and drainage medium in horticulture.

The process is a relative operation whereby the ash is fed into pelli
tizers, the "green" pellets are moved by conveyor belt into a sinter strand
which cures and hardens the aggregate at temperatures of 1,3000 C. It is
then passed through grading screens into storage hoppers and/or on-site
stockpiles.

Another large facility in England is making a light weight aggregate
from coal mine refuse and fly ash.

Another exciting prospect is the recovery of scarce or precious
metals and other valuable oxides from fly ash. The time frame for the
commercial application of laboratory techniques is being shortened by
inflationary trends and the continued uncertainty of foreign imports.
The imposing roster of metals that are available in ash include copper,
valadium, manganese, aluminum, iron, zinc, chromium, nickel, titanium,
magnesium, strontium, barium, lithium, calcium, and lead.

Thr recycling of waste materials is still in its infancy and has a
tremendous future. We in the ash industry are full-fledged participants
and we invite you to join us.



PR
O

D
U

CT
IO

N
O

F
M

IN
ER

A
LS

AN
D

SO
LI

D
M

IN
ER

A
L

FU
EL

S
IN

TH
E

U
N

IT
ED

ST
A

TE
S

M
il

li
o

n
s

(S
h

o
rt

T
on

s)

F
ig

u
re

1

0
"\ o I -
-
'

o

1
.

S
to

n
e

2
.

S
an

d
/G

ra
v

el

3
.

C
oa

l
(A

ll
T

yp
es

)

4
.

Ir
o

n
O

re

5
.

P
o

rt
la

n
d

C
em

en
t

6
.

C
oa

l
A

sh

7
.

C
la

ys

8
.

P
h

o
sp

h
at

e
R

oc
k

9
.

S
a
lt

1
0

.
S

la
g

(A
ir

C
oo

le
d)

11
.

L
im

e

1
2

.
G

yp
su

m

E
st

.
19

72
19

73
19

74
19

75
19

76
19

77

9
2

0
.4

1
,0

6
0

.1
1

,0
4

3
.5

9
0

3
.0

9
0

1
.7

9
1

5
.6

9
1

4
.3

9
8

3
.6

9
0

4
.6

7
8

9
.4

8
8

5
.2

8
9

8
.2

6
0

2
.4

5
9

8
.5

6
1

0
.0

6
5

4
.6

74
1.

5
7

4
7

.0

77
.8

9
0

.6
8

4
.9

7
8

.9
7

6
.7

5
3

.7

7
7

.9
8

2
.7

7
5

.9
6

5
.2

6
9

.2
7

4
.0

4
6

.3
4

9
.3

5
9

.5
60

0
0

6
1

.9
6

3
.9

i

5
9

.4
6

4
.3

6
0

.7
4

9
.0

5
2

.4
5

6
.3

4
0

.8
4

2
.1

4
5

.6
4

8
.8

4
9

.2
-4

9.
2

4
5

.0
4

3
.9

4
6

.5
4

1
.0

4
4

.2
4

3
.0

2
5

.0
28

.8
2

9
.8

2
5

.3
2

2
.9

NA

2
0

.2
2

1
.0

2
1

.6
1

9
.1

2
0

.2
1

9
.7

1
2

.3
1

3
.5

1
1

.9
9

.8
1

2
.0

1
3

.9

M
in

er
al

s
Y

ea
rb

oo
k

M
et

al
s,

M
in

er
al

s,
&

F
u

el
s,

U
.

S
.

D
ep

ar
tm

en
t

o
f

In
te

ri
o

r

N
ot

e:
1

To
n

=
90

7
K

g



NEW COAL-FIRED PLANTS BY REGION
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Figure 2

New Coal·fired Units
Planned for 1977·86

Region (and States)
New England (CN, ME, MA, NH, RI, VT)
Middle Atlantic (NY, PA, NJ)
East North Central (IL, IN, MI, OH, WI)
West North Central (lA, KS, MN, MO, NE, NO, SO)
South Atlantic (DE, DC, FL, GA, MD, NC, SC, VA, WV)
East South Central (AL, KY, MS, TN)
West South Central (AR, LA, OK, TX)
Mountain (AZ, CO, MN, NV, NM, UT, WY)
Pacific (CA, OR, WA)

TotaJ U.S.

SOURCE: National Coal Association

Units
1
7

50
40
31
30
59
36

5
259

Megawatts
600

5,500
22,124
18,727
18,444
14,940
32,398
13,952
2,630

129,315
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Figure 4

Ash Collection & Utilization 1976
(Million Tons)

Bnilt'r Sing
lifM'IW·

Fl.,' A,h , BUI tum A~h
rull,orrum

Bultum Ash}
Tons x lUh Tuns x lUI; Tuns x ru fi

I. Total Ash Collected 42.8 14.3 4.8

2. Ash lJtilized 5.7 4.5 2.2

:l. Utilization Percentage
A. COI\1l\IEHCIAL UTILIZATION

a. Used in T~'pe I·P cement- 9 2 2
ASTM 595-71 or mixed with
raw material before forming
cement clinker

b. Partial replacement of 16
cement in concrete or
concrete products

c. Lightweight aggregate 2 2
d. Stabilization and roads 4 15 10

e. Fill for roads, reclamation 26
& ecology dikes, etc.

f. Filler in asphalt mix 4
g. Ice control 10 5
h. Blast grit and roofing 55

granules
i. l\1 iscellaneous 9 20 14

H. ASH HEMOVEDFHOM PLANT SITES ;) 2:1 8
AT NO COST TO UTILITY

C. ASH UTILIZED FHO!'.I DISPOSAL 25 2B 6
SITES AFTER DISPOSAL COSTS

100 100 100

COMPARATIVE RESULTS
Ash Collected 1966" 1973 1974 1975 1976

Fl~' Ash 17.1 34.6 40.4 42.3 42.8
Boltom Ash H.I 10.7 14.3 13.1 14.3
Boiler Slag 4.0 4.H 4.6 4.1'

TOTAL ASH COLLECTED - TONS x lOti 25.2 49.3 59.5 60.0 61.9

Ash Utilized

Fly Ash 1.4 3.9 3.4 4.5 5.7'
Boltom Ash 1.7 2.:J 2.9 :3.G 4.5
Boiler Slag 1.1' 2.4 1.8 2.2

roTAL ASH UTILIZED - TONS x JOI> 3. ! 1'.0 8.7 9.8 12.4

Percent of Ash Utilized

% Fl:v Ash 7.9 11.4 8.4 10.6 13.3
w( !Jot tom Ash 21.0 21.9 20.:J 26.7 31.5
We Boiler Slag 44.3 50.0 40.0 45.8

Percent of Total Ash Utilized 12.1 16.:1 14.6 16.4 20.0

*First year that data was taken
**19fl7- i972 data omitted from tabulation because of space limitation.

(:omflil"d hy th" National Ash Association and Edison Electric Institl/t".
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CONSTRUCTION AND QUALITY CONTROL

OF HIGH LIFT GROUTED REINFORCED MASONRY

Robert W. Harrington 1

ABSTRACT: The following items are discussed:

1. History of both reinforced and reinforced grouted masonry.

2. Materials. The physical characteristics of brick (clay,
concrete, sand-lime) should be given to point out that the same
high quality materials used in unreinforced masonry are also
the materials of reinforced as well as reinforced grouted masonry.
This would also hold true for mortar, grout, reinforcing steel
and web wire reinforcement.

3. Procedures in plain masonry, reinforced and reinforced grouted
masonry (low and high lift).

4. Reinforced vs. Reinforced Grouted Masonry. In reinforced masonry
web wire reinforcing and pencil rods can be used in mortar
joints. In reinforced grouted masonry all of the structural
reinforcing steel must be embedded in grout if evaluated for
steel requirements.

5. High Lift Grouted - Low Lift Grouted. The procedural differences
between the two systems should be discussed. Advantages and
disadvantages of each should be weighed. The intermingling of
procedures causes problems. High lift requires cleanouts, grout
control dams, mechanical pumping procedures, consolidation and
reconsolidation. Low lift requires none of these.

6. Testing and Quality Control. When
items of quality control should be
materials? Who should substitute?
role of the Inspector.

is testing necessary? What
watched? Substitution of
Written authorization? The

7. Efflorescence and Cleaning. Is sandblasting a recommended
cleaning procedures? What chemicals are available? What are
the do's and don'ts and the pitfalls of cleaning? How do you
avoid efflorescence? What do you do about efflorescence if it
exists?

8. Painting and Waterproofing. Should masonry be painted? What
materials can be used? What materials should be avoided? What
factors should be evaluated in waterproofing? What kinds of
waterproofing should be used? What waterproofing should be
avoided and what conditions?

9. Inspection. Spot
time inspection.
ranted expense?

inspections vs. part time inspection vs. full
Is inspection a necessity or is it an unwar-

IHarrington & Company, San Francisco, CA.
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CONSTRUOTION AND QUALITY OONTROL
of

HIGH LIFT GROUTED REINFOROED MASONRY

By Robert W. Harrington1

INTRODUCTION

HISTORY

It is not necessary to mention more than a few thoughts and
ideas on the History of Masonry. Plain masonry has been
with us since the days of the cave men. From the time man
first accumulated a few stones to make a fire pit; Masonry
was born and the great monuments of man need only to be
mentioned to be recognized. The Roman Aquaducts and the
Egyptian Pyramids were basically constructed of Masonry.
None of these, however, were constructed of either Rein
forced or Reinforced Grouted Masonry.

The ancient castles, the great churches and cathedrals were
constructed of Masonry, but again these were not reinforced.
Reinforced Masonry was first used about 1825 in England
£or construction o£ the Thames Tunnel, which was 26 years
before concrete (known then as "New Oement") was first used.

The "New Oement" now Portland Cement, was so named because
the mortar and concrete resembled the natural stone from
Portland, England.

In 1923, India used a million square feet of Reinforced
Masonry per year for three consecutive years.

In 1950, Japan reported in Engineering News Record that
Masonry, when reinforced, offered high tensile strengths
to resist earthquakes.

In San Francisco, the 1906 earthquake damage was about equal
in Masonry and concrete construction.

In the 1925 Santa Barbara Earthquake, Reinforced Masonry
and reinforced concrete performed well. Unreinforced Mason
ry and unrein£orced concrete failed miserably.

1Harrington & 00., Construction Oonsultants, S.F.
Fellow of Oonstruction Specification Institute
Professional Engineer, Registered State of California
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During the 1933 Earthquake in Long Beach, unreinforced
masonry and unreinforced concrete failed so badly, it was
outlawed for all state of California schools and public
buildings by a state Safety Act; Title 21.

In Los Angeles in 1935, the idea of using a cement-sand
grout to bond the brick wythes together instead of using
bonding headers was first proved to be practical by the
Clay Products Institute of California under the direction
of Norman W. Kelch, Registered Architect and Director and
M. C. Poulsen, Registered Civil Engineer. Since then
thousands of tests on shear resistance and tensile strengths
have been conducted to prove their sound engineering
principles.

In 1955 in San Francisco, a committee (Manley W. Sahlberg,
State Division of Architecture; Oscar F. Person, Masonry
Contractor and Robert W. Harrington, Masonry Institute)
directed Testing Project No. 922 for the Masonry Joint
Industry Board of San Francisco. This first testing program
on High Lift Grouting techniques was developed, tested and
refined and then documented in the printed report. Most of
today's knowledge on High Lift Reinforced Grouted Masonry
is based directly on Testing Project No. 922.

MATERIALS

The materials of Reinforced Grouted Masonry should be the
same high quality materials as used in unreinforced masonry.

BRICK: The brick should be of good sound quality with a
compressive strength of 5000 psi plus. The absorption
should be not more than 8% on the cold water test and a
CIB ratio of 0.75. The material in the brick, whether it
be clay, shale, concrete, sand-lime or whatever, the physi
cal characteristics should be of the same quality. These
requirements are not excessive but if a lesser unit is
manufactured it should be used as a veneer or of some other
use but not as the basic material for Reinforced Grouted
Masonry.

MORTAR: The American Society for Testing and Materials (ASTM)
lists at least two Specifications for Mortar. The first is
ASTM: C270-73. This Specification lists all five types of
mortar to be used in all types of masonry. This Specifica
tion is much too broad in scope. The proper Specification
is ASTM: C476-71. This Specification has only two types of
mortar. The "PM" mortar that is 1 part Portland Cement :
1 Part Masonry Cement : 4i parts sand. The preferred
Specification is the "PL" mortar, that is 1 part Portland
Cement : 1/2 part lime and 4i parts sand. No place in any
of the ASTM Specifications are there any substitutions, such
as fireclay, allowed. The Uniform Building Code does not
even recognize fireclay or any admixtures as an equal or
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substitute. These specific mixes are a most important part
of the overall strength that is to be developed into the
wythes of the Reinforced Grouted Masonry.

STEEL & WIRE REINFORCEMENT: The steel to be used in Rein
Forced Grouted Masonry should be of good quality and should
be acceptable under the Intermediate Grade ASTM A615-Grade 40.
Excessive rust and mill scale should be avoided.

GROUT: The grout used in Reinforced Grouted Masonry and the
proper placement of that grout, is the single most import
ant feature of the Reinforced Grouted Masonry System. The
gr~ut is the single ingredient that replaces the header, the
wall tie and performs the miracle of combining as many as
six completely separate and heterogeneous materials into a
completely homogeneous mass.

The ASTM Specification for grout is ASTM C476-71. This is
the same Specification number as we use for mortar It is
convenient, easy to use, and it defines both the Fine Grout
used in grout spaces of 3" or less and the Coarse Grout
usually used in High Lift Reinforced Grouted Masonry.

Building Codes will also allow the use of a Class A mortar
to which additional water has been added to be used as a
grout. This grout should only be used in emergencies or
extremely small projects.

PROCEDURES

Masonry is a broad term to describe a type of construction
that covers many and various combinations of building units
that are bonded together with a cement adhesive. It is a
well known fact that mixing together of non-compatible
materials and techniques can cause many problems.

Masonry is not complicated, nor is it difficult, providing
one will take the time to study, recognize and understand.
There are many of the procedures that are the same but in
the fine points there are many differences. Let me explain
some of the likenesses and some of the differences.

Plain masonry has always been known for its ability to
withstand high compressive loads. It is not uncommon to
have brick units in the 8,000 to 12,000 ~si strengths, and
mortar with a composition of 1 cement : 2 lime : and 4i sand
will make a test sample of 2500 to 3000 psi.

Combining the brick and mortar will give a composite wall
section with a compressive strength of 5000 psi to 6500 psi.

The tensile strengths of this combination is very low,
probably in the range of 1% - 3% of the compressive strengths.
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Recognizing this fact immediately points to the advantages
of reinforcing steel in Masonry.

In addition to the Masonry units and the mix of the mortar,
the size of the mortar joints will also effect the overall
strengths of the Masonry walls. For example, using a
8,000 psi brick and a 1:i:4i mortar and a i" mortar joint,
we should expect a 3000 psi composite wall. If the mortar
joint is increased to 1" the overall strength would be
1500 psi and conversely, if the mortar joint is decreased
to 1/8" the expected strengths should be 6000 psi.

Recognizing that the size of the mortar joint can make con
siderable difference in the overall strength, consider the
advantages of adding steel to the masonry to combine the
high compression strengths of masonry with the high tensile
strengths of steel.

When the design calls for Reinforced Masonry, the steel can
be added to the mortar joint. But mortar joint reinforcing
cannot be greater than 1/2 the thickness of the mortar
joint. This limits the size of the steel to a 1/4" bar in
a 1/2" joint or a 3/16" wire in a 3/8" joint, etc.

When the design calls for Reinforced Grouted Masonry, we
have the opportunity to use the stronger and smaller mortar
joints plus larger rebars, usually #4 (1/2") or #6 (3/4")
and the steel must be placed in the collar joint and embed
ded in grout. In walls from 8" to 12" in width, the steel
should be placed ina single curtain at the center of the
wall. Unless (of course) the design is a retaining wall
where the lateral load would be in one controlled direction.

LOW LIFT REINFORCED GROUTED MASONRY

The system of constructing Reinforced Grouted Masonry by
the Low Lift procedure has a number of limitations. Many
of these procedures have been discussed time and time again
in the field, not because the rules are illogical but many
times because of a lack of understanding.

The Low Lift rules and reasons are as follows:

RULE # 1 - The outside wythe of masonry shall not be carried
ahead of the inside wythe more than 16".

Reason 1a - A four inch or single wythe of masonry and
mortar, built ahead, will dry out quickly, especially when
exposed on both sides.

Reason 1b - A dried out wythe of masonry doesn't have the
high overall strength of a properly cured wythe.

Reason 1c - A single wythe of masonry can be easily
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bumped, breaking the bond between the mortar and the mason
ry unit. Wind and other construction vibrations will also
be detrimental.

RULE # 2 - The back up and the pouring of the grout shall
be one course at a time and the heights of the grout pour
shall not be more than four inches. The grout pour shall
also be at half heights of the units, i.e., from the center
of the course below to the center of the last course laid.

Reason 2a - The purpose of the procedure of laying up
masonry units and grouting is to form a homogeneous mass
from several separate components. This can be best done in
a series of short layers that are still of the consistency
that they may bond together.

Reason 2b - Grouting one course at a time in layers from
the center of the course below, to the center of the last
course laid will not allow the following: a straight bond
ing joint across the wall; the very fluid grout to push the
most recent laid masonry unit out of line; the grout pres
sure to break the bond between the mortar and masonry units
of the last course laid and the masonry units in the last
course laid to be pulled in from alignment as the excess
water from the grout is absorbed.

Reason 2c - Grouting one course at a time in layers from
the center of the course, below to the center of the last
course laid, will allow: the mason to have complete control
in forming a homogeneous mass; for the absorption of the
excess water from the mortar and grout without fear of
pushing or pulling masonry units out of alignment; for
proper consolidation and reconsolidation of the grout; the
mason to be sure that no air pockets or foreign materials
are in the grout core and the mason to properly position
the reinforcing steel in accordance with the design.

RULE # 3 - No wall ties or bonding headers shall be used in
Low Lif~ Reinforced Grouted Masonry.

Reason 3a - When the procedures of RULE # 2 are followed,
none will be needed.

RULE # 4 - No wall joint(collar) or grout spaces shall be
greater than 3 inches without floaters.

Reason 4a - This will allow for a shiner to be floated
in ~he grout space and still allow for the mandatory 1/4"
of grout coverage between masonry units or between the
steel and masonry units.

Reason 4b - This will also help to absorb the excess
water from the fluid grout mix and will help stabilize the
setting and curing characteristics.
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RULE # 5 - At the end of a day or when work is to be stopped
for more than one hour, the horizontal construction (cold)
joint shall be formed by bringing the two wythes to the
same elevation and the grout core shall be stopped approxi
mately i~lI below the top.

Reason 5a - Horizontal construction cold joints should
be recognized for what they are and handled accordingly.

Reason 5b - The grout lift it' below will give a mechani
cal key. It will also provide a continuity in the laying
of the masonry units, pouring of the grout, consolidation
and reconsolidation in the wall above.

HIGH LIFT REINFORCED GROUTED MASONRY

The system of constructing Reinforced Grouted Masonry by the
High Lift procedure has a number of individual construction
requirements. Many of the rules in this system are resisted
daily in the field because of a lack of understanding.

The High Lift rules and reasons are as follows:

RULE # 1 - The outside wythe or tier of masonry shall be
constructed not more than 16 11 ahead of the backup.

Reason 1a - A single wythe or tier of masonry and mortar
built ahead will dry out quickly, especially when both sides
are exposed.

Reason 1b - A dried out wythe of masonry doesn't have
the high overall strength of a properly cured wythe.

Reason 1c - A single wythe of masonry can be easily
bumped, breaking the bond between the mortar and the masonry
unit. Wind and other construction vibrations will also have
detrimental effects.

Reason 1d - Stirrup wall ties shall be place 16" on center
vertically. 16" is a good reasonable wythe heighth limit.

RULE # 2 - The outside wythe or tier of masonry units shall
be constructed not more than 12 11 when using stacked bond.

Reason 2a - This has all of the logic of RULE # 1, except
that stirrup wall ties shall be placed 12" on center verti
cally when using stacked bond.

RULE # 3 - Wall ties shall be not less than #9 bright basic
wire in the form of a rectangle with no kinks, water drips,
or deformations and shall not be bent up or down in place
ment.

Reason 3a - The wall ties (a #9 wire in a rectangle)
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shall be strong enough to retain the hydrostatic pressure
of the grout.

~eason 3b - No drips or kinks or deformations in the
wall ties are allowed. Thus the tie will not give under
the hydrostatic pressure. Bright basic wire is acceptable
since the ties will be solidly embedded in the grout.

Reason 3c - Since both wythes of the wall is brought to
the same heighth, each 12" or 16" as provided in RULES # 1
and 2, bending wall ties is not necessary.

RULE # 4 - Cleanouts shall be provided for each grout pour.

Reason 4a - At the bottom of each grout pour there must
be a way to clean out the mortar droppings and any other
foreign substance that might be dropped in the grout space.
Even with an expert mason, there is always the possibility
of mortar droppings.

Reason 4b - The cleanouts are cleaned daily to remove
mortar droppings, sawdust, dirt, dust and other foreign
materials.

RULE # 5 - All High Lift Grouted Reinforced Masonry shall
have full head and bed joints. These are defined as com
pletely full, except there may be a protrusion or a recess
equal to the size of the mortar joint on the side adjacent
to the grout core.

Reason 5a - When the grout is poured in High Lift, the
outside wythes must be strong and capable of withstanding
the pressure of the grout.

Reason 5b - All mortar protrusions that project into the
grout core more than the thickness of the mortar joint must
be cut off so it will not interfere with the pouring of the
grout.

Reason 5c - Protrusions that are more than a joints
thickness will be dried out, not cured mortar and will have
a low strength. These should be removed and not become a
part of the wall.

Reason 5d - Indentations or recesses in the mortar joints
that do not exceed the size of mortar joints will be easily
filled with grout to form a solid wall.

RULE # 6 - Grout control dams shall be designed into High
Lift Grouted Reinforced Masonry to provide horizontal grout
control.

Reason 6a - Grout with a 9" to 11" slump will flow later
ally 40 feet or more. Grout must be contained in a control
ed area of placement.
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Reason 6b - All grout pours must be completed to full
heighth of the wall within one day. Control dams will allow
grout to be placed in only the intended areas.

RULE # 7 - The grout should be pumped or placed at a center
point between grout control dams.

Reason 7a - This will allow for control of heighth of
the lift.

Reason 7b - This will keep all of the reinforcing steel
from becoming covered with grout before imbedment.

RULE # 8 - Grout lifts shall not exceed four feet.

Reason 8a - Fluid grout will have a high hydrostatic
pressure on the wythes or tiers of masonry units.

Reason 8b - Blowouts are very costly and will cause
unnecessary delays.

Reason 8c - Proper consolidation is extremely difficult
at a depth of more than four feet.

RULE # 9 - A grout pour may consist of two or more lifts
and shall be completed in one day.

Reason 9a - The purpose of High Lift is to provide a
completely homogeneous and continuous grout core without
a single cold joint. It must be completed in one day.

Reason 9b - A one grout lift wall has a maximum heighth
of four feet; a two grout lift wall an approximate eight
feet and a three grout lift wall an approximate twelve feet,
etc.

Reason 9c - Mechanical pumping and transit mix grout is
encouraged to provide needed speed of placement.

RULE # 10 - Consolidation and reconsolidation of the grout
lift must be performed in accordance with the Designer's
re quirements.

Reason 10a - Consolidation is necessary so that no air
bubbles have been trapped or the grout has not bridged or
hung up when pouring.

Reason 10b - Reconsolidation is necessary to allow the
grout to slump properly into place after the excess water
has been absorbed from the grout, reducing its volume.
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RULE # 11 - Reinforcing steel must be properly located and
held firmly in place.

Reason 11a - When grout is placed and then consolidated
and reconsolidated, steel must be firmly held or it can be
moved from its proper position.

RULE # 12 - Grout shall be poured full wall heighth without
stopping for more than one hour.

Reason 12a - No cold joints are allowed in the High Lift
Grouted method.

Reason 12b - If an emergency situation occures and grout
ing is delayed, the Architect or Engineer on the project
shall determine the corrective procedures.

RULE # 13 - No grout slurry is needed or allowed.

Reason 13a - With a proper designed mix, slurry is not
necessary.

Reason 13b - With proper control dams, slurry is not
necessary.

Reason 13c - If the pouring of the grout has not been
properly performed, the use of slurry will not overcome
this deficiency.

Reason 13d - Slurry improperly used, can be a detriment.

TESTING AND QUALITY CONTROL

The only mention of Quality Control and Inspection in the
High Lift Grouted Reinforced Masonry Testing Project No. 922
is on Page 3, where it states that, "QJ.aJi ty control and in
spection are deemed necessary." I know that when the report
was written, it was believed that the facts of the High Lift
Grouting technique were so thoroughly documented that more
explicit details of inspection need not be outlined.

Today, I am of a completely different opinion. Inspection,
Testing and Quality Control are very important in the suc
cess of High Lift Grouted Reinforced Masonry. The lack of
Quality Control and uniform purpose of direction is one of
the main reasons that today we still find Reinforced Masonry
Low Lift Reinforced Grouted Masonry and High Lift Reinforced
Grouted Masonry all being designed with the same relative
low working stress. The use of 1500 psi as the F' for a
well designed reinforced masonry wall is a waste ~f good
construction materials.

Today, we are confronted with adverse heat transmission
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coefficients and acoustical limitations and yet we have not
conquered the simple advantages of the High Lift Reinforced
Grouted Masonry system in establishing a means of using
higher design stresses.

The simple prism test to establish the F' for reinforced
masonry is one of the most overlooked Andmunused advantages
in the Building Code.

Designers could easily use 2600 psi design working stress.
The Industry has spent most of its time in advancing alter
nate suggestions of procedures and short cuts in achievements.

As a matter of policy, the testing program for High Lift
Reinforced Grouted Masonry, asked that new ideas and suggest
ions be offered. The Committee suggested that qualified"
substitutions of techniques and combinations of material be
given every opportunity for success. The ideas that have
come forth in the past 19 years, since the basic testing
was done, are many.

It has been suggested that lime be added to the grout, which
would allow the substitution of a high absorption brick,
instead of an acceptable unit.

Instead of trying to downgrade the workmanship in a potent
ially good system, to meet the low values usually assigned,
the Industry should take advantage of the proven facts in
High Lift Reinforced Grouted Masonry and upgrade its outlook.

It has been suggested that we could substitute masonry or
plastic cement for the Portland Cement and lime. It has
also been suggested that fireclay be allowed instead of lime
in the mortar, and that a 5" slump, 5 sack concrete be used
instead of a 10" slump, 8 sack grout as an economy move.
None of these suggestions are acceptable or are they in any
way equal, but nevertheless they have been suggested.

One item of the original testing that has been changed, is
the recommended use of slurry at the bottom of the grout
pour. The idea of using slurry was born from the pouring
of concrete when slurry helps seal a cold joint. In High
Lift Reinforced Grouted Masonry, the rich fluid grout has
more than enough plasticity to meet the cement requirement
at the foundation and no other cold joints are allowed.

When cleaning out the grout space, how much water should
one use? It is not how much water, but how effective it
has been used. A clean grout space is, simply that. The
original testing used water, however, compressed air or
other cleaning techniques are acceptable.

Racetrack Grouting is a term used when grout is placed all
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around the top of the building's walls. It is usually a
team effort. The first team pumping grout, the second team
doing the consolidation and the first team back around again
for the second lift. I dislike this type of grouting because
the first team covers all of the rebar with grout that usually
in hot weather, dries on the steel, completely covering it
with what turns out to be a very poor and low strength
material. Another disadvantage is the possibility of the
grout in the second lift hanging up on the steel creating
a blockage and a potential void.

What is the role of the Inspector? This is the most diffi
cult job of any in the construction field. The Inspector
should see everything and yet he should know nothing if he
is asked an opinion or a question. He should be everywhere
at one time without appearing to be in the way or looking
over anyone shoulders. He should write clear, complete and
brief reports, covering everything that has happened all
day every day, without getting carried away. (This should
also be in plain, forthright and unimpeachable English.)

He should be in direct contact with both the Architect and
or Engineer and the Contractor without seeming to favor
either over the other. He must also have a complete file of
requests and authorization for every substitution or change.

The Quality Control of High Lift Reinforced Grouted Masonry
is not difficult. Quality Control means simply: FOLLOW THE
RULES, doing the best possible job to stay within the
parameters of the research and tested program. Everyday
we hear of people that have performed an outstanding feat
of unbelievable proportions. I only hope that none of these
are in High Lift Reinforced Grouted Masonry, as we have had
enough dreams, and are now ready to face facts and hard work.

The High Lift Reinforced Grouted Masonry system is not a
cure all, nor is it a perfect or undaunted. It is, however,
a system that has stood up well over the past 19 years and
although, at times, it may have seemed that everyone was
trying to prove it wrong, it is still the best, most economi
cal system and results in the highest strength masonry in
existence today.
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HOW THE HIGH LIFT GROUTING SYSTEM WAS DEVELOPED

By Oscar F. Person, Person-Western, Inc.

ABSTRACT: This paper presents information about the inception
and development of the high lift grouting system for masonry
construction. It also presents information supported by Testing
Project No. 922, liThe Method of Reinforced Concrete in Masonry
Construction Using High-Lift Grout System. 1I

This report is based upon the experience of a masonry contractor
who has been in business for more than 40 years. Cases illustrating
the use of the high lift system, and recommendations for its
successful application in modern masonry, are included.
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HOW THE HIGH LIFT GROUT SYSTEM WAS DEVELOPED

By Oscar F. Person1

INTRODUCTION

The High Lift Grouting system for masonry construction was developed
in California to meet the needs of the industry in earthquake zone
areas. The system developed by Oscar F. Person, Manley W. Sahlberg
and Robert W. Harrington was first published as Testing Project No.
922, "New Method of Reinforced Concrete and Masonry Construction
using High Lift Grouting System."

This paper covers the development of this system and points up its
advantages in modern masonry construction.

THE PROBLEM

A common statement made by architects and engi neers ali ke was: II We
love masonry. It's flexible for design, provides a variety of
attractive materials which make beautiful homes and buildings. 1I But,
we can not trust masonry contractors or the masons. Poor workmanship
was an especially important problem in earthquake areas. Inspection
of this workmanship often showed that reinforcing steel was not
properly installed and adequately covered with grout. It also showed
that the grout mix was short on cement, that masonry units were not
properly embedded in mortar and that water penetration into the
finished buildings was prevalent.

THE SYSTEM'S DEVELOPMENT

During the period of 1955-60, I worked very closely with the Division
of Architecture, State of California and with Robert W. Harrington to
promote 40 million dollars worth of residence halls for State colleges
and other projects in masonry.

It was at this time~ I realized more than ever what problems the
design profession was having with masonry buildings. It became
apparent that inspection was one of the major areas of concern. I
star.ted asking questions: The general contractor alway~ have
full time inspection when concrete is poured? Why not have full time

1 Owner of Person-Western, Inc., Masonry contractor, Burlingame,
Ca1iforni a.
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inspection of masonry by properly trained inspectors? Why shouldn't
the properly trained inspectors have certification from the mixing
plants when the grout was delivered. I concluded all these inspection
procedures should be accomplished and made this recommendation to the
State Architect.

During this period our firm, Person &Wik (later changed to Person
Western) was working on many school jobs where grout was poured in 18
and 24-inch lifts. After observing one job after another, I came to
the conclusion that in order to gain the trust and confidence of the
engineers and architects, we in the masonry industry, had to gain
better control of the installation of our walls and turn out a better
finished product.

In 1957 Wik and I tried the high lift grouting system on a number of
small jobs to prove its practability and gain the confidence of
building inspectors. One such building was a small apartment building
in Burlingame. This building was laid out in jumbo brick with a grout
core of about 3 inches. We proceeded to lay the walls up to the full
height of 8 feet - 6 inches, and in some areas, up to 10 feet. We
ordered ready mixed grout and poured the walls up to the full height.
The walls were excellent, never created a problem of any kind or a
call back~

This success prompted me to start working on the high lift grouting
system in earnest.

DEVELOPMENT OF CLEAN-OUTS

I decided that providing clean-outs was one important element of this
system. This was accomplished by leaving out every other brick in the
first course of a brick wall, and every other face shell in a block
wall. This idea provided a good method of cleaning and flushing out
the walls. Once this was accomplished it was a simple matter to put
the steel in place and call for inspection of the walls. Of course,
the horizontal bars were put in place as the walls were layed up.

The first major job to use this clean-out system was the Palmacia
Village in Hayward (now Southland Shopping Center). A major
structure in the center was Sears-Roebuck. It was designed by Reynolds
&Chamberlain; Pregnoff-Mathew were the structural engineers.

Having known Pregnoff for many years, I had gained his confidence. I
therefore, asked him if he would permit us to pour the full height of
the 30 foot walls in that building. Pregnoff wrote, saying 1I0scar ,
you can have the clearance on this provided that you take full charge
yourself. II He advised the architects he would accept my procedure on
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the job. Thus, this Sears-Roebuck building became one of the first
on which high lift grouting was used to any large extent.

We didn't have a grout pump in those days, but we had a big Loraine
Crane with the 2-yard bucket and an elephant trunk to carry the
grout down into the walls which had a 4-inch grout core.

When we were ready to pour this job, we notified most of the
building inspectors in the East Bay area and Manley Sahlberg from
the State Division of Architecture to witness the grouting.

In the meantime, in preparation for the pour, I developed what I
called a "stirrup-tie" designed to hold the two wythes of brick in
the wall together. These metal ties had been placed in the wall, as
it was constructed, about 16 or 18 inches apart both ways.

When we were ready to pour, twenty or more building inspectors and
several engineers were on hand to see how it worked. I stood next to
the wall. Two men yelled, "Mr. Person, run. The walls are not going
to hold." I did not move, but ordered the pour of 8 sack cement grout.
The pour caused the wall to vibrate. At that time, I was convinced
that you couldn't get any better vibration than was being
accomplished by dropping the grout from a height of 20 to 30 feet.
There was no segregation because the grout was a proper mixture.

I felt that this grout pour procedure was a big success~ Manley
Sahl berg spoke out immedi ately to say, "Oscar, you have developed
something that even surprizes me. YouLve got a good system here, and
there's no question about it. I am convinced that a liquid grout,
properly handled and properly certified by the materials yard, is
excellent for this system. Now we have to prove it to the engineering
and architectural professions."

DEVELOPMENT OF TEST PROJECT NO. 922

I volunteered $10,000 to be put up by Person &Wik to start a test
project on high lift grouting procedures. I asked Manley Sahlberg if
he would work with me and I suggested that we ask the Brick &Tile
Association and its manager, Robert W. Harrington, to participate.
Later I also asked the San Francisco Masonry Promotion Trust Fund to
contribute.

This was the beginning of the testing project which ;s quite well
known as Testing Project No. 922.

From the outset Mr. Sahlberg insisted that we keep complete records
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of the testing so that we would be able to certify what had been
accomplished.

Our first step was to make an agreement with Abbott-Hanks Laboratories
to become the inspectors on the job to certify the results of the
test. Then we proceeded with extensive testing which proved the
value of the system. Procedures and results of this testing were
reported in a printed "Progress Report of Testing Project No. 922 ..•. "
published in September 1959.

Since Manley Sahlberg was thoroughly sold on the idea, he reported
the results directly to Anson Boyd, California's Chief State Architect
at that time. Both Boyd and Peterson, Chief Structural Engineer of
the State got very interested in the system. They gave their approval.
Peterson said, "Mr. Boyd and I have had many disappointments in masonry
in Southern California. The poorest project under Oscar Person's
system is better than the best system we are provided today. Therefore,
I am endorsing it." That was the breakthrough for "high lift grouting"
in California. Today, we are very proud of the success of the system.

FOUR FOOT LI FTS

I wrote the first high lift specifications for the state of California
which were approved by Manley Sahlberg and recommended to the state.
At that time, we asked for only 4 foot lifts because we learned that
masonry contractors were not putting proper ties in the masonry walls.
We also noted that many were trying to get by with poor workmanship.

When I saw the way the ties were being installed, I said, "We don1t
dare recommend any higher lifts than 4 feet because we.will have one
blowout after another. We agreed that masonry contractors needed to
be educated about the manner of properly installing ties in a brick
wall where you have grout cores anywhere from 2 to 4 to 6 to 8 inches
wide.

Today, after more experience has been gained, I recommend very
strongly that 4 feet lifts only be used under special conditions
where high lift grouting is not feasible. Based on experience, I
recommend that grout be poured as high as up to 20 to 30 feet. There's
no doubt that if the proper grout mixture is used, the higher the drop
the better the consolidation.

I am suggesting that the 8-foot lift limit called for in the state of
California's school house section and many building departments, is
outdated.
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THE WEIGHT OF THE MASS

€arly in the development of the system, Mr. Sahlberg said, "Oscar,
we engineers have not realized the value of the "weight of the mass. II

When pouring the proper grout mixture in the wall, the weight of the
mass and the high drop gives you unbelievable vibration, However,
you do have to vibrate the top three feet where there's no weight
of the mass factor because you do not have a sufficient drop. Be
sure to either puddle or vibrate it properly in order to get a
solid and sound wall, especially where you are connecting to the
roof.

WATER PENETRATION

Masonry materials are the finest ever developed by man~ However, we
have failed, in the past, to install them properly to meet the
challenge of modern design. If the high lift grouting method is
properly used, you should have no problem of moisture penetration.
The proof is in the pudding. Our firm has been in business for over
40 years and I can say that we have had very little problem with
moisture. There must be something wrong with the installation if
people cannot waterproof the buildings.

EXAMPLES OF SUCCESSFUL HIGH LIFT GROUTING

I could point to a large number of high lift jobs to substantiate
the success of this system, but since space is limited here, I
present these few examples among our major California contracts:

1. The Royal Coach Motor Hotel, San Mateo. We poured the
brick towers on this structure with a 9-inch grout core at
18 foot high lifts with no problems whatsoever. The concrete
block walls were poured up to 20-feet high. In six hours,
we poured 125 yards of grout using two pumps and four trucks.

2. The Sears-Roebuck building in San Rafael. The 20-foot walls
in this building were poured at full heights. Compliments
on this job were received from both the architect and
engineer.

3. Sheraton Hotel, Burlingame. The first story of this hotel
was poured 18 feet, the rest were poured story high, but
every floor was poured in one lift.

4. The Coast Guard Station on Treasure Island (San Francisco).
The specifications on this job stated that, under no
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circumstances, could we pour over 8-feet. I asked for a
special meeting with the engineers and with the Navy
Department to explain the high lift system. They said they
were with me 100%. The job was completed and we received
many compliments; never had a call back on the building.

5. San Carlos High School. Manley Sahlberg's office sent four
engineers to watch when we were making our high lift pours
with instructions not to interfere. We poured 29 feet high
lifts with complete success. Three test cores were taken.
One was of part of the wall and foundation, one in the
center arid one at the top. The best core was the one taken
from the foundation and the bottom of the wall, because of
the weight of the mass~

PROPER MIXTURE IS IMPORTANT

Using brick or concrete block in the high lift grouting system is like
building a form. This form is made of absorbent materials. Excess
water will be absorbed by the concrete block or brick units. If the
walls are wet on the outside after your grout pour, you have the proper
consistency of water. If the wall is completely dry, especially using
the lightweight aggregate, the grout is too dry~ I believe that one of
the worst problems in using the high lift grouting system, is grout
that is poured dry or does not have the proper cement ratio. I feel
very strongly, that an extra sack of cement is better than any admixture
you want to use. Cement adds strength, admixtures do not~

I recommend a 7~ or 8 sack of cement grout; 7~ sacks in concrete block
construction, and 8 sacks for brick walls, especially when working with
small, very tight cores. Cutting down on the cement content of grout
is the worst problem we have in the high lift grouting system today~

CONCLUSION

In summary, these are the most important considerations for successful
high lift grouting:

1. Be sure to provide cleanouts wherever the vertical steel is
located.

2. Lay up the walls with the least amount of mortar droppings
inside.

3. Locate dams or barriers in the wall approximately 18 to 20
feet apart to limit the grout flow. This procedure will also
strengthen the wall and help it resist wind.
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4. In brick work, the proper stirrup-tie should be 2 inches
shorter than the width of the walls and properly imbedded in
mortar.

5. Horizontal reinforcing steel should be properly installed
during the course of laying up the masonry units.

6. The grout space should be reasonably clean. Clean this
space with either air or water. In hot climates, however,
water should be used to slow down the curing of the masonry.

7. If the proper mortar mix is used, one day is ample time to
allow before pouring grout. However, job conditions should
be considered.

8. Inspection should be called and an approval given by the
engineer or inspector before cleanout holes are plugged.

9. I recommend that only full height pours be used, and that the
four-foot lift be used only in special circumstances.

10. Slump should be the maximum without separation--approximately
10~ to 11 inches.

11. The cement ratio recommended for the grout is 8 sacks for
brick; 7~ sacks f.or concrete block walls ...with no admixtures.

12. In high lift grouting, consolidation is needed at the top
three feet of the wall.
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THE USE OF CONCRETE UNIT MASONRY IN NUCLEAR POWER PLANTS

By Grant, 3.M., and Wu, A.Y.

ABSTRACT: Concrete Unit Masonry (CUM) has found increasing acceptance
and utilization in the design and construction of nuclear power plants.
Its use overcomes the inflexibilities of poured-in-place concrete within
a fast track construction schedule that involves simultaneously both
engineering design and field construction. CUM allows the delayed
installation of walls and partitions to accommodate temporary construc
tion access openings, and postpones the determination of wall penetra
tions for cables, ducts, and pipes otherwise needed for the early
installation of poured-in-place concrete.

Stringent criteria unique to nuclear power plant construction for
seismic integrity, radiation shielding, and for barriers against fire,
flooding, gaseous incursion and pressurization, as well as against some
forms of missiles are satisfactorily accommodated by CUM systems derived
from available materials and components. Certain masonry systems that
find use in normal construction applications are not generally suitable
for the demands of nuclear work. Opportunities to increase construction
productivity of CUM may be found in the field administration and
coordination of the many factions and contracts required in nuclear
power plant work.
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THE USE OF CONCRETE UNIT MASONRY IN NUCLEAR POWER PLANTS

1 2By James M. Grant, and Allan Y. Wu

INTRODUCTION

This paper addresses the use of concrete unit masonry (CUM) in the
design and construction of nuclear power plants, the special conditions
encountered, unique requirements and constraints, and the virtues and
limitations of this material in a high-technology industry. A survey
of CUM built into nuclear plants over the past 20 years shows increas
ing utilization despite increasingly stringent design criteria and
quality control.

Although the current political climate generates some questions
regarding additional use of nuclear energy, industry sources have pro
jected that the nuclear share of electric generation will increase from
the present rate of 13% to 28%, over the next ten years. Today's
nuclear power plants are also much larger in size than those of ten and
twenty years ago. Table 1 shows the significant increase in the use of
concrete unit masonry construction as plant size has been extrapolated
upwards.

While concrete is generally used for structural load-bearing walls
and foundations, there has been increasing acceptance of reinforced
concrete unit masonry construction for nonload-bearing partitions
serving as fire walls, radiation shielding barriers, and similar heavy
construction separations.

The nuclear systems of some plants (such as the boiling water
reactor) call for larger amounts of radiation shielding, and hence
greater amounts of concrete unit masonry than appear in other types of
nuclear plants. On the other hand, seismic criteria and consequential
high design stresses tend to negate some applications of concrete unit
masonry in earthquake-prone regions such as the western seaboard.

The cost of masonry construction weighed against overall project
costs is not a significant item when considering that a single-unit
1,300-megawatt capacity power plant represents a capital cost of about
$1.4 billion in today's dollars. However, masonry considered in itself
is a substantial cost item since a two-unit nuclear power plant can
contain masonry work on the order of $7 million.

1ehief Architect, San Francisco Power Division, Bechtel Power Corp.,
San Francisco, Calif.

2Staff Architect, San Francisco Power Division, Bechtel Power Corp.,
San Francisco, Calif.
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SPECIAL REQUIREMENTS FOR POWER PLANT CONSTRUCTION

Nuclear power plant construction is characterized by a high degree
of conservatism in engineering design and quality control of construc
tion. Stringent design criteria are imposed on all aspects of the plant
related to the nuclear safety systems. Seismic assumptions and func
tional considerations of radiation shielding, fire barriers, flooding,
etc, must be addressed in building material selection.

Nuclear power plants by their nature require large amounts of
radiation shielding to ensure biological protection for operating staff.
In the earlier, relatively small and simple plants, such protection was
afforded by poured-in-place concrete. As plants increased in size and
complexity, construction and design schedules indicated a need for
building systems that allowed more flexibility than had been previously
available by the system of massive wall structures of poured concrete~

Complete and accurate determination of block-outs for piping, ducts, and
electrical cables is usually not possible when load-bearing walls are
first designed. Furthermore, access requirements for installing large
items of equipment dictate the need for temporary openings or deferred
construction.

Examination of these current requirements suggests the need for a
structural system that can support massive radiation shielding walls
while also allowing for flexibility of access and penetration. The
system which has developed combines a structural steel frame of columns,
girders, and beams with concrete floor slab platforms supporting con
crete unit masonry walls.

Photo Figure A shows a typical wall with penetrations.

Figure A



STRUCTURAL CONSIDERATIONS

Concrete unit masonry has certain structural limitations in meet
ing high seismic factors as well as large loads imposed by piping
systems, mechanical equipment, and other such sources common in nuclear
power plants. Structural applications of masonry under seismic criteria
are handicapped by the lower allowable stresses imposed by model codes
such as UBC, compared to the ultimate strength design method allowed
for reinforced concrete. Compressive stresses due to flexure often
govern the structural design. Areas of buildings or entire structures
that contain vital components or equipment essential to the controlled
safe shutdown of the nuclear system are classified as "Seismic Category
I." The seismic design of these buildings must be based on dynamic
analysis.

Geographic regions that are seismically active normally are class
ified for high ground acceleration values. An example of a low risk
assessment is a "G" value of 0.2 while another is influenced by fault
zones in an active area, and is required to meet a "G" value of 0.5.
These two "G" values refer to a free field ground acceleration value
for a Safe Shutdown Earthquake (SSE).

The Safe Shutdown Earthquake has been defined as that earthquake
which is based upon an evaluation of the maximum earthquake potential
considering the regional and local geology, as well as seismology and
specific characteristics of local subsurface material. The SSE is that
earthquake which produces the maximum vibratory ground motion for which
safety-related systems and components classified as Seismic Category I
are designed to remain functional.

An additional analysis must be made for an Operating Basis Earth
quake (OBE), which is usually one-half of the SSE value. The OBE has
been defined as that earthquake which, considering regional and local
geology, together with seismology and specific characteristics of local
subsurface material, could reasonably be expected to affect the plant
site during the 40-year operating life of the plant. Structures and
systems of the plant necessary for continued safe operation are designed
to remain functional, with a suitable margin, under vibratory ground
motion produced by an OBE.

The "G" values for the particular items being considered (such as
a wall or pump) are dependant on the dynamic characteristics of the
item, the structure at the support point, and the supports of the item.
All other structures not required for vital safety-related functions
are classified as Non-Seismic Category I and their seismic design may
be accomplished by methods of static analysis using model code require
ments except when failure of such structures adversely affects a Seismic
Category I item, in which case the design must be checked for Seismic
Category I criteria for the SSE.
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Design of masonry partitions and walls that include varying con
figurations, heights, thicknesses, openings and penetrations, etc,
require a case-by-case evaluation. Generally, where walls span between
two floor levels, they are designed as simple beams supported at the
floor and ceiling. Low walls that are connected neither to the overhead
ceiling nor to adjoining structures are usually required to be designed
as vertical cantilevers. Thick walls of proportionately limited height
are usually sufficiently stable so as not to require highly-stressed
moment connections at their base; Although the design of the wall con
nections at the floor and ceiling involve relatively low shear values,
consideration must be given to ensuring structural integrity and to
prevent adverse impact upon the primary structural system.

To avoid the transmittal of loads from overhead structures, separa
tion of the tops of non-bearing walls and partitions from the overhead
structural system is sometimes required. Figure B shows a common con
dition at the top of a non-bearing masonry wall. In addition to the
structural separation provision, the restraint connection must also
reconcile criteria for radiation shielding, fire, and air pressure.

CONCRETE
~-- SLAB

----STEEL
DECKING

~--- STRUCTURAL
RESTRAINT

~----SILICONE FOAM
FIRE SEAL

.' ,4.

<W'-.....---- GROUT

~~:1:~L---- CONCRETE INFILL

.--:..:....jl'-+--+~"*"---- DOUBLE WYTHE CUM

WALL THICKNESS

• 6

WALL
REINF .-----f..,o1-:-H

EXPANSION/"
ANCHOR

VERTICAL SEGTION - WALL HEAD

Figure B

The floor connection must reconcile construction access needs with
structural reinforcing steel placement. Floor surfaces at temporary
wall openings must be free from hazards and interferences to personnel
and small vehicles. The large amounts of vertical reinforcing steel
frequently required, ranging up to No. 7 bars as close as eight inches
on centers, create formidable barriers and obstacles to safe access.
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Furthermore, fast-track design-build schedules need to accommodate a
considerable number of changes in wall locations or dimensions that
impact floor anchors and other connections. Various solutions have been
developed to meet these needs, as discussed below.

Figure C

Common cast-in-the-slab floor dowels have not been an entirely
satisfactory method. Cold bending of bars larger than No. 4 can cause
unacceptable damage to the steel. To overcome the hazards of the
vertical cast-in-place floor dowels, cast-in threaded inserts have been
proposed. The threaded dowels are installed just prior to construction
of the masonry and minimize the hazards and obstacles of cast dowels.
However, the same limitations of wall location adjustments remain.
Drilling and setting of dowels with epoxy grout into the floor overcome
some of the deficiencies of the above two methods but raise concern for
costs and the possibility of severing cast-in-floor conduits, or floor
slab reinforcing.

Drilled expansion anchor inserts to receive threaded dowels are
frequently used to allow unimpeded access and flexibility to cope with
partition location adjustments. Such anchors incur the same problems as
grouted dowels regarding existing conduit and reinforcing steel.

Casting steel plate embedments into the floor slab and stud welding
the dowels to the embed have been proposed for high bending moment con
ditions beyond the capacity of conventional anchorage. However, this
anchorage method does not accommodate late changes of wall location.
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The approach being used on some projects is to select one of the
methods noted above according to the specific conditions that determine
its appropriateness.

RADIATION SHIELDING BARRIERS

Availability, cost, and density of the shielding system and its
components are significant factors that must be thoroughly investigated
in order to optimize design.

Radiation barriers have design requirements that can usually be
satisfied by masonry construction, i.e., high mass uniformity of units,
modular dimensions, capability of forming various wall thicknesses and
configurations, and resistance to long-term, high-radiation exposure.
The effectiveness of the shielding barrier against alpha, beta, or gamma
radiation is a function of the density or mass of the constituent materials
in combination. However, barriers to protect against neutron radiation
(in the vicinity of the reactor) are not as effective in masonry, although
they may be used, depending upon the energy level of the neutron radiation.

Most shielding barrier walls consist of two wythes of eight-inch
thick unit masonry solidly grouted, sandwiching a concrete core infill.
In some cases, shielding barriers two to three feet thick have been
constructed wholly of unit masonry with grouted cells. The economy of
this method tends to diminish as the thickness exceeds two feet; it then
becomes advantageous to specify a concrete core type design.

The density of the masonry units is determined by the aggregates
used and the degree of compaction attained in manufacture. Where local
sources offer high-density sand and gravel, it is possible to specify
masonry units with densities up to 140 pcf. The current recommended
range for masonry unit density is 130 to 135 pcf in conformance to ASTM
C-90. The total shielding effectiveness of a wall becomes a combination
of the densities of masonry units, mortar, grout, and (in double walls)
concrete infill. The mortar is not a large enough percentage of the
total wall to make a special density mix worthwhile.

Concrete used as core infill between masonry wythes can be obtained
with densities of 142 to 145 pcf without the use of special aggregates.
Grout tends to be limited by the density of the sands available, but the
addition of pea gravel can increase grout density.

Special heavyweight aggregates such as barite, magnetite, and
ilmenite, can be added to any or all components, but generally do not
prove to be economical except in unusual situations where space limita
tions govern or radiation levels are high. High-density shielding using
heavy-weight concrete, steel, or even lead may be used in small quantities
for remedial situations.
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Design requirements frequently call for removable wall panels in
shielding barriers to facilitate equipment maintenance and removal.
Such panels must maintain the integrity of the shielding barrier and
comply with structural design criteria. Removable access panels are
also required to be reasonably portable either in whole or in parts.
These removable panels have in some cases been built from solid masonry
units laid with dry joints offset to prevent radiation shine or stream
ing. Structural restraint has been provided by the use of heavy cellular
steel deck sections positioned and fastened to prevent lateral movement
due to earthquake. In other cases, precast log-type concrete elements
have been used.

OTHER BARRIERS

In addition to the requirements for seismic resistance and radia
tion shielding, certain walls in nuclear power plants must be capable of
serving as barriers against fire, water flooding, air, gas and vapor
pressures, noise, the impact of missiles generated by natural phenomena,
and forced entry.

The risk of a possible release of radioactivity due to fire has
resulted in high standards for fire protection in nuclear plants. CUM
can readily comply with the fire ratings required by building code and
insurance underwriters, but a demanding aspect of fire resistance is
maintaining the rating at wall penetrations. For this purpose materials
have been developed and tested that will meet the requirements of ASTM
El19; also withstand impact of a hose stream; maintain air pressure
seal; offer equivalent radiation shielding capabilities; and allow
movement of the penetration assembly due to thermal expansion. Figure D
shows a detail with the capability to meet such criteria.

j7--:-'tJ::17""U--- FACE OF CUM WALL

---SILICONE SEALANT SEAL

SLEEVE

JL~==-rz.-li~~~~'; STRAP BAND

~~~~~~~~~~~===PIPE INSULATION
, -SILICONE FABRIC BOOT

. "::.' I ANCHOR

~~---- NEOPRENE GASKET

WALL PENETRATION - MOVABLE PIPING

Figure D
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Large inventories of water are normal to the process systems in a
nuclear power plant; therefore, floods from these systems and from
natural sources are hazards that are addressed in the design of safety
related systems. One frequently-used design approach requires the con
struction of watertight compartments with watertight doors to contain or
protect essential systems. Masonry construction offers adequate structural
properties to resist most design water pressures.

Where hazardous gases are involved, such as chlorine or carbon
dioxide, regulatory requirements demand low-leakage construction; in
these cases masonry surfaces must be filled and coated to eliminate
porosity.

Industrial processes in nuclear power plants inevitably generate
high noise levels that in many instances have to be contained to meet
OSHA requirements limiting the noise exposure of employees. Concrete
unit masonry can often meet this need. A solidly grouted masonry wall
eight inches thick can provide a sound transmission class (STC) rating
between 56 and 58. Where reduction of reflected noise is of primary
importance, masonry units of sound-absorbing design have been specified.

Concrete unit masonry is generally considered to be effective as a
barrier against missiles such as those from tornadoes or machinery
failure, but its effectiveness still has to be measured with precision.
Data is lacking regarding the development of secondary missiles from the
impact point.

Another use of solid masonry construction is in industrial security
applications. Current criteria for hardened security occupancy call for
barriers capable of stopping high-powered rifle fire in accordance with
D.L. Standard 752, Class IV. Eight-inch solid grouted masonry meets
this requirement.

MASONRY AND SPECIAL COATINGS

Nuclear power plants set extremely high housekeeping standards to
achieve the degree of cleanliness demanded by radiation control. Where
decontamination is a requirement, room surfaces are generally coated
with impervious sealers or coatings to minimize deposits of contaminants
and to allow for their easy removal. The CUM's ability to receive these
special coatings is an important consideration; some masonry has a
coarser texture than is ideal for coating. Care is required to specify
acceptable surface textures.
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AVAILABLE MATERIALS AND SYSTEMS

CONVENTIONAL MASONRY CONSTRUCTION

The masonry system finding high acceptance in nuclear power plant
construction uses "A" or "H" concrete block units, in the common 8 x 8 x
16 size, with vertical and horizontal reinforcing, and with all cells
filled solid with grout. Cement mortar is the normal bonding agent.
This system is suitable for both single and double wythe wall configur
ations. Epoxy adhesive in lieu of mortar has been investigated but
apparently not used to date. Availability of units with faces ground
for epoxy adhesive bonding, as well as contractors familiar with its
use, seem to have affected its selection, even though the epoxy system
seems to offer a faster and stronger wall installation than cement
mortar bonding.

COMPONENT MASONRY SYSTEM

The component masonry system provides advantages not available in
conventional masonry systems where structural requirements impose re
inforcing steel spaced eight inches on centers, or closer. Although the
component masonry system can be used for wall thicknesses of 8" and
thicker, it is best suited for thicknesses over 14 1nches. By the
addition of a third wythe, the system can accommodate wall thicknesses
up to 48 inches. Use of ultimate strength values for the concrete wall
design offers wider wall application compared to the limited strength
designs based on lower stresses allowed for conventional masonry con
struction. Furthermore, the larger proportion of concrete fill results
in greater average wall density and consequently improved radiation
shielding characteristics.

A cost analysis of the component system has shown it to be more
economical than the basic double-wythe conventional grout and concrete
systems in the range of thicknesses from 16 inches up to about two feet.
Beyond this thickness, its advantages tend to be offset by the need for
an additional wythe and the dual systems of reinforcing; however, both
masonry systems are more economical than conventional poured-in-place
concrete by a factor of one-half or smaller. Furthermore, the component
masonry units can be considered non-structural framework rather than an
essential part of the structural wall, and hence are relieved of the
costly imposition of stringent quality control.

SURFACE BONDING SYSTEMS

The surface bonding system (with a glass fiber-reinforced Portland
cement surface coating), that has been competing with conventional
cement mortar systems in some building types, has not found similar
acceptance in nuclear plant work.
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The concerns that need resolution before it can be utilized in nuclear
applications are as follows:

1) Instability of the units to grout placement and to accommodate
random openings.

2) The need to dampen the wall surfaces both prior to and after
the application of the bonding coating.

3) Hazards of overspray.

4) Lack of test data to ascertain compatibility of the surface
bonding substrate with the high performance nuclear coatings.

MORTARLESS SYSTEMS AND TIELESS UNITS

Proprietary mortarless systems that depend on interlocking keys
rather than bonding have generally not found acceptance in nuclear plant
work. This appears to be due to the fact that the units cannot accom
modate reinforcing steel, and other types of cellular configurations have
closed ends that restrict placement of extensive vertical reinforcing.

Another proprietary masonry unit incorporates integral notches and
lugs that separate and position reinforcing bars without ties, thus
eliminating the expense of iron workers. Our evaluation of this system
is not complete.

CONSTRUCTION CONSIDERATIONS

Construction productivity with respect to masonry installations
involves many factors that are not easily controlled on nuclear projects.
Structural requirements and construction practicalities have a strong
bearing upon the type of masonry system selected. The masonry system
must address the limitations of being installed between existing floor
slabs with large amounts of reinforcing steel.

Evolutionary design changes that are reflected in adjustments to
the building fabric, including masonry work, have an adverse impact when
they are considered over the six to seven years needed to construct a
plant. Union work rules can greatly impact productivity in many trades,
and cause slippage in contingent construction, as well as delays in
delivery of components or equipment requiring deferred construction of
masonry walls in order to afford temporary access openings.

One recommendation to improve productivity calls for use of six
inch nominal thickness in place of the more common eight-inch nominal
thickness. However, inquiries of masonry contractors indicated prefer
ences to the contrary. The limited-size cells of six-inch wide units is
a constraint for effective grout placement that tends to offset the
initial material cost advantages. Masons also tend to prefer the cus
tomary handling and stability of the common eight-inch unit.
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Use of mechanical scaffolding can be cost-effective where long and
high masonry walls are required. These conditions are not the norm in
the compartmentalized arrangements typical of nuclear plants.

Additional opportunities for construction productivity improvements
may be found in the field administration and management of the work.
Interfacing the requirements of related but separate contracts requires
careful coordination and scheduling integration which can be negated by
a delay in contingent construction. To maintain acceptable productivity
and economy in constructing masonry partitions and walls, adequate
amounts of work must be released to the masonry contractor on a continuous
basis. Masonry work is frequently subject to intermittent construction
and deferred wall installatipns in order to accommodate temporary con
struction access and design changes due to the higher priority of pri
mary mechanical/electrical system installation. Delayed construction
imposes access limitations that require innovative material handling
devices and procedures. Figures E and F show two examples of field
developed devices, a hoisting cage, and a hand truck with forks, that
allow for efficient delivery of block units through limited access
openings.

Figure E
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Figure F

SUMMARY AND CONCLUSIONS

The record shows that concrete unit masonry can satisfy many of the
requirements for walls and partitions in nuclear power plants. Concrete
unit masonry has the qualities of ruggedness to withstand the abuse of
long periods of construction activity while meeting the requirements of
the various barrier walls that have been described. Concrete unit masonry
walls have also demonstrated a flexibility in their construction that
facilitates temporary access openings and the provision of wall penetra
tions for piping, ducts, cable trays, and similar services.

While being able to provide radiation shielding mass comparable to
poured-in-place concrete, concrete unit masonry offers the economy of
being self-forming, and is more competitive than poured concrete in most
applications. Though concrete unit masonry does not attain the same
structural capability as poured reinforced concrete, it can be designed
to meet the stringent structural requirements for seismic criteria
demanded of partition walls found in nuclear power plants.

We see the need for special care in selecting appropriate masonry
systems, preventing the intrusion of dowels into traffic lanes, and
selecting densities for radiation barriers that are consistent with
economy and availability. Our experience indicates that masonry den
sities above 135 pounds per cubic foot should only be specified after
carefully checking material sources to assure adequate deliveries and
cost control. Special consideration is needed in field administration
and coordination to ensure that the masonry contractor is afforded
continuity of work to maintain an economical operation.

The use of concrete unit masonry in nuclear power plants has grown
due to its satisfactory performance as well as to the increasing size of
the plants. We would expect to see a continuation of this trend along
with continued development and refinement of masonry systems, their
components, and our approach to their design and utilization.
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TABLE 1

AMOUNTS OF MASONRY USED ON NUCLEAR PLANTS

SIZE COMMERCIAL MASONRY
PLANT &TYPE MWe OPERATION AMOUNT (S.F. )i,

BWR-l 59 8/63 7,500

BWR-2 180 8/60 8,500

BWR-3 550 7/71 20,000

PWR-l 705 12/71 27,000

BWR-4 670 12/72 193,000

BWR-5 550 1/75 123,000

PWR-2 836 12/74 74,000

BWR-6(2) 1,065 7/74 12/74 150,000
each

PWR-3 1,030 5/76 300,000

BWR-7(2) 1,050 2/81 5/82 400,000
each

BWR-8(2) 1,050 4/83 4/85 540,000
each

BWR-9(2) 1,067 5/84 5/86 735,000
each

PWR-4 1,180 1986 225,000

*Square Feet, is measured by the surface area of each wythe at double
wythe concrete core combination wall systems, and the wall area of
single wythe walls.
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TABLE 2

CONCRETE UNIT MASONRY PROPERTIES, CRITERIA & CHARACTERISTICS

PROPERTIES

Fire Resistance

Structural 
Seismic

Structural 
Pressure
Boundary

Structural 
Flooding

Structural 
Severe Winds,
Tornado and
Missiles

Structural 
Locally Imposed
Loading

Radiation
Shielding

CRITERIA

ASTM E119
ASTM E84

Spectral Analysis
Category I Structures.
UBC Chapter 23 for
Non-Category I
Structures.
UBS Chapter 24 for
Masonry Design.

UBC Chapter 24 and
Industry Standards

UBC Chapter 24

ANSI A5S.1, NRC
Standard Review
Plan, Section 3.5.1.4

UBC Chapter 24 and
Industry Standards

ANSI N101. 6,
10CFR20
(Section 10).
ASTM C637

CHARACTERISTICS

Non-combustible, capable of
fire resistance ratings of 3
and 4 hour.

Spectral Analysis: Ranges
from 0.20 to 1.50 G.
UBS Seismic: Generally
0.10 G. Ultimate strength
design for reinforced con
crete. Working stress design
used for masonry design.
Reinforced unit masonry not
presently used for support
of critical equipment and
piping restraints.

Standard of 1.5 psi differ
ential used, not critical for
reinforced masonry design.

Not critical for reinforced
masonry design.

Exterior walls only - limited
to reinforced concrete (com
ponent masonry unit system)
ultimate strength design.

High concentrated load
imposed from piping
restraints, etc; non-bearing
masonry partitions not used
for supporting loads of this
type.

Adequate mass for most appli
cations; compatible with
penetration details, removable
shielding panels; suitable
for alpha, beta, and gamma
radiation shielding, and
40-year plant life.
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TABLE 3

CONCRETE UNIT MASONRY

DESIGN REQUIREMENTS & CAPABILITY

DESIGN REQUIREMENT

Deferred and Intermittent
Construction

Varying Wall Thicknesses
and Configurations

Wall Penetrations and
Block-Outs

Resistant to Abrasion
and Construction Abuse

Water Resistance

Suitable for Coatings

Chemical Resistance

Noise Resistance

Gas &Vapor Permeability

Cost Economics

CAPABILITY

Small unit sizes and method of construc
tion give flexibility.

Modular system with core fill between
wythes is adaptable.

Small components and modular construction
well suited for a wide range of block
outs, pipe sleeves, and penetrations.

Tough surface properties, and capability
to replace damaged face shells.

Inorganic, rotproof, verminproof, and
when treated, relatively waterproof.

Compatible surface textures readily
available. (Requires filler to allow
finishing with smooth paints and thin
film coatings.)

Relatively inert against most chemicals
and corrosives; special treatment
required for concentrated acids and
caustics.

High mass and attenuation for good
noise barriers. Sound absorbing units
available.

Makes adequate low pressure barrier when
appropriately treated.

Lower cost than comparable systems.
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USES OF CHEMICALLY RESISTANT MASONRY IN LINING AIR
AND WA TER POLLUTION CONTROL EQUIPMENT

_By Har ry Clyburn~and. lvalter Lee Sheppard, Jr. I} P. lL

ABSTRACT: This paper provides a short description of this disci
pline not taught in engineering schools. Masonry linings are discussed
in relation to the processes involved in the rerrlOval of contaminants
from waste products prior to their disposition. Processes range from
the incineration of wastes, scrubbing of waste gases, venting of waste
gases to the atmosphere, collection of liquid wastes (including scrub
bing liquids), separation and neutralization of waste liquids, and their
dispos ition.

The methods of employment of masonry linings in the equipment
used in the subject processes are detailed, to demonstrate how such
linings can be employed in mild steel or concrete structures to replace
equipment which, without such a lining, would have to be manufactured
out of or clad with an expens ive alloy.

The design differences between all alloy metal construction and
masonry lined steel or concrete are indicated, together with criteria
for the selection and specification of suitable masonry units and bonding
mortars under varying conditions.

*Pennwalt Corp., Philadelphia, PA.

#C.C.R.M. Inc., Havertown, PA.
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USES OF CHEMICALLY RESIS TAN T MASONR Y
IN LINING AIR AND WATER POLLUTION CONTROL EQUIPMENT

#By Harry Clyburn * and Walter Lee Sheppard, Jr •• P.E.

INTRODUC TION

There are basically three types of masonry construction:
common brick and stone (used for res idenHal and industrial structures),
refractory masonry (used in furnaces, incinerators and the like) and
chemically resistant masonry (used both as structural material and as
protective lining material where the structure will be exposed to corro
sive chemicals, in vapor or liquid state). These three types of masonry
are handled differently and require different craft techniques.

Brick masons and stone masons who build houses etc •• are
concerned with a combination of structural integrity and appearance.
Since this is the common type of structure their techniques will not be
discussed here. Next best known is refractory masonry used to line
furnaces. etc. where instead of using wide. full joints the mason tries
to achieve the absolute minimum of joint thickness by making a soup of
his mortar, dipping the brick into it, and then laying it. Obviously
structures erected in this manner are full of air voids since no joint
can be absolutely tight, and with low structural strength is often sup
ported by metal anchors or hanga:ts. Chemically resistant masonry
is very different from these other two types, requiring full structural
integrity, total absence of air voids in the structure, and with a few
exceptions, a prohibition on anchors, hangars, or other similar pene
trations of the brick work. The reasons behind these differences are
made clear by a quick look at the limitations and the purposes of, and
the uses for, this type of structure (1).

There are three limitations that should be kept in mind.

1. Though excellent in compression, they are weak in tension, torsion
and shear, since they conta in no reinforcing, but rely entirely on the
bond of a mortar to the surfaces of the brick.

2. They have a measurable absorption, and so are not gas-tight, nor
can they restrain a liquid head.

3. They are brittle and inflexible. Unlike steel which can be bent and
straightened, such movement will destroy a brick structure.

* Pennwalt Corp., Philadelphia, PA # C.C.R.M. Inc., Havertown, PA
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With these lhnitations, then what reason could one possibly
have to use a masonry lining in a process vessel or in equipment
designed for pollution removal or waste control? The answer lies
in the protection t.hat masonry can provide to a structure. The
proper design and selection of a masonry lining can allow the
designer to employ carbon steel vessel with, say, a rubber lining,
protected with "acid-resistant" brick which can be furnished on
fairly short delivery and at a lower expense, to fill requirements
which might otherwise be satisfied only with a much more expensive
alloy construction and available only on a long lead time. In addition,
when an alloy or special metal vessel fails due to chemical or other
cause, repairs are costly and total replacement may be required
at even a higher cost than the initial expenditure. When a masonry
lined vessel is damaged or starts to leak, it is almost always possi
ble to remove part of the lining from the damaged area, repair the
vessel, replace the lining and return the vessel to service, all at
nominal cost, - a considerably lower expense than that of replacing
an alloy ves sel.

Chemically resistant masonry, when used to provide protec
tion to the substrate, is normally employed in conjunction with a
membrane, since as noted above masonry is neither liquid-tight nor
gas -tight, and the corros ive medium will penetrate it and eventually
reach the substrate unles s such membrane is provided.

Examples. of the uses of chemically res istant masonry as
protection might be: "acid" brick flooring laid over an asphalt mem
brane, on top of a concrete floor in a chemical plant, protecting the
concrete substrate from acid spillage and then asphalt from mechani'"
cal damage from fork-lift traffic; a brick lining in a pickling tank in
a steel mill in which the brick provides thermal insulation for a
rubber lining on the steel walls and bottom of the tank, reducing the
contact temperature of the contained sulfuric acid from 212 OF to
160 of, which is an acceptable thermal limit for the rubber lining.

The third type of protection may be somewhat harder for the
uninitiated to visualize, but the following is an example: Pickling
(chemical cleaning) of stainless steel is done in a mixture of nitric
and hydrofluoric acid. Pickling tanks to handle this operation are
today usually made of steel with PVC sheet linings, protected by
carbon brick joined with a carbon filled hot applied sulfur mortar.
However in the 30' s, when stainless steel was developed PVC sheet
had not been created. Since material selection was limited, the
first tanks built to handle this process were built of carbon steel,
lined with Goodrich Triflex rubber and faced with 9 11 of carbon
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brick laid in carbon filled sulfur mortar. B. F. Goodrich was well
aware that the nitric acid would ruin the rubber, but there was nothing
else that was believed to be any better so the tank was lined in this
manner with the hope that the customer would get a year I s life out of
it before it would have to be re-lined. The tank performed success
fully through the war years and served without maintenance for a
total of seventeen years before it became obsolete - not from the
failure of the lining, but because the mill changed to larger shapes
that could not be fitted into the old tank. It was decided to remove
the lining to find out why it had not failed. When the brick was stripped
away it was found that the first layer of rubber (Triflex is a 3 layer
laminate), was completely charred - turned to carbon - by the nitric
acid. Butthe brick lining had prevented this charred corrosion product
from being removed so that it remained and acted as a barrier to
further attack. The other two layers under it were still alive and
springy.

WASTE PROCESSES

Wastes can be classified as solid, liquid and gaseous. Solid
wastes that are of concern to us are those which can not be used in
landfill because they can break down and cause pollution. Wastes of
this type are often incinerated, and converted to gas and ash. The
gas is treated in the same manner as gaseous wastes - that is scrubbed
(or cleaned) and vented to the atmosphere, the scrubbing liquid being
treated in the same manner as liquid wastes. The ashes, usually a
very small part of the total, may become fertilizer or landfill, or
they may be further processed to recover some valuable ingredient
in the ash.

Liquid wastes maybe either incinerated, with the resultant
products treated in the same manner as those created by the incinera
tion of solids; or the liquid may be treated, the contaminants neutralized
or removed, and the water in the liquid returned to plant use.

Gaseous wastes are either scrubbed directly or pre -cooled and
then scrubbed, the scrubbed gas, vented to the atmosphere and the
scrubbing liquid treated to remove the contaminant, then the cleaned
liquid re -circulated (2).

EQUIPMENT USED IN WASTE HANDLING

The following tabulation covers most of the types of equipment
used in handling wastes:



64-5

1. Furnaces to burn wastes: solid, liquid, or gaseous.

2. Ducts to carry exit gases from furnace to conditioner
(or cooler, or scrubber).

3. Conditioner or cooler. (This step appears only when
exit gases are very hot. It does not appear in lower temperature
systems) •

4. Ducts carrying gases from conditioner to scrubber (or
precipitator) •

5. Scrubber. (Precipitator rarely (though sometimes)
requires lining).

6. Ducts carrying scrubbed gas to stack.

7. Chimney.

8. Liquid scrubbing system (piping, pumps and storage
equipment) •

9. Equalizer tanks used to hold and balance non-incinerated
liquid wastes.

10. Treatment vessel or neutralizer for scrubbing liquid, or
for non-incinerated liquid wastes.

11. Piping or trenches carrying non-incinerated liquid wastes
from areas of release to equalizer and from equalizer to neutralizer
for treatment.

12. Manholes along pipe line carrying liquid wastes.

13. Floors under equipment where liquid wastes are spilled.

APPLICA TraNS FOR CHEMICALLY RESIS TANT MASONRY

Furnaces, E.er se, do not normally employ chemically resistant
masonry in their linings. However, at least one manufacturer of
such equipment designs his burner as a two compartment structure,
the actual burner in the first compartment, which is lined only with
refractory brick (3), and the second, where temperatures are lower,
lined with a refractory brick facing, over a fireclay "acid'· brick (4)
laid in a silicate (5) mortar on top of a membrane lined carbon steel
shell.
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and bell and spigot clay pipe (13) transmitting such wastes to
equalizers or collecting tanks are usually joined with furan mortars,
sometimes backed with sulfur mortars, sometimes backed with
epoxies. The equalizer and neutralizer tanks are most often
concrete (14) with asphalt membranes, and brick linings laid in
luran mortars. Manholes (15) placed along the sewer line should
receive similar linings.

MATERIAL SELECTION IN FURTHER DETAIL

We frequently find that engineers, especially tho8e who have
not had past experience in the use of chemically res istant masonry,
tend to think of special alloys in selecting materials of construction
for some of these pieces of equipm.ent. Generally it can be said that
thin gauge stainless steel is roughly comparable to or a little less ex
pensive than rubber lined carbon steel inner lined with "acid" brick.
However in the case of the more complex and more expensive alloys
or metals, consideratioll should certainly be given to substituting
the carbon steel-rubber -brick system.

A paper has been offered to an NACE meeting (16) that provides
comparisons of the costs from actual installations which paper certain
ly deserves the des igners' attention. There is an additional use for
such masonry linings in alloy vessels, where the inner temperature
is too high for.the economical use of the alloy, but where a masonry
lining may provide sufficient insulation to drop the skin temperature
into the economic range.

The selection of supporting structures for the equipment
cons idered in this paper is usually either steel for item~ 1 to 6,
concrete outer shell with either brick, steel or FRP self-supporting
liners for 7, and concrete for items 9 through 13, except item 11, and
except that at some plants, where the liquid volumes are small lined
steel or wood stave holding tanks are employed for item 9. Item 8
may employ alloy or plastic piping; alloy, plastic, or lined carbon
steel pumps, and storage tanks for re-cycled scrubbing liquid of lined
steel, wood stave, FRP or lined concrete. Item 11, if using trenches,
will employ concrete, or if pipe, vitrified clay, plastic or lined steel.
Lined concrete pipe is not usually recommended though some success
ful installations of this type are noted.

The membranes (17) selected to protect the supporting struc
tures are: for concrete usually glass fabric reinforced hot applied,
unfilled, oxidized ("blown") asphalt, with a ball-and-ring softening
point 1100 F to 130 of; for steel usually sheet or fluid applied rubber,
or plasticized p.v.c. sheet. FRP acts as its own membrane. Wood
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The ducts leading from the furnace to the conditioner are
usually unlined, as is usually the duct to the scrubber if no con
ditioner is interposed between furnace and scrubber. There are,
however, exceptions. If highly corrosive waste products are present
in the exit gases, which corrosives condense at high temperatures
(example: S03, and S02 in an oxidizing atmosphere), then it is some
times advisable to line the duct, preference being to 2" of foamed
borosilicate glass block (6) faced with refractory brick, or sometimes
with a layer of potassium silicate mortar (7).

In the past conditioners have followed refractory design employ
ing "hung" refractory brick. Such designs have required considerable
maintenance, and preference here should be for foamed borosilicate
glass block (6) faced with "acid" brick joined (8) with high temperature
furan mortar (9), except at the gas entry (and other dry zones) where
the mortar would be a potassium silicate (7).

The duct from conditioner to scrubber, is often lined with boro
silicate foamed glass (6) faced with "acid" brick (8). The brick mortar
would be a potassium silicate (7) if the duct is dry, but if liquid water
is entrained in the gas, then the high temperature furan (9) should be
employed.

The scrubber design has a great deal to do with the lining selec
tion, and there are few ge"neralizations that can be made. There are
four basic types: open body, packed tower, tower with trays, and
venturi. Perhaps a hybrid may be encountered containing parts of each.
The references· cite papers with more details of scrubber linings (2).

The duct from scrubber to stack can best be lined using only
the foamed borosilicate glass block (6). The supporting structures
here are usually all carbon steel.

Chimney design and lining depends on exit gas temperature (10).
If always above the dew point of the highest dew point contaminant (total
removal of all contaminants is considered outside economic reality),
held above that temperature with a re-heater, then a steel liner may be
used. However if below this temperature a chemically resistant lining
must be applied to a steel liner , or an FRP liner used instead of steel.
But if there is the possibility of fluctuating temperatures from high to
low and back, due to down time or failure of water pumps or possible
by-pass of gases, then only an "acid-resistant'! brick lining with the
appropriate mortar (probably a potassium silicate) will be trouble free.

Floors subject to chemical spills, or spiHS of acid laden
scrubbing liquid are most often protected with "acid" brick laid in
£Uran mortar on an asphalt membrane (11). The same protection is
carried into trenches and sumps (12) receiving such liquid wastes,
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may be unlined if the liquids contain acids that cause wood to swell
(sulfuric acid is an example), or lined with a loose neoprene or
p. v. c. liner if the liquid contains acids that cause wood shrinkage
or degradation, (such as nitric, hydrochloric, or hydrofluoric).

Selection of the appropriate masonry unit to employ in the
lining is dependent on chemical content of the gases and that of the
scrubbing liquids, on the dew points of residuals after scrubbing,
on the maximum and minimum temperatures in the specific area to
be lined, on the thermal drop needed through the system, on the
acceptable amount of heat loss, and on the thickness and weight of
lining that is acceptable.

First consideration should probably be given to the foamed
borosilicate glass block (6) mentioned earlier since it provides the
optimum in insulation combined with minimum in weight, and thick
ness, in installation costs, and in installation time. However, it
should not be used, surface exposed, to live steam impingement,
or to liquids bearing more than 50 ppm of hydrofluoric acid or acid
fluorides, or to alkalis such as sodium carbonate (soda ash), potas
sium carbonate, sodium or potassium hydroxide, lime, etc., or to
temperatures in excess of 960 0 F.

Next consider shale, fireclay, and carbon brick (8) alone or
in combination with the foamed glass block, and/or further combined
with insulating or refractory brick (18).

Mortar selection also depends on thermal conditions and
liquid exposures. In hot and normally dry areas, but where there
can be condensation contaminated with acid during idle periods, a
refractory type silicate mortar is usually the selection (191), and in
wet-dry areas that are often quite hot and are never subject to steam
impingement, potassium or sodium silicates or pure silica mortars
should be considered. Resin mortars should be used in all areas
that are continually wet, if there is either steam impingement, or the
possibility of excursions into the alkali pH ranges. Mortar selection
procedure is therefore too technical and too varied to be covered in
this paper in more than a general way, and the designer should consult
the manufacturer for a firm recommendation geared to his specific
design and exposures.
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DIFFERENCES IN DESIGN: ALLOY AND MASONRY LINED EQUIPMENT

In designing steel or concrete vessels to receive masonry
linings, the following factors should be born in mind: .

(1) The masonry (and membrane) lining must have adequate
thickness to provide the thermal, mechanical and chemical protection
for which it is intended. Therfore, adequate space must be providedl
to accomplish this. Internal dimensions of the equipment must be
determined after the thickness is computed and not guessed at (22).

(2) The masonry lining must be supported by the vessel
structure. Therefore, the vessel design must include provis ion to
carry not only the weight of the lining, but to restrain and support
any stresses that may be created by cycling operations (23).

(3) Human applicators must be able to construct the lining,
and if need be repair it, from inside the vessel, therefore the design
must take this into account.

(4) It is easy to design and fabricate rectangular cross
section horizontal ducting. But "acid brick" cannot be laid flat unless
they have support. Therefore, covers and duct tops must be arched
to permit the brick lining their under-sides to be supported by thrust
against the walls. (There· is an exception to this. The borosilicate
foamed glass block can be used as a lining for the under-side of flat
surfaces) •

(5) Outlets and penetrations through the wall of cylindrical
(or conical or spherical) vessels must be desinged so that the lining
of the connecting outlet (etc.) mates with the brick lining in the interior
of the vessel. For this reason the steel (or concrete) shell must be
designed with side outlets at least one course of brick (4" approximate
ly) above the floor, preferably more, to allow space for a "bulls eye"
course in the wall around the outlet.

(6) Intersections of two cylinders, though handled without too
much difficulty in metal fabrication, are not easy to line with brick,
especially if the two cylinders are roughly the same diameter. De
signs of this type should be avoided, or if that is not possible, discuss
with an engineer experienced in masonry lining work prior to finaliz
ing the drawings.

(7) "Acid" brick linings have coefficients of thermal expansion
in the range of 4 x 10 -6, while steel expands 80% more. Concrete
structures also have higher coefficients - in the vicinity of 5.8 x 10-6•
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The design must take this into account in order to assure continuous
support of the substrate for the ,lining. Failure to do this will allow
the masonry to go into tension - an unacceptable condition - and the
lining will pull ap.art. The design must also take into account all
stresses due to thermal changes so that excessive compressive
forces do not build up and cause failure. Cylinders, cones and
sphere,; are generally the best for masonry linings since "arch" con
figurations are always the strongest in masonry. Rectangular designs
give least trouble when the walls and bottoms are rrbowedrr outward
from the center (wider at center than at ends). Such design builds an
arch into the wall and bottom, providing greater strength and stability
(25) •

(8) Western hemisphere clay brick all grow over a period of
time, though neither uniformly nor at uniform speed. This growth
has been measured up to a maximum in the vicinity of 0.16% of any
dimension and may be attained within a year or so, or perhaps over
a ten year period. Growth is accelerated by hot, wet cycling condi--
tions and is least noticeable in steady state dry conditions. In design,s
where the brick are held in compression (such as the lining of cylindri
cal vessels) the growth is restrained and unnoticeable unless a brick
must be replaced, at which time it is noticed that the replacement
brick will not fit unless it is trimmed. However, on flat surface such
as floors, trench linings, and flat rectangular walled tanks the growth
is sufficient to cause "heaving". The ends of the masonry structure
are restrained, so the growth forces within the structure relieve them
selves by pushing away from the flat surface - upwards from a floor,
outwards from a wall. The designer may prevent this in vessel design by
"bowing" the walls and bottom (see #7). In floor design expansion
joints to take up the growth (in addition to allowing for thermal elonga
tion) must be provided.

(9) As in all structures, but to a greater extent than in alloy
design, expansion must be provided for. There are many kinds and
designs of expansion joints and the designer should compute carefully
the maximum movement that can be anticipated and provide for it with
a joint size double that of anticipated expansion. Expansion joints are
the weakest parts of masonry structures and care must be taken to
prevent them from becoming sources of trouble in operation (26).

(10) The des igner must keep in mind that all brick linings must
be primarily self-supporting. A relationship between height and length
of a wall, and its thickness determines the stability of the wall. In
contoured vessels (cylinders, bowed wall rectangles, etc.) the arch
effect forces the wall against its support, and thickness is only impor
tant as it is required to protect membrane and substrate. However in
a straight wall, failure to make the wall thick enough to provide a base
of support will ensure its collapse (27).
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SURFACE BONDING CEMENT: A NEW TECHNOLOGY FOR MASONRY

Richard D. Klausmeier

ABSTRACT: A new technology has been added to the masonry industry-
surface bonding cement. Surface bonding cement is a fiberglass
reinforced concrete that is used to bond hollow unit masonry together
without the use of mortar. The 1/8 in. thick glass-reinforced skin
on each side of the wall bonds the units together and seals the mas
masonry in one step.

The first course of concrete units is placed in a mortar bed.
Subsequent courses are stacked dry. The dry walls are dampened and
the surface bonding trowled on. The surface bonding cement gains
much of its strength within 24 hours.

Tests have been conducted to establish the moisture penetration
resistance, fire resistance, as well as the various structural
characteristics. The National Concrete Masonry Association has
issued recommended design allowables and a short form specification
has been developed.

Ipresident, the Q-Bond Corporation of America, Denver, Colorado.
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SURFACE BONDING CEMENT: A NEW TECHNOLOGY FOR MASONRY

By Richard D. Klausmeier
l

INTRODUCTION

The masonry trade has an old and proud tradition dating back
to the early placement of stone to make structures. The stone mason
selected his materials, cut and fit each stone so that the whole
edifice took on the character that the designer wanted. There was
great pride in building a structure that had lasting beauty as well
as lasting durability.

When masonry building units progressed to the production stage,
the mason maintained his position of skill and level of workmanship.
The cutting of stone decreased and the use of mortar increased. This
trend has continued to the present time. Evidence of masonry work
is available throughout the world.

Masonry construction is generally thought of as the cutting and
placing of stone, decorative stonework, bricklaying, and hollow unit
masonry construction. Hollow unit masonry, commonly referred to as
concrete blocks also includes the modern lightweight aggregate blocks.
This paper concentrates on concrete block construction.

Since the late 1960's a new masonry technique has gained wide
acceptance in the building industry. That new technique is surface
bonding and the new material used is glass fiber reinforced surface
bonding cement, referred to as surface bonding mortar in the pro
posed ASTM standards.

Under standard concrete block construction, the concrete blocks
are laid in a mortar bed. The assumption might be that the mortar
glues the blocks together and that the mortar also weather seals
joints. Neither of these assumptions can withstand close scrutiny.
The mortar is a relatively poor adhesive and has little strength in
tension. The mortar also serves as a matrix of capillary channels
to pass water, thus not serving to seal the wall. Concrete blocks
soak up moisture and must be protected lest they function as a sponge.
The use of concrete blocks in construction is widespread and widely
accepted as good construction.

lpresident, The Q-BOND Corporation of America, Denver, Colo.
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Surface bonding cement is used to bond concrete blocks together
without the use of mortar. The glass fiber reinforced skin bonds
the blocks together and seals them all in one step.

Generally speaking, surface bonding cements are commercially
available as a pre-mixed dry blended material delivered in 50-80 lb.
bags. To make the material useable only requires the addition of
water and mixing. Surface bonding cement will usually contain cement,
silica sand, lime, chopped strand and a water proofing agent

The construction procedure for surf~ce bonded walls is similar
to that of conventionally built block except that NO MORTAR is used.

CONSTRUCTING WITH SURFACE BONDING CEMENT

FIRST COURSE

The block wall should be built on a firm foundation not likely to
shift. Level the first course of blocks in a mortar bed without
mortaring between the blocks. (Fig. 1) Leave necessary openings for
doors. Level the first course carefully so that upper walls will be
level. Make sure control joints and all vertical reinforcing has
been installed.

Figure 1
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Except for the first course eliminate mortar and horizontal joint
wire mesh reinforcement. Be sure your building conforms with the
local masonry building codes.

All blocks are not made to perfect dimensions; therefore, when
blocks are laid end to end without mortar the length of the wall
needs to be checked. Layout the first course dry to check overall
dimensions. Some blocks may need excessive roughness knocked off.

STACKING THE WALLS

Start by stacking the blocks three courses high at the corners.
Using a mason's line from corner to corner, stack the blocks to the
line in a running bond pattern. (Fig. 2)

Figure 2

Check corners and the face of the walls with a level. Stack
the block tightly together. Insert wooden frames to maintain correct
openings for windows and doors.

Because blocks are not all perfect, shimming may occasionally be
necessary. To shim, use metal wall ties, mortar, or surface bonding
cement. A perfectly smooth wall is not necessary; surface bonding
cement will hide the block lines and many irregularities. Just make
sure the blocks are bearing securely against one another. Cover the
top of the wall to prevent rain or snow from getting in the wall.
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MIXING SURFACE BONDING CEMENT

Using a container such as a wheelbarrow (or mortar mixer) put
in l~ gals. of water. Pour in a 50 lb. bag of surface bonding cement,
mix with hoe or other mixing tool. Slightly more water may be needed
to get a creamy, workable (but not runny) mixture. A small amount of
water may be added up to 30 minutes after mixing if mixture begins to
thicken. A 50 lb. mix should be used in about one hour by one person.
Mix that becomes unworkable should be discarded and not added to
another batch.

APPLYING SURFACE BONDING CE}1ENT

The block walls should be wetted well (but not soaked) before
applying surface bonding cement. Wetting prevents the dry block from
absorbing water from the bonding mixture. In very dry climates more
care will be needed to offset quick evaporation. Surface bonding
cement should be applied when the surrounding temperature will be
above 400 for 24 hours after application.

Surface bonding cement is easily worked with an ordinary plaster
er's trowel. (Fig.3) Apply surface bonding cement to a minimum of
1/8 inch thick, using upward strokes and sweeping in a diagonal
direction, covering the blocks and joints. Surface bonding cement
must be applied to BOTH SIDES of the wall.

Figure 3
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For high production, a spray pump can be used to apply the
surface bonding cement to the wall. Excessive troweling should be
avoided. Stop at natural breaks such as doors, windows or corners.

CURING

Surface bonding cement takes its set in one hour and will gain
much of its ultimate strength in 24 hours. To insure maximum per
formance from your surface bonded wall, the surface must be dampened
twice each day with a fine spray during the first 48 hours after
application. (Fig. 4) This is particularly necessary under dry
climatic conditions. In cold weather, keep the surface bonding
cement from freezing during the first 48 hours.

Figure 4

In the event you desire to add a subsequent texture coat to
your surface bonded wall, it should be done within 24 hours after
the origional coating. Using a bonding adhesive additive in the
texture coat allows application at any time.



TEST RESULTS

Test results of surface bonded wall systems show that in compar
ison with conventional mortared walls they have more strength in
flexural and racking, resist moisture penetration better, and retain
a good fire rating. (See Table 1) (1,2)

TABLE 1

COMPARISON OF SURFACE BONDED WALLS AND CONVENTIONAL

MORTARED LIGHTWEIGHT BLOCK WALLS

Test Wall Wall Surface Results Percent of
Thickness System Bonding Conventional

Thickness

Compression
(ASTM E-72) 8 Inch Type S Mortar 504 psi 100

Surface Bonded .10 308 psi 57

Flexural
(ASTM E-72) 8 Inch Type S Mortar 29 lb/ft2 100

Surface Bonded .10 47 lb/ft2 164

Beam
Third Point
Loading
(ASTM E-72)

Racking
(ASTM E-72)

8 Inch

8 Inch

Surface Bonded

Type NMortar
Surface Bonded

.09

.10

340 psi

2970 lb/ft
4170 lb/ft

100
140

FIRE RESISTANCE* (ASTM E-119-73)

Surface Bonded

Thickness

.11

Block wt. Duration of Test

94.3 lbs/ft3 2 hr 6 min

Rate

2 hr

WATER RESISTANCE (F.S. TTP-0035)

Duration Water Rating
of Test Penetration

Surface Bonded

Wind
Velocity

98mph

Thickness

.10 8 hrs o Excellent

* Also passed double loading of 100 psi and hose stream test



65-8

As a result of tests, The National Concrete Masonry Association
(NCMA) has established design date for Surface Bonded Walls. (See
Table 2) (3)

TABLE 2

RECOMMENDED DESIGN ALLOWABLE STRESSES FOR
NONREINFORCED SURFACE BONDED WALLS

OF HOLLOW CONCRETE MASONRY UNITS

General: "American Standard Building Code Requirements For Masonry,"
ANSI Standard A41.1, except as noted below.

ALLOWABLE STRESSES:

Compressive:

Shear:

Flexural:

4~ psi based on gross area with unground masonry
bearing surfaces

85 psi based on gross area with ground masonry
bearing surfaces

10 psi based on gross area

Horizontal Span:
30 psi based on gross area when units are drys tacked
in interlocking (running bond) pattern

18 psi based on gross area when units are drys tacked
in non-interlocking (stack bond) pattern

Vertical Span:
18 psi based on gross area

A proposed ASTM Standard is in the final stages of acceptance.

In a research project under a National Science Foundation Grant,
James R. Cagley is investigating the feasibility of surface coatings
or treatments to accomplish seismic hardening of existing unreinforced
masonry walls. (4) The author came to the following conclusions:

The use of surface bonding cement to accomplish
seismic hardening of unreinforced masonry walls
is a potentially economic solution to a problem
that at present only has expensive solutions.

This solution does not address all of the
problems inherent in hardening of existing
building such as anchoring of diaphragms or lack
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of chord elements, but it does offer substantial
additional safety for the buildings' inhabitants
and those people outside the building who might
get hit by falling masonry. The confining effect
of the coating and ductility it furnishes are
equally as important as the added sheer capacity.

If the use of this material tests out as antici
pated, it will result in an immediately
available solution for economical hardening of
existing unreinforced masonry walls. This
solution together with rational engineering
judgment could be used to upgrade thousands of
buildings in a short period of time.

SHORT FORM SPECIFICATION

The first course of concrete masonry units shall be laid in a
full bed of mortar or surface bonding cement, but without mortar be
tween the blocks. Starting with the second course, all blocks will be
stacked in a running bond pattern. Surface bonding cement shall be
applied to both sides of the block, covering the block and joints to a
minimum thickness of 1/8 inch according to instructions on the
manufacturer's bag.

DIMENSIONS FOR BLOCK WALLS
TABLE 3

DIMENSIONS OF WALLS AND WALL OPENINGS CONrTRUCTED
WITH SURFACE-BONDED CONCRETE BLOCKS

Number Number
of Length of wall of Height of wall

Blocks Courses

1 1' 3 5/8" 1 7 5/8"
2 2' 7 1/4" 2 1 ' 3 1/4"
3 3' 10 7/8" 3 1 ' 10 7/8"
4 5' 2 1/2" 4 2' 6 1/2"
5 6' 6 1/8" 5 3' 2 1/8"
6 7' 9 3/4" 6 3' 9 3/4"
7 9' 1 3/8" 7 4' 5 3/8"
8 10' 5 8 5' 1
9 11' 8 5/8" 9 5' 8 5/8"

10 13' a 1/4" 10 6' 4 1/4"
11 14' 3 7/8" 11 6' 11 7/8"
12 15' 7 1/2" 12 7' 7 1/2"
13 16' 11 1/8" 13 8' 3 1/8"
14 18' 2 3/4" 14 8' 10 3/4"
15 19' 6 3/8" 15 9' 6 3/8"

1 Standard 16 inch blocks, 15 5/8" long by 7 5/8" high.
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USES OF SURFACE BONDING

The uses for surface bonding cement are literally limited only by
the imagination of the user or designer. Fish ponds, dams, outdoor
sculpture and molding are some of the unusual applications. More
practical projects have included every kind of building from storage
shed to huge warehouses hundreds of thousands of square feet and
including both low cost and custom homes, shopping centers, racquetball
courts, churches and even McDonald Restaurants. Extensive building is
presently underway and the growth of the surface bonding concept
appears to be on a steady incline.

Designers, owners and contractors like the savings and appearance
of surface bonded walls. This most dramatic development in masonry
provides another technique that allows the mason to build with skill
while combining innovation with tradition. Economy, speed of construc
tion, strength and beauty are all characteristics of the surface bonding
system. Add to this the increased productivity and it is clear why
masons repeatedly comment about surface bonding being the wave of the
future. Ne~ technology combined with the pride and skill of the mason
will make his trade even more important in the future.
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A SIMPLIFIED FLEXURAL BOND TEST FOR CLAY BRICK MASONRY

By Huizer, A. and Ward, M. A.

ABSTRACT: The accepted flexural test for clay brick masonry involves
the use of specimens that are heavy, unwieldy and fragile. As a
result the specimens are both inconvenient and impractical to trans
port and test. A new test is proposed which replaces the end thirds
of the flexural beam with light alloy end pieces. The specimen to be
manufactured in the laboratory or on site is therefore reduced to a
two, three or four high brick prism. The end pieces are designed to
minimize torsional stress due to uneven bearing surfaces, etc. This,
coupled with the fact that the specimens are less likely to be
damaged due to their reduction in size and weight, results in a
significant reduction in within-batch variability.
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A SIMPLIFIED FLEXURAL BOND TEST FOR CLAY BRICK MASONRY

By Arie Huizer,l and Michael A. Ward2

INTRODUCTION

In many applications, such as cavity walls and non-structural
veneers, the structural performance of clay brick masonry is dependent
upon adequate in plane flexural strength. Where wind related forces
are the design loads the flexural strength of the unreinforced masonry
panel is the principal design parameter.

The American Society for Testing Materials (ASTM) and the
Australian Standards Association (AS) have developed test methods to
establish the flexural bond strength of clay brick masonry, designated
respectively as ASTM E5l8 (1)3 and AS 1640 (2). Unfortunately both
test methods specify test specimens that are difficult to manufacture
and which are easily damaged in transport or handling during the test
itself. In addition the method of test in each standard is unsatis
factory since it gives results with unacceptably high coefficients of
variation, nominally greater than 30%.

In the proposed test method the flexural test is performed on a
two- or three-brick high prism segment. The specimens are easy to
manufacture and handled without damage. The simple loading rig
utilized minimizes the alignment problem during the set-up procedure
which results in a significant improvement in the test coefficient of
variation.

PROPOSED TEST METHOD

The proposed test is a flexural test which employs demountable
extension sections fixed to both ends of the two- or three-brick prism
segment. Load is applied on each of the end bricks of the segment which
gives a uniform bending moment over the central section of the segment,

lInstructor II of Civ. Engrg., Univ. of Calgary, Calgary, Alberta.

2prof. and Head of Civ. Engrg., Univ. of Calgary, Calgary, Alberta.

3Numerals in parentheses refer to corresponding items in the
Appendix I.--References.
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i.e. either one or two mortar joints. The supports for the extension
sections are designed to ensure that a uniform bending moment occurs
over the prism segment without any torsional effect from the support
reactions. The complete test set-up is shown in figures 1 and 2.

TEST PROGRAM

In order to evaluate the new test method, a comparative test
program was conducted using the procedure specified in AS 1640, figure
3, and the proposed method. The Australian test is essentially a
field test and was chosen for comparison purposes since the new test
was originally conceived for field testing. In the Australian method
the load is applied to the beam specimen using a brick stack (see
figure 3).

The new test procedure used both two- and three-brick segments.
The loading rates were established for the new test so that the
increase in extreme fibre stress with time was nominally the same for
both the new and the old procedures, nominally 13.8 kPa/min.

The brick chosen for this study was a locally produced wirecut
4 in. modular standard brick. The brick meets all requirements of CSA
Specification A82.l(4). The nominal dimensions of this brick are
3 5/8 in. x 2 1/4 in. x 7 5/8 in. and it has ten perforations.

Two mortar types were used, type Nand S as specified in CSA
Al79(5) and ASTM C780 (6).

All test prisms were cured in laboratory air for 28 days. The
mortar cubes were moist cured as specified in CSA Al79.

The stress at failure is the modulus of rupture of the specimen
calculated from

~
I

RESULTS

The mortar compressive strength results are given in table 1.
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Mortar No. of Strength
Type Specimens MFa

N 12 8.20

S 12 13.8

Table 1. Mortar Compressive Strength
(according to CSA Al79)

The modulus of rupture and coefficient of variation for each of
the mortar/brick/test method combinations are given in table 2.
Table 3 gives the pooled coefficients of variation for all test
methods used in this study and a method developed by Lawrence (3).

Average Coefficient
Mortar Modulus of of

Type No. of Rupture Variation
Test Method (CSA Al79) Specimens MFa - per cent

9 Brick N 12 0.99 50.3
Prism N 12 0.51 53.3

2 Brick Prism N 12 1.34 14.1
Segment S 12 1.88 15.8

3 Brick Prism N 12 0.65 14.7
Segment S 12 1.81 11. 7

Table 2. Summary of Flexural Test Results, all Methods

The latter is of interest to this study since Lawrence's specimen
and test procedure is essentially the same as ASTM Test Specification
E 518-76.
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Coefficient of Variation
Test Procedure (per cent)

2-brick prism
15.0segment

3-brick prism 13.2segment

9-brick prism
51.8

(AS 1640)

Lawrence*
9-brick prism 27.6
(essentially
ASTM E5l8)

* la-hole wire cut bricks only

Table 3. Pooled Coefficients of Variation - all
Test Methods

DISCUSSION

For a test method to be useful for pre-construction evaluation of
materials or for control purposes on site it should be relatively easy
to perform (inexpensive) and give meaningful results. In flexure
tests on masonry assemblages it is obvious that neither of these
criteria is met using either the Australian or ASTM test methods. The
nine- and ten-brick prisms are heavy and unwieldy and hence are
easily damaged during handling. Both procedures also give unaccept
ably high coefficients of variation, probably due in part to
unavoidable damage to the specimens themselves and problems arising
from the loading set-up.

The new procedure is however more acceptable. The two- or three
brick segments are easy to manufacture and handle and the extension
segments are easily fixed to the specimen. In place, the design of
the extensions ensures a relatively uniform stress distribution in the
specimen. The coefficients of variation obtained with the new test
method are only nominally one half of the best result obtained with
any of the other methods.
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CONCLUSION

The proposed test procedure to determine the flexural strength
of plain masonry has been shown to be a superior test to current
laboratory and field test methods, in particular AS 1640 and ASTM E5l8.
Its principal advantages are (1) that the use of the two- or three
brick segment in place of the nine- and ten-brick beam almost ensures
that the test specimen will not be damaged during handling; and (2)
that the test variance is reduced due to (1) and the uniform stress
distribution ensured by the end piece design.

FUTURE WORK

Since the four high prism is the accepted standard for the
compressive strength test for masonry, work should be undertaken to
determine whether a four-brick prism could be as effectively used for
flexure testing using the prism end pieces. There would be clear
advantages if the same prism configuration could be used for com
pression and flexure testing.

ACKNOWLEDGEMENTS
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Figure 1. Proposed Test Method
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~---Load applied to centre
area of bricks.

Figure 3. Australian Flexure Bond Arrangement
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QUALITY CONTROL OF LOAD BEARING CONCRETE BLOCK WALLS

By Elnicky, E. J.

ABSTRACT: On October 6, 1977, a significant step in bringing people
back into the "Central City" of Fort Wayne was accomplished with the
groundbreaking for the Edsall House apartments, a 202 unit senior
citizens housing complex. The project, estimated to take about 15
months to complete is divided into three five-story masonry buildings
valued at 4.5 million dollars. The entire Edsall House development
is adjacent to a Senior Citizens Center which is valued at 2.5 million
dollars.

The architect specified fluted masonry load-bearing block wall construc
tion for the project. To establish the 28-day ultimate compressive
strength (f'm) of the block, prism tests were conducted in accordance
with Section 3.2 of "Specification for the Design and Construction of
Load-Bearing Concrete Masonry," (NC MA-1970).

In conjunction with the above tests, 36 additional prisms were tested
to ensure that the design f'm value was met. From the test data, a
statistical analysis was performed to determine the basic characteris
tics of the prisms.

The significance of the project is the quality control of the masonry
work as determined by prism tests. It is the first time in the Fort
Wayne area that.prism tests have been performed. The results and con
clusions drawn from these tests are of value to block suppliers,
architects, engineers and building contractors.
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QUALITY CONTROL OF LOAD BEARING CONCRETE CLOCK WALLS

By Edward J. Elnickyl

INTRODUCTION

In order to ensure that a building is safe and long-lasting, a
program of quality control is essential. In Fort Wayne, Indiana, the
Edsall House (a 202-unit, three 5-story buildings, senior citizen
housing complex) is being built of concrete masonry block wall con
struction. To determine and verify the ultimate compressive strength
(f'm) of the load-bearing concrete block walls, a series of prism
tes ts has been performed. Therefore, the purpose of this paper is
threefold: (1) to examine the procedures used to determine f'm,
(2) to review the specifications and procedures used for the testing
of prisms during the course of construction, (3) to analyze by means
of a statistical analysis the 36 prisms used for quality control.

DETERMINATION OF f'm

INITIAL f'm

The determination of f'm was a process of learning, testing and
evaluating prism test results to see if load bearing concrete block
wall construction could be used for the Edsall House apartment complex.
The reason for this statement is that prism tests have not been per
formed in the Fort Wayne area for at least twenty years. One of the
major problems involved with prism tests is the need for a large capa
city compression testing machine. This problem was solved by using the
testing facilities at the Indiana University-Purdue University regional
campus. The machine used was a Tinius Olsen Standard Super "L" uni
versal testing machine with a range capacity of 400,000 pounds.

The architect specified fluted concrete block wall construction,
but did not specify the number of flutes nor color to be used. This
was to be decided upon by making two block wall mockups, one 8-flute
and the other 4-flute. A set of five prisms (two block high Hid
ratio equal to 2.0, 4-flute two cell) was then tested at seven and
28 days to determine f'm. When the average seven day f'm value proved
adequate (3580 psi net area), another set of five prisms (two block
high, Hid ratio equal to 2.0, 4-flute block, correct color) was made
and tested. Prior to this, a set of five prisms (two block high,
Hid ratio equal to 2.0, 8" X 8" X 16", 2-core regular limestone
foundation block) was constructed and tested. The average seven and

IAssistant Professor, Civil Engineering Technology, Purdue
University at Fort Wayne, Indiana.
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28-day f'm value for the foundation block were 2080 psi and 2110 psi
respectively. This is an increase in strength of 1.4%. The 4-flute
prisms were then tested, and the average seven and 28-day f'm values
were 3790 psi and 3940 psi respectively. Because only a 1.4% and
4.0% increase in f'm was obtained from the 28-day breaks, it was
decided by the architect that seven-day break values would be used
for quality control.

DESIGN f'm

The Uniform Building Code which is used in Fort Wayne, Indiana,
specifies that the ultimate compressive strength (f'm) may be assumed
to be 1350 psi for hollow concrete units and 1500 psi for the same
units grouted solid (1). Prisms were made and tested to establish the
f'm values for both the foundation and 4-flute block. From these tests,
the average seven day f'm values were found to be 2080 psi (foundation
block) and 3790 psi (4-fluted block). The foundation blocks used in
the construction of the load bearing walls were grouted solid but prism
tests were made using hollow blocks. After evaluating the initial test
results, an f'm value of 1500 psi was selected as the design f'm value
for the Edsall House apartment complex. This provided an extra amount
of safety which the structural engineer felt necessary because of the
lack of experience in making and testing prisms in the Fort Wayne area.
Quality control prisms would be used to verify this f'm value for both
the foundation and 4-flute block walls.

PRISM SPECIFICATIONS

PRISH SAMPLING

Job specifications for the Edsall House require "At least one field
test during construction per each five thousand square feet (5000 square
feet) of wall but not less than three such tests for each of the lower
three floors of the building; the upper floors require one test per
floor (3)." The latter portion of this specification was used to deter
mine when prism tests would be performed. Periodic inspections were
also done by the architect during wall construction. An area of concern
was the possibility of the mortar freezing due to low temperatures during
the latter part of October. To prevent freezing, walls and prisms were
covered. Adverse weather conditions forced the job to shut down early
in December with sporadic work being done during the winter months. Con
struction is scheduled to resume in early March or as soon as weather
conditions permit. Prisms will continue to be tested to verify the
remainder of the work.

PRISM CONSTRUCTION

liThe test prisms should be a representative sample of the actual
composition of the wall (4)." To establish this, block, grout and
workmanship shall be the same as that used in the actual wall structure.
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The mason supervisor built all the prisms using block and mortar that
was currently being used in the construction of the load bearing walls.
The initial prisms were constructed with the job superintendent, block
representative, and other representatives on hand. Prisms were con
structed adjacent to the job trailer on level sheets of 3/4" x 4' x 8'
plywood.

PRISM HANDLING AND CURING

Prisms were cured on the job site for 48 hours then banded with
3/4-inch plywood placed on the top and the bottom of the prism. They
were then transported to the laboratory for five more days of curing,
then taken to the Indiana University-Purdue University regional campus
at Fort Wayne for testing.

PRISM CAPPING AND TESTING

The purpose of capping is to provide a smooth bearing surface for
the load to be transmitted evenly throughout the prism. Prisms were
first thoroughly examined for possible damage in transport before
removing bands and plywood. The bearing surfaces were then rubbed with
a carborundum stone to provide a surface free from any rough spots.
Prisms were not capped with either sulfur mortar or high-strength gypsum
plaster because of the difficulty in handling the prisms. Instead cor
rugated fiber board was placed on both bearing surfaces to transmit the
load throughout the prism. Testing was done by using a Tinius Olsen
Standard Super "L" universal testing machine with a capacity of 400,000
pounds. Prisms had a height to thickness (H/d) ratio of 2.0; therefore,
a correction factor of 1.00 was applied to the ultimate compressive
strength of the specimens (2).

BLOCK AND MORTAR TESTS

Individual block tests were performed by an independent testing
firm, and the block exceeded the requirements of A.S.T.M. C-90, Grade
NI and NIT. Cube mortar tests were performed on the Type S mortar used
and exceeded the specified compressive strength of 1800 psi in 28 days.

STATISTICAL ANALYSIS

MEAN AND STANDARD DEVIATION

Statistical quality control implies the use of numbers and mathe
matical relationships to determine if a material, quantity or process
meets job specificati.ons. Using a sample size of 15 from the data given
in Appendix III, a mean f'm value of 2200 psi was calculated with a
standard deviation of 284 psi for the foundation block. Figure 1 shows
the relationship between the mean f'm (sample size 3) and each foundation
block set. While Figure 2 illustrates this same relationship for the
4-flute block. A sample size of 21 was used to compute a mean f'm value
of 3920 psi with a standard deviation of 414 psi for the 4-flute block.
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From Figures land 2, it is noted that there are two low prism
breaks. One in Set 6 (foundation block) and the other in Set 8
(4-flute block). Upon examining the prisms in Set 6, a damaged corner
was discovered. This could account for the low test break. There is
no apparent reason for the low test break in Set 8.

The relationship between the mean f'm value for each building is
given in Figures 3 and 4. Figure 3 shows this relationship for the
foundation block while Figure 4 illustrates this same relationship for
the 4-flute block. In both Figure 3 and 4, the mean f'm value is greater
than the initial and the design f'm values. This indicates that the
block being placed in the building is meeting specifications.

RANGE

The range is another measure of the dispersion or degree of scatter
among test results. Table 1 lists the range for both the foundation and
4-flute block for all three buildings and the overall range for the prism
breaks.

TABLE 1 - f I m RANGE

Foundation 4-Flute
Building Block Block

psi psi

A 700 890

B 390 890

C 410 810

ABC 1120 1810

SUMMARY

Quality control is vital on any construction project and is neces
sary for the safety and proper performance of any structure. The Edsall
House Project was one where prism tests were used to establish and control
the ultimate compressive strength (f'm) of the concrete masonry load
bearing block walls. By having a method of control (prism tests) the
architect, contractor and owner had assurance of the performance of the
load bearing walls.
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The result of these prism tests, being a feasible method of quality
control in the Fort Wayne area, has led to the planning of another load
bearing masonry block wall apartment complex in Fort Wayne, Indiana.
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APPENDIX II - NOTATION

The following symbols are used in this paper:

f'm ultimate net compressive strength;
N number of tests;
J standard deviation.

APPENDIX III - PRISM TEST DATA

Set Date Bldg. Age Type Total Load Net f'm
Made lbs psi"<

1 9/30 Orig. 7 4- 193,000 3290
Set 7 Flute 227,500 3880

28 240,000 It l l l0
28 247,000 4260
28 233,500 4030

2 10/14 Orig. 7 Found. 133,000 2110
Set 7 129,000 2050

28 119,500 1900
28 143,000 2270
28 136,500 2170
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Set Date Bldg. Age Type Total Load Net f'm
Made lbs psi ~~

3 10/21 Set 7 4- 218,000 3770
Used 7 Flute 332,500 3810

28 236,000 4020
28 223,000 3800
28 235,000 4000

4 10/28 A 7 4- 222,000 3780
1st 7 Flute 212,500 3620

Floor 7 205,000 3490

5 10/28 A 7 Found. 137,500 2180
1st 7 116,000 1840

Floor 134,000 2130

6 11/7 A 7 Found. 127,000 2020
1st 7 128,000 2030

Floor 7 93,000 1480

7 11/7 B 7 Found. 150,000 2380
1st 7 153,000 2430

Floor 7 148,000 2350

8 11/7 B 7 4- 227,000 3930
1st Flute 176,000 3040

Floor 223,000 3860

9 11/7 B 7 4- 200,000 3460
1st 7 Flute 196,000 3390

Floor 7 200,500 3470

10 11/18 B 7 Found. 164,000 2600
1st 7 139,500 2210

Floor 7 147,000 2330

11 11/22 A 7 4- 243,000 4140
2nd 7 Flute 218,000 3720

Floor 7 237,000 4040

12 11/22 A 7 4- 240,000 4090
2nd 7 Flute 236,000 4020

Floor 7 257,000 4380

13 11/28 C 7 4- 250,000 4260
1st 7 Flute 252,000 4300

Floor 7 239,000 4070
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APPENDIX III (Cont'd) - PRISM TEST DATA

Set Date Bldg. Age Type Total Load Net f'm
Made 1bs psi'"

14 11/28 C 7 4- 237,000 4040
1st 7 Flute 252,000 4290

Floor 7 282,000 4850

15 11/28 C 7 Found. 158,000 2510
1st 7 148,000 2350

Floor 7 132,500 2100

*Net area foundation block = 63.0 in2
*Net area 4-f1ute block = 58.7 in2
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Test Methods for Masonry Mortars

by E.L. Jessop and B.W. Langan
Department of Civil Engineering

University of Calgary
Calgary, Alberta

Canada

ABSTRACT: Test methods for determining the properties of fresh mortar
have been reviewed. Particular attention has been paid to those methods
used for determining the workability of mortar, i.e, the flow table,
Mo-meter, dropping ball, cone penetrometer, slump and Russian cone.
Comparative test data relating these tests are presented together with
data assessing the ability of the individual methods to detect small
variations in workability over the range of low to site workabilities.
Other test methods considered include those used to determine water
retentivity and consistency retentivity, together with procedures for
determining the constitutive proportions of the mortar and air content.
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TEST METHODS FOR MASONRY MORTARS

by

E. L. JESSOpl and B. W. LANGAN2

1. SUMMARY

In this paper we present our thoughts on the specification of mortar,
discuss the various test methods included in the mortar standards of
a number of countries in the world for determining the characteristics
of fresh mortar, and recommend which of these test methods are the
most suitable for use in both pre-construction evaluation and on-site
quality assurance programs.

2. INTRODUCTION

In North America ASTM C270 (1) and CSA A179 (2) are the standards by
which mortar is specified, and they are very similar. Davison (3)
has reviewed the development of ASTM C270, observing that,

a) the original objective of the drafting committee was
to write a performance-type specification.

b) the objective was not achieved because consumer members
of the committee were unable to relate the laboratory
test methods in the draft specification with known
field programmes and producer-members could not appreciate
consumer concern that certain tests be included.

c) the format of the current specification is a compromise
presenting alternative "prescription-type" (proportion)
and "performance-type" (property) specifications.

We are of the opinion that a mortar specification should directly
relate to the method by which the mortar is prepared on-site.

On-site mortar is prepared by volume or weight proportions. Hence,
an appropriate mortar specification is one which states requirements
for the composition of the mortar; in other words, a prescription
type (proportion) specification. A performance-type (property)
specification is more appropriate for masonry than mortar alone.

1. Research Director, Alberta Masonry Institute and Associate Professor
(part-time), Department of Civil Engineering University of Calgary,
Calgary, Alberta, Canada.

2. Instructor II, Department of Civil Engineering, University of Calgary,
Calgary, Alberta, Canada.
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Prior to specifying mortar by its proportions, the mix should first
be evaluated in the laboratory to determine its suitability for use
with the chosen masonry units via tests on prism or panel assemblages.

On-site, for quality-assurance purposes, the sooner a test yields
data the better; hence, emphasis should be placed on fresh mortar
testing rather than on hardened mortar testing. The important
characteristics of fresh mortar are listed in Table 1.

3. TEST METHODS FOR FRESH MORTAR PROPERTIES

3.1 Workability

The workability of fresh mortar is of fundamental importance to the
mason. Perhaps the best definition of this characteristic, certainly
as far as the mason is concerned, is ... "the property that enables a
mortar to spread, when trowelled, into all cracks and crevices of
the unit". (4)

Researchers, in attempting to be more scientific in their search for
a suitable definition of this characteristic, have variously recog
nized that workability is a complex rheological property embodying
such properties as plasticity, consistency, cohesion, adhesion and
viscosity. Some of the test methods included in Table 1 under the
heading "Workability" measure one or more of these properties.

Flow Table:

The most common test method in use throughout the world for assessing
the workability of mortar is the Flow Table which measures the
percentage increase in the diameter of a mortar sample, originally
moulded in the shape of a truncated cone, after it has been subjected
to a presc1'ibed amount of work.

The method was originally developed as a test for mortars of labora
tory workability with flow values between 100 and 130 percent, the
prescribed energy input being 25 drops of the table in 15 seconds.
In Australia, where this test method is used on mortars of site
workability, it was observed that many of the mortars used overflowed
the table under this amount of energy input (5). Therefore, the
requirement that mortar be subjected to only 12 drops of the table
in 7 seconds has been proposed.

It is of passing interest to note that the Flow Table of European
Standards (6) is a larger apparatus than that used in North America
(7, 8) and Australia (9).

The Flow Table is strictly a laboratory test method. The massive
base shown in Figure 1 is essential to the obtaining of reproducible
results.
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Mo-Meter:

This method of test (10) originated in Sweden as a means of assessing
the consistency of mortar, and is included in the mortar standards
of a number of European countries.

The Mo value is the number of drops, 25 mID onto a heavy base, required
to empty a specific container originally filled with a sample of the
mortar.

The Mo-Meter is intended to be used on-site as well as in the
laboratory; the apparatus is also shown in Figure 1.

Correlation Data:

Figure 2, taken from reference (11), shows the lack of correlation
between the data obtained by each method on a number of different
mortars.

Cone Penetrometers:

Two different pieces of apparatus are reviewed here. In North
America (12) and Western Europe (13), the form of apparatus is as
shown in Figure 1, and we refer to this simply as the cone
penetrometer. Eastern European countries (14) use an apparatus
that, for want of a better name, is referred to as the Russian cone,
illustrated also in Figure 1.

The method measures the depth of penetration by a cone of specified
dimensions and mass under its own weight.

The cone penetrometer is basically a Vicat apparatus developed
originally for use as a test for cement consistency, modified to
allow greater depth of penetration in mortars.

The Russian cone is much larger than the cone of the cone penetrometer.
In the laboratory, the Russian Cone apparatus is similar to that of
the cone penetrometer. The Russian cone may be used on-site detached
from its base, hand-held and inserted directly into the mortar in
the mixers, thus elilninating the necessity for sampling and
remoulding mortar.

Correlation Data:

The Cone Penetrometer and Russian Cone are similar test methods.
Figure 3 shows the relationship between the limited data obtained by
each method on samples of mortar of varying workability. Each point
is an average of at least 3 readings.
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Dropping Ball:

Originally developed at the Building Research Station in Great Britain,
this simple test method (15, 16) is an adaptation of one used to
measure the consistency of plaster. The penetration into a smoothed
mortar surface of a Perspex ball dropped from a prescribed height
is measured.

Slump Cone:

The proposed rev~s~on to the Australian standard (9) includes a
slump test for evaluating the workability of mortar which is based
on the similar test method used for concrete but employing a slump
cone one-half the size. This apparatus is also shown in Figure 1.

Comparative Test Data:

Figures 4 through 8 show comparative test data obtained by utilizing
the various test methods on the same mortar(s).

Methods of test which impart energy to the mortar, such as the
Flow Table and the Mo-Meter, which we describe as dynamic tests, are
best suited to mortars of stiffer consistency or lower workability
while the remaining methods, which we describe as static tests, are
best suited to mortars of higher workability.

A means of evaluating the various test methods is to compare their
variability and sensitivity in use on mortar of known mix propor
tions but varying consistency due to different water contents.
This has been done and the results of sensitivity are presented in
Table 2 and shown in Figure 9, while the results of variability are
summarized in Table 3.

Over the range of low to site workabilities (in terms of the flow
table values from 90 to 140 percent), the cone penetrometer and the
Russian cone appear to be the most sensitive static tests while the
flow table is the most sensitive dynamic test. Sensitivity is here
defined as the largest change in readings over the range considered.

For mortars in the range above that of normal site workability, both
the dynamic tests are rendered impractical as specified, i.e., the
mortar overflows the table and it is impossible to fill the container
of the Mo-Meter. A reduction in the number of drops, as mentioned
earlier, allows the flow table to be used for mortars in this
range. The static tests most sensitive in this range of workabilities
are the slump and cone penetrometer.

Table 3 summarizes the variability, of the test methods under
discussion, on mortar of site workability. Included in this table
are the specified and achieved accuracies for each method of test.
Ten repetitive tests were conducted to establish the standard
deviation and coefficient of variation. In comparing the statistics,
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one must bear in mind the accuracy of each test procedure and thus
the effect on the statistics presented, i.e., a test method with a
coarser scale may give a lower coefficient of variation than a test
with a finer scale; in other words, a coarser scale may mask
inherent test variations.

Not withstanding the above, the Russian Cone appears to be the most
useful test for monitoring site workability, not only because of the
low coefficient of variation but of its ease of use. The flow table
still appears to be an excellent laboratory test.

3.2 Retentivity

Two types of retentivity tests appear in mortar standards, one for
assessing the ability of a mortar to retain its water under the
action of a short duration absorptive force; the other, for
assessing the ability of a mortar to retain its initial consistency
or workability over an extended period of time.

Water Retentivity:

Basically two types of apparatus are specified in mortar standards.
In one, the absorptive force is generated by use of a vacuum, while
in the other, blotting or filter paper is used; in both, it is the
intent that the absorptive force simulate that of a masonry unit.

Figure 10 shows the ASTM apparatus (17). In this method the value
of water retentivity is calculated as the ratio of "Flow after
suction" to "Flow after initial mixing", expressed as a percentage.
In other words, the water retentivity of a mortar is expressed as
the workability of the mortar before and after vacuum suction h~s

been applied.

In contrast to the ASTM approach, the British standard (15) requires
that water retentivity be calculated as the ratio of the mass of the
water retained in the mortar after suction to the original water
content.

It should be noted that any method of determining water retentivity,
be it by vacuum suction or blotting paper, which requires the
comparison of workabilities before and after suction rather than
water contents, is not particularly suitable for establishing a
minimum value of water retentivity in all mortars, i.e., 70 percent
in ASTM standards, since high air content mortars subject to suction
will lose workability by virtue of both loss of water and air, not
just water alone.
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Consistency Retentivity:

This property of fresh mortar may be assessed by repeating over a
period of time anyone of the workability tests described earlier
in this paper, the value for consistency retentivity being expressed
as the ratio of the workability at time t

l
to the workability at

time to'

4. TEST METHODS FOR FRESH MORTAR PROPORTIONS

The ability to determine quickly and accurately the proportions of
the constitutive materials in a sample of fresh mortar is highly
desirable.

4.1 Wet-Sieve Analysis:

This method of test (2, 12) requires that the water content of a
mortar be determined on one sample, the aggregate content of a
known mass of mortar on a second sample and the mass of the "dust"
fraction of aggregate which approximates the fineness of the
cementitious material on a sample of the aggregate. Given this
information, the ratio of aggregate to cementitious material of
the mortar can easily and accurately be calculated. The value
obtained is, of course, by mass proportions not by volume.

The equipment necessary to conduct this test is shown in Figure 11.

4.2 Chemical Analysis:

The British standard (15) gives a chemical procedure for determining
the proportion of portland cement to lime in a cement-lime mortar
based on the known chemical composition of the two materials.

The method has not so far been adapted for determining the propor
tions of portland cement to masonry cement in mortars containing
both these cements. However, it would appear possible to do so
provided samples of the masonry cement are suitable for prior testing.
This test is definitely a laboratory procedure.

We have no data at this time for the accuracy and coefficient of
variability associated with this test.

4.3 Air Content:

The air content of fresh mortar mixed for a specified length of time
may be thought of as being characteristic of the mix rather than as
a constitutive material, in the sense that the air is introduced into
the mix as an ingredient of the cementitious materials and is modi
fied by the mixing action.
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Masonry cement mortars have characteristically high air contents
while lime mortars have characteristically low air contents.

There are three test methods recognized in the various standards
for determining the air content of a mortar.

Gravimetric Method: (9, 15, 23)

This method requires detailed knowledge of the components of the
mortar, i.e., mix proportions, the density of each of the constitutive
materials and of the mortar; thus, although several standards reference
this method, we consider it to be inappropriate for masonry mortar
testing, especially so for site-prepared mortar.

Volumetric Method: (12)

This method requires no information about the mortar mix nor about
the properties of the constitutive materials, permitting the
determination of air content by water or alcohol replacement
under agitation.

The apparatus is shown in Figure 12.
test is the degree of physical effort
process.

The main disadvantage to this
required during the agitation

A small "Chase air indic,ator" shown also in Figure 12. uses alcohol
only to replace the air and yields values of air content with very
little effort but having a high coefficient of variability.

Pressure Method: (12, 14, 24)

This method also requires no information about the mortar mix
proportions or the properties of the constitutive materials and is a
very simple method. A sample of mortar is put under pressure whence
the air bubbles leave the body of the mortar and the mortar
consolidates. The air content is read directly. A pressure meter
is shown in Figure 12.

A proven accurate method from concrete technology, the pressure
method is the test to be used for mortar.

Comparative Test Data

Figure 13 shows data from the same mortars obtained by the Chase
air indicator and the pressure method. While there is obvious
relationship, the correlation is not good and the scatter can be
attributed mostly to variability in the Chase values.
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5. RECOMMENDATIONS

On the basis of our experience with the application of the various
test methods for fresh mortar discussed in this paper, we recommend
that:

a) in pre-construction testing, for gauging the site workability
of the mortar, the Flow Table method should be used; the same
method should be used to determine the consistency retentivity of
the mortar intended for use on-site;

b) on-site, to monitor workability if necessary, the Russian cone
should be used;

c) on-site, for quality assurance purposes, the mix proportions
should regularly be checked using the wet-sieve analysis technique,
and air content monitored by the pressure method.

Note that for tests b) and c) characteristic values should be
established during pre~construction testing and that the objective
of a quality-assurance program should be to control the mix propor
tions of the mortar.
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Figure 2

Comparison of ASTM Flow Table
and Mo-Meter
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Figure 10
Apparatus for Determining Water Retention

Figure 11
Apparatus for Wet Sieve Analysis
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Figure 12
Apparatus for Determining Air Content
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NON-DESTRUCTIVE TESTING TECHNIQUES TO EVALUATE

EXISTING MASONRY CONSTRUCTION

by Luke M. Snell l

ABSTRACT: One of the first requirements for a structural evaluation
of an existing masonry structure is to determine the location
and properties of the materials of construction. This evaluation
can include the location and/or the quality of the grout or con
crete within the masonry units, and the location and size of the
steel reinforcements. It is desirable to select evaluation tech
niques that minimize damage to the structure; therefore, several
non-destructive testing techniques have been applied to the
evaluation of masonry construction.

The following non-destructive techniques that apply to the
evaluation of masonry construction are briefly discussed:

1. Hammer Test

2. Probe Holes

3. Low Frequency Ultrasonics

4. Gamma Radiography

5. Pachometer

I
Senior Materials Engineer, Law Engineering
Testing Company, Nashville, Tennessee
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NON-DESTRUCTIVE TESTING TECHNIQUES TO

EVALUATE EXISTING }~SONRY CONSTRUCTION

1
By Luke M. Snell,

INTRODUCTIUN

One of the requirements for an evaluation of an existing
structure is to determine the integrity and properties of the
in-place materials. Since many details of the original cons
truction are hidden from view, the visual examination usually
gives incomplete answers. A methodology of evaluating the
in-place materials must, therefore, be selected. The evaluation
technique must identify the general condition of the entire
structure plus determine the locations and types of abnormalities.
It must be cost effective, timely, and cause a minimal amount of
structural and aesthetic damage.

In the last 50 years, several non-destructive testing (NDT)
techniques have been developed to evaluate reinforced concrete
structures. Some of these techniques have been applied directly
to the evaluation of masonry construction. Other techniques were
modified because of the several heterogeneous components (various
types of masonry units, mortars, mortar reinforcements, cell
reinforcements and grouts) that are included in masonry construc
tion. The purpose of this paper is to briefly discuss some of
the NDT techniques that have been used for field evaluations.

1
Senior Materials Engineer, Law Engineering
Testing Company, Nashville, Tennessee



HANMER TEST

The hammer test is probably the easiest and quickest of the
NDT methods. This procedure will allow the investigator to
determine the integrity of the individual masonry units and the
bond beDveen the mortar and the masonry units. The investigator
can also determine if the cells are filled with grout. The
technique requires an investigator to lightly tap the masonry'
unit with a hammer and listen to the resultant sound. Typically,
the filled and well-bonded masonry construction will have a dull
thud. Masonry construction with abnormalities or ungrouted cells
will have a distinctive ring. This procedure obviously requires
an experienced person with a good sense of hearing and a delicate
touch.

This procedure is rather unsophisticated and many people do
not consider it an "engineered test" because of its simplicity.
However, this procedure does allow the experienced investigator
to quickly survey a structure and identify areas where additional
testing may be warrented.

PROBE HOLES

The probe hole procedure is performed by penetrating the areas
of investigation with a small masonry bit and probing the hole
with a stiff wire. After probing the hole, the investigator can
determine the location and uniformity of the inner cell grout.
The investigator can also measure the wall thickness of the masonry
units.

The probe holes provide a positive examination of the
dual masonry units since they are penetrated and examined.
equipment (bits, power drill and stiff wire) is relatively
pensive and easy to use.

indivi
The

inex-

The probe hole method does damage the surface of the masonry
units and repairs may be required for aesthetics as well as to
insure that the units remain weather tight. To minimize damage
~nd the need for repairs, the use or probe holes should be limited.

LOW FREQUENCY ULTRASONICS

Low frequency ultrasonics involves the use of a soniscope
and two transducers (transmitter and receiver). The transmitter
would be placed on one side of the wall and the receiver would
be placed on the other side of the same wall, opposite the
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transmitter. A low frequency ultrasonic sound wave would be sent
from the transmitter to the receiver. The investigator would then
examine the wave patterns on the soniscope to determine the time
for the low frequency ultrasonic signals to be transmitted through
the masonry unit and the relative strength of the received signals.
If the received signals are approximately as strong as the trans
mitted signals, the investigator can assume that the masonry units
are continuous (without voids or cracks). If the received signals
are weaker than the transmitted signals, the investigator can assume
that the ~asonry units are not continuous (containing voids or cracks).

The soniscope can also be used to estimate the strength of
masonry construction. This procedure requires a correlation of
the average pulse velocity through masonry units and mortars as
determined with the soniscope and the compressive strength of
cores or prisms that were removed from the wall and tested. This
correlation would be required for each job. A general correlation
developed from field data of pulse velocity (average of 10 readings)
and site conditions are shown below:

AVERAGE PULSE VELOCITY
(FEET PER SECOND)

Belmv 4000

4000 to 6000

Above 6000

CONDITIONS REPRESENTED

Cracks and/or voids, question
able construction (strength
less than 500 psi)

Low strength masonry construc
tion (strength of 500 to 1500
psi)

Moderate to high strength
masonry construction (strength
over 1500 psi)

The low frequency ultrasonic signals across construction with
more than one wythe are usually quite weak and require careful
visual observations by an experienced investigator. Reductions in
signal strength are attributed to energy losses occuring as the
signals travel through the various media. Attempts to use equip
ment with gated clocks have proven unreliable since a strong
output signal '\vou1d be required to stop the gated clock. This
strong output signal is not normal; therefore, the use of this
p~rticular equipment has been unsuccessful.



The soniscope and transducers are quite expensive and usually
only available from researchers and consultants that specialize in
construction materials evaluation. The operator should be an
engineer that is experienced in this procedure since it requires
detailed field interpretation of the wave patterns on the soniscope.
For these reasons, the cost of this testing procedure may be pro
hibitive for routine investigations.

The low frequency ultrasonic test procedures can be a rapid
and sophisticated testing procedure for evaluation of the continuity
and strength of the masonry walls. The writer recommends that if
this procedure is to be used, that a firm or an individual exper
~enced in the use of low frequency ultrasonics review the scope
and purpose of the evaluation program prior to the start of the
investigation.

GANNA RADIOGRAPHY

Gamma radiography requires the use of a gamma radiation source,
X-ray film and dark room equipment. The procedure requires that
the gamma radiation source be set up on one side of the area to be
examined with the X-ray film on the opposite side. After the source
exposes the film (usually requiring several minutes), the film is
processed. The engineer or radiographic technician can interpret
the X-ray film and determine the location of steel reinforcements
and void areas within the masonry. The steel reinforcements will
be evidenced by a light line on the film. Void areas within the
masonry would be evidenced by dark, irregular patches.

The use of gamma radiation requires extensive safety procedures.
The equipment and personnel must be licensed with the state regulatory
agencies. The areas where X-rays are to be taken must be isolated by
roping off the area for the duration of the exposure. The safety
requirements, trained personnel, and expensive equipment can cause
the cost of this technique to be prohibitive ;for routine projects.
Gamma radiography techniques have been cost effective for only special
ized investigations, such as distressed precast masonry units. This
procedure has usually been used to provide a permanent record of the
details of construction for possible ligation.

PACHOMETER

The pachometer is a magnetic detector and its operation is based
on the presence of steel which causes a variation in the magnetic
field. This variation can be correlated to the depth or the size of
the reinforcement. The equipment is used by scanning the surface



of the masonry units with the probe. When a maximum reading is
obtained, the probe is stopped and the dial is read. The location
of the steel reinforcement is assumed under the probe. The dial
reading can be used to estimate either the size or depth of the
steel in lightly reinforced construction. In heavily reinforced
masonry or construction with both joint and cell reinforcement,
information about the steel depth or size is difficult to determine.
Each reinforcement will cause a variation in the magnetic field, thus,
the details of the reinforcement at a particular location cannot be
separated. When these details are needed, probe holes will usually
be included in the investigation.

CONCLUSIONS

The applications of NDT methods to masonry construction is
relatively new. The present methods discussed above have been
successfully applied to evaluating masonry construction. Many
refinements to the present testing methods and new testing
techniques, are necessary for advancements. The writer is con
fident that several of the new developments, such as low energy
penetration, microwave absorption and acoustic emission tests
will find unique applications for the field evaluation of masonry
construction.
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AN APPLICATION OF THIN WALL MASONRY

By Pyle, Don T.

ABSTRACT: Single wythe masonry walls, coupled with concrete floor and
roof framing systems, are especially suited to construction of multi
unit residential projects and small office buildings. In spite of the
current popularity of single wythe construction, it presents consider
able design difficulties to the architect and structural engineer. A
construction system and a special masonry to concrete connection, using
standard construction materials and procedures, are proposed to solve
some of the design problems and to reduce construction cost.
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AN APPLICATION OF THIN WALL MASONRY

IBy Don T. Pyle

INTRODUCTION AND DISCUSSION

Recent advances in material technology and structural engineering
design practice have resulted in increasing use of "Thin Wall" (single
wythe) masonry construction. The ever increasing cost of new construc
tion has made this type of masonry work especially attractive in some
situations, where savings in both material and labor can be achieved
over more traditional multi-wythe wall systems.

Single wythe masonry construction is especially well suited to
multi-unit residential projects such as apartments and dormitories, and
to small multi-story office buildings. For a number of reasons this
type of masonry construction is frequently coupled with a concrete flat
slab or plate for the floor and roof framing.

Yet, in spite of the appeal and economy of this building system,
it presents considerable difficulties to the architect and structural
engineer. If the floor and roof are to be supported on the masonry
walls, an important problem is the question of how to detail and design
the typical exterior bearing wall section. The traditional approach
has been to "build in" the floor or roof system in order to transfer
vertical and horizontal forces between the wall and floor. With single
wythe construction, this type of detailing is difficult or impossible
to accomplish. The floor or roof must pass through the wall (resulting
in exposure of the floor or roof system on the opposite side, and
considerable change in the architectural design) or the floor or roof
system must terminate at the near face of the wall (resulting in eccen
tricity of load application and difficult or potentially expensive
connections between the floor/roof and wall).

On the other hand, if the floor and roof are not supported on the
masonry walls, another set of problems must be faced: how to control
long term deflections at the perimeter of the floor/roof slabs, and
how to conveniently and economically transfer forces between the masonry
shear walls and the floor/roof framing systems.

One common solution to the deflection problem is the use of con
crete spandrel beams formed and placed as part of the floor/roof sys-

lprincipal, KKBNA Consulting Engineers, Denver, CO
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tem. However this involves more material, form work and labor, and
significantly increases the cost of a normal flat plate framing system.

Supporting the flat plate on masonry bearing walls rather than on
columns also solves the deflection problem. However this may severely
restrict the floor plan. Also, many general contractors are less
comfortable with this system since they often find it more difficult
to control construction scheduling and sequencing.

Continuous steel ledge angles are frequently bolted to the edge
of concrete slabs to support the masonry cladding. This can add con
siderable cost, and result in the structural system supporting the
masonry walls even though the masonry walls are entirely capable of
supporting themselves.

To overcome some of these design and cost disadvantages, the
author has used a variation of these conventional approaches with
considerable success on several recent projects. The construction
system proposed is described as follows:

1. The floor and roof framing consist of conventional flat
plates or slabs supported on interior and exterior columns.
However the columns are designed for vertical load only
since the masonry walls will be used to provide lateral
stability.

2. After construction of the floor slabs has progressed to one
or more floors above the ground level, laying of the exterior
single wythe masonry walls can begin, independent of the
concrete construction schedule.

3. The key to the proposed system is the means used to connect
the floor slabs to the masonry walls. Using standard inexpen
sive hardware and the theory of shear friction, the connection
is economical, easy to make, and theoretically strong enough
to transfer considerable force between the wall and slab
system.

4. The masonry walls are designed to resist the lateral forces
normal to their surface, lateral shear forces to provide
overall building stability for seismic and wind loading, and
vertical live and dead loads from the edge of the floor slab
to control edge deflections caused by application of live
load and long term creep deflection.

Some of the advantages to be gained from this system are: the
use of simplified, conventional construction procedures and systems,
work most contractors are familiar with; the ability of the contractor
to schedule concrete work for the structure and masonry work independ
ently of each other; use of the masonry to support its own weight, to
control floor/roof edge deflections, and to provide all of the build
ing's lateral stability; maximum flexibility of floor plan layout with
minimum restrictions due to column and wall locations, and wall open
ings; and elimination of the usual expense of spandrel beams and/or
ledge angles.
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THE CONNECTION

Specific details of the proposed shear friction connection are
shown in Figure A. The connection is designed to carry direct tension,
plus horizontal and vertical shear in the plane of the masonry wall.
For the shear design, the standard shear friction design procedures
for reinforced concrete have been utilized. Based on this theory, a
5/8" steel bolt is good for an allowable load of approximately 2 kips,
more than adequate for the usual type of building project proposed.

SUMMARY AND CONCLUSIONS

A simplified method for providing structural connections between
single wythe masonry walls and concrete floor/roof systems has been
presented. It is the author's opinion this connection solves several
of the problems the architect and structural engineer must face in the
design of one class of typical masonry buildings, and eliminates some
of the costly elements that are often used. The author feels the
proposed connection has sufficient merit to warrant a research and
development program to further develop its potential and capability.
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CASE STUDY - COMPUTERIZED DESIGN FOR LOAD BEARING MASONRY

By Vannoy, D.,l Harvey, H. E.,2 and Colville, 3. 3

ABSTRACT: A seven story load bearing masonry building (Locust House)
is analyzed using a computer program for the rational analysis of
masonry structures which was developed by the Masonry Institute of
Maryland. The Locust House is scheduled for beginning of con
struction in the spring of 1978 and completion 15 months later.
Located in Westminster, Maryland the building has 73,500 square
feet of space and is a government assisted housing for the elder-
ly.

This paper illustrates how data is prepared for input into the
computer program for a typical building using the Locust House as
a case study. The results from the program give the required com
pressive strength for each wall on every floor for all loading com
binations used in design. From the case study, this paper illustrates
and discusses how changes in floor plan and wall dimensions are chang
ed to develop an effective and economical final design for Locust House
using the computer program.

Architects and engineers will find the accurate and comprehensive
information provided in the printout an extremely useful and time sav
ing tool for design review. In addition, the printout provides a firm
with a permanent record of the analysis.

1 Assistant Professor, University of Maryland, College Park, Md., 20742
2 Structural Engineer, Gaudreau, Inc., Architects-Planners-Engineer,

Baltimore, Md.
3 Associate Professor, University of Maryland, College Park, Md., 20742
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CASE STUDY

COMPUTERIZED DESIGN FOR LOAD BEARING MASONRY

1 2By Donald W. Vannoy, Harold E. Harvey,

and James Co1vi11e3

INTRODUCTION

A seven story load bearing masonry building (Locust House) is ana
lyzed using a computer program for the rational analysis of masonry
structures which was developed by the Masonry Institute of Maryland
(1)4. The Locust House is scheduled for beginning of construction in
the spring of 1978 and completion 15 months later. Located in Westmin
ster, Maryland the building has 73,500 square feet of space and is a
government assisted housing for the elderly.

This paper illustrates how data is prepared for input into the com
puter program fora typical building using the Locust House as a case
study. The results from the program give the required compressive
strength for each wall on every floor for all loading combinations used
in design. From the case study, this paper illustrates and discusses
how changes in floor plan and wall dimensions are changed to develop an
effective and economical final design for Locust House using the com
puter program.

Architects and engineers will find the accurate and comprehensive
information provided in the printout an extremely useful and time sav
ing tool for design review. In addition, the printout provides a firm
with a permanent record of the analysis.

DESCRIPTION OF PROJECT

This is a privately owned project developed under the Rental Hous
ing Program of the Maryland Community Development Administration.
Under this program the owner may obtain long term (up to 42 years) low
interest financing that combines the construction loan and permanent
loan for 90% of the total development cost. The agency obtains its

1 Assistant Professor, University of Maryland, College Park, Md., 20742
2 Structural Engineer, Gaudreau, Inc., Architects-Planners-Engineer,

Baltimore, Md.

3 Associate Professor, University of Maryland, College Park, Md., 20742
4 Numerals in parentheses refer to corresponding items in the Appendix I.
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mortgage capital from the sale of tax exempt bonds. The projects are
not low income developments but seek an economic mix of tenants. The
object is to utilize the savings which acrue from the low interest bonds
to produce quality housing at rents marketable to families with incomes
of $9000 to $19000. In addition, under certain circumstances, higher
income tenants will be admitted, and a portion of the units are eligible
for rent subsidies from the Federal Section 8 HUD (Department of Housing
and Urban Development) Program. These subsidies can assist families
with incomes as low as $2000.

Westminster, a small city of 7,000 is located 30 miles northwest of
Baltimore. It is the county seat of Carroll County, historically a
thriving agricultural county. During the last 15 - 20 years the County
has gradually become,on a large scale,a collection of bedroom communities
for the Baltimore Metropolitan area. Also, the County has been some
what successful in its efforts to attract light industrial development.
Simultaneous with these two trends has been the construction of shop
ping centers and their incidental commercial development on the peri
meter of the City. The result of these 3 factors is a typical town
center struggling to maintain some of its previous position as the
center of business and commerce. Locust House is located on a mid-
town site near the commercial areas in need of revitalization. The
1.14 acre site is covered 21% with building and 20% with parking. The
remaining 59% is devoted to careful landscaping and extensive planting.
The project was required to meet strict architectural and landscaping
requirements of the City Planning Commission. Locust House is thus ex
pected to make a significant contribution to the revitalization process.

Locust House is a rectangular, slightly H shaped, double loaded
corridor, 65 foot high building containing 98 rentable one bedroom units
of 531 square feet. As a means of assuring adequate quality housing,
the Community Development Agency requires compliance with the HUD Mini
mum Property Standards. The HUn standards require seismic design in
accordance with the Uniform Building Code and provisions to prevent
progressive collapse. The local building Code is the 1975 BOCA Code.
In Appendix B of BOCA, the American National Standards Institute's
"Building Code Requirements for Minimum Design Load Requirements for
Buildings and Other Structures" ANSI - A58.1 - 1972 is listed as an
accepted Engineering Practice. Section 6 of this standard is the
result of recent research and is a comprehensive wind code. There
fore, it was adopted as the criteria for wind loads, applying a 50
year storm. The design data and material properties are summarized
in Table 1.

Westminster is an old, very traditional town with virtually all
significant buildings finished in brick. To be in harmony with it sur
roundings, brick facing thus became a requirement from the outset.
Slag aggregate concrete masonry units are an economical readily avail
able building material in the region, and it was felt that bearing and
shear walls of this material would provide the most lightweight, econo
mical and convenient system of vertical elements that could be designed
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TABLE 1

DESIGN DATA AND MATERIAL PROPERTIES

DESIGN DATA

TOTAL FLOOR AREA
NO. OF STORIES
NO. OF UNITS
TOTAL BUILDING HEIGHT

73.500 Ft.
7

98 Rentable units
65 Ft.

STRUCTURAL DESIGN REQUIREMENTS (design based on allowable
loads and stresses)

*Stresses: fc-3300 p. s. i. for slabs on grade
fc-3000 p.s.i. for all other poured

concrete
fs-24ooo p.s.i. for all reinforcing

steel
fy-36000 p.s.i. (yield point) for all

structural steel

*Soil Bearing Capacity: 4000 P.B.F. for total load
2500 P.B.F. for dead load

*Live Loads: Roof - 20 P.S.F.
Stairs ~ 100 P.S.F.
Social Area, Laundry Room and Elevator

Machine Room - 100 P.S.F.
Corridors - 80 P.S.F.
All Other Floors - 40 P.S.F.
Snow Load - varies as per 1975 BOCA

Code
Seismic Loads and Design - as per

1976 Uniform Building Code
Wind Loads - as per BOCA Code appendix

Band A.N.S.I. A58.1-1972.
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to meet seismic and progressive collapse requirements. Furthermore,
the use of engineered masonry design concepts results in thin economical
elements that satisfy vertical load requirements. Dry floor and roof
systems were selected because of their economy, speed of construction,
and freedom from weather related delays. Lightweight precast prestres
sed concrete quad tees were chosen for the floors. The roof system is
open web steel joists and steel deck. Masonry elevator and stairwell
walls were chosen because of their fire resistance and ease of support
ing guide rails and stair framing. Because concrete masonry bearing
walls were a natural adjunct to the brick masonry facing, masonry shaft
ways and stairwells, and the bearing walls worked well with the chosen
floor and roof systems, and because of the factors described above.
Hollow concrete masonry bearing and shear walls were used.

COE?UTER ?ROGRJ>.M FOR THE RI\.TIONAL
ANALYSIS OF MASONRY STRUCTURES

A computer program for the rational analysis of non-reinforced
engineered masonry construction from the Masonry Institute of Maryland,
Inc. was used in this project. This program follows the Building Code
Requirements for Engineered Brick Masonry, August 1969, published by
the Brick Institute of America, and the Specification for the Design
and Construction of Load-Bearing Concrete Masonry, February 1975, pub
lished by the National Concrete Masonry Association.

From the floor layout in Figures 1 and 2, the walls are number
from 1 to 22 as shown. The data input forms are completed for the pro
ject according to the instructions provided by the Masonry Institute of
Maryland and are shown in Figures 3 to 8.

The computer output includes echo printing of all input data for
checking purposes and to provide a record of the problem, but the print
ing will not be shown here due to space imitation. The results of the
stress analysis are then printed for every wall on every floor. A copy
of the results for walls 11 to 20 on floors 1 to 7 is shown in Figure
9 as an example of the printout from the program.

The wall number and floor number are identified in the first two
columns. For each wall the required compressive strength flm which is
assumed equal to the compressive stress f m/o.20 is printed for each of
seven different load combination as follows:

Case 1 - Total load and parallel wind
Case 2 - Dead load and parallel wind
Case 3 - Dead load and reduced live load
Case 4 - Total load and perpendicular wind or earthquake
Case 5 - Dead load and perpendicular wind or earthquake
Case 6 - Total load and parallel earthquake
Case 7 - Dead load and parallel earthquake
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INPUT DATA FORMS

FOR

RATIONAL ANALYSIS OF MASONRY STRUCTURES

(REV. 6/76)
See

Addendum #1

1. Job Identification

Job Name:

Engineer/Architect:

2. General Information

Number of Floors

Earthquake Zone

Live Load Reduction Factor

7

\-\OOSE ----

Importance Factor

Soil Factor

:: 1.0

(Check One) Uniform ~
Building ~
Code

Baltimore D
City Code

3. Gravity Loads

Roof Live Load :: Ib.O I psf.

Roof Dead Load :: 15.0 psi.

Floor Live Load :: ~O.O psf.

Floor Dead Load 37.0 psi.

~iscellaneous ~eight :: 0.0 kips.

FIGUf\E 3. INPUT D;'IT}\ F(lR!'1 - GENERAL INFORMATION AND GRAVITY LOAJE



o
o
o
o
o
o
D
o
o
o
o
o
o
~

ffiII
[ill]
lIill
£.ill]

~
[ill]

~
Story heights

(ft.)

0
0
0
0
0
0
0
0
0
0
0
0

O.

8.3 q..

S.3 8.'1

1l.3 g.q

9,3 il.q

14.3 8.'12,

8.3 8.'1l

J~B 10..1

TT/Tl
Clear heights

(ft. )

o
Elev.-I Zil.51 I ft ITIl

I:!LJ
WJ
J:!I]
lTIJ
[II]

ffill

Elev.~~~3~1 ft

20 Elev. -, cOlt." Ift

19

18

17
sf

16

15

14

13

12

11

10
sf

9

8

7

6

5

4

f 3

2

1

III 7Tl

~ps

4. Wind Load Data 5. Story Heights

FIGURE 4. INPUT DATA FORM - WIND LOAD DATA AND STORY HEIGHTS



6. Table 1 - Wall Locations
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Wall x-Coordinate y-CoorcUnate Wall x-Coordinate y-Coordinate
No ft ft No ft ft

1 '1.£0'( .2fD.3~ 26

2 9.bC1 3lf.<OC( 27

3 O.{Pg 15. '73 28

4 0.&8 57. 15" 29

5 23.J.3 JIf. ¥3 30

6 ~3.:Z3 lf6:..fclP 31

7 '15.52 15. 27 32

8 l/~.5Z. Jf5.8/ 33

9
6,7.81 15.27 34

10
67. 31 1f5".ZI 35

11 '10,/0 /S.Z7 36

12 '10. /0 tiS. fl 37

13 lIZ. YI /S;Z7 38

14 112. 3~ ''is: 8/ 39

15 13'1. 68 /5.27 40

16 13'1.(pB 'IS. '81 41

17 ISfD.97 15.27 42

18 /Sb. 9? ~s.~1 43

19 /79. Z' 15'-73 44

20 /7f1. 2(. 67./5" 45

21 110.0z. '2.'".% 46

22
/70.01- 3r, {,9 47

23 48

24 49

25 SO

FIGURE 5. INPUT DATA FORM - WALL LOCATIONS
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7. Building Plan Dimensions

The overall plan dimensions of the building may be different at each

floor level. Thus the plan dimensions, measured from the reference axis,

for each floor level are needed.

Table 2 - Building Plan Dimensions

Floors Xl X2
YI Y2

ft ft ft ft

1- 0.0 /79.7/ O.D b/.O'8

~ 1 J ~ 1
1 0.0 179,71 0·0 ~/.o8

y

x
Reference

Axis

FIGURE 6. INPUT DATI'> F01]J.~ ~. BUILDING PL!J{ DTI~ENSIOn



8. Table 3 - Wall Loading Data

81-11

Wall SL SS EX. ES DF TRIB 'l'OTANo (ft) (ft) (ins) (ins) (ft2 ) (ft2 )

1 '.1/-0 f). 0 JI.5" ().O 0.0 '13.0 /J3.0
2 6.J./O JI. S" 0.0 0.0 93.0 /31.0b.O
3 10.gl 0.0 2.~ 0.0 1·0 3Z.;,.0 3Z.3.o

4 /0.81 0.0 2. "SO 0.0 /.0 Z84/.o 28l/-.D

5 /0.,/1 /0.8/
Z.(PS' Z.IJ,S /.0 5'10.0 S90.0

6 /o.SI /0.8/ 'l.bS" Z.t"S" 1·0 5'10.0 5'10.0

7
10.~1 /0.81 Z.r..s z"65' /.0 5'18.0 5#8.0

8 10.8/ 10.8'1 '2.fD!> t.1PS" /.0 51fl.D S'l~. 0

9 IO.~1 10.81 2.(p5 Z./oS" I.D S'II-o 5'16.0

10 /0.3/ 0.0 Z.bS" 0.0 1.0 27'1.0 271(-.0

11 10.6/ lo.il Z.bS' 2.6S' 1.0 S'lI1.D 51(1.0

12 /°.8/ lo.n 2.fDS' Z.6S" /.0 SYS'.O 511$.0

13 /~.rl /Q~I Z.':>S' 2.fDS /.0 5J1B.o 5l/I·o

14 /0.8'1 /0.1/ Z.6S Z.(P$' /.0 slit.0 5'16'·0

15 /0.8/ /O.K'/ Z-b~ z..It>S- 1.0 .s-'1f,0 5'11'.0

16 10.8/ /0.8/ 2.6S Z.It>S /.0 5'11.0 SilK. 0

17 10.f'1 0.0 2.IP5' 2.fD~ /.0 590.0 5'/0.0

18 /0.8/ 0.0 2.1,5' 2.ft,S' /.0 590.0 S'10.D

19 It> If/I 0.0 2.r,S' f).0 /.0 323.0 '31.3.0

20 /o.Y/ 0.0 Z.tr$ 0.0 /.0 .;z8'1.0 28'1.0

21 6.Jfo 0.0 1.5" 0.0 0.0 93.0 /38.0

22 1;."10 0.0 ~~ 0.0 0.0 tl3.0 /38.0

23

24

25

FIGURE 7. INPUT DATA FORH - WALL LOADING DATA
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9. Table 4 - Wall Data

Wall Floors I I C
1

C
2

Area t Unit wt Type Cavityx y
No ft4 ft4 ft ft ft2 ft lbs/CF Factor

/ /..:, Z. ().O S2J.'1iP 9.32 9.n If,OS /.OC> 12~.0 (p D.D
/ )..:,7 9.99 135.1'1 f.32 '1.3Z. 'l.v..f, 1.00 Zto.o 1- I
Z. /.." Z 0.0 5Z1.% t?3'Z. 9.3'z. 19.08 1.00 /t3.0 6
Z. 3-7 9.99 13s:N 9.32 '1.3Z 'l'.6t. /.00 ZZo.O if
.3 /-7 'ri65,0 S.3'/ /'/.96 1'/.'16 '.~3 _~7 le3,0 3
if /-7 315.% 1/.7 /.3.IS' I.?;:;' S:~71 _67 /83.0 3
5' /-7 35Z.07 't.87 1J.6>1f 13.6>1 5:~el .1>7 If3,o ¥
tP I Z18.0 0,0 ~,S' "S /J.D 1.0 12~ 0 ~

tP Z-7 35Z.0 '1.87 IJ,~'I {3,b"! s: (.,81 .67 1i'3.0 ~

7 /-7 Z1z.,S 'f. 52. 12.'7 {Z.I'" 5'.'Z77 .G7 19S.o 'f
$' / 2//.0 t>.0 ~.5' t..S" 13,0 /,0 /Z8,0 ~

8 Z-7 UZ./S' JfS2 IZ.67 1z."7 5:Z77 .l.7 183.0 if
1 1-7 Z32.1S '1sz. IZ.I>7 IUc7 S:'Z77 . (P7 133.0 J./-

10 1-7 Zn.i5 #.sz. {Z.lc7 n."7 $.'1.7'7 .{,7 11'3.0 LI-
II 1-7 Zit. IS "I.St {Z.ID7 12.{,,7 .s:'Z77 .'-7 /i3.0 tl-

It. 1-7 tie. IS .!/.sz Iz.n /~.(,7 5: 'Z77 .~? /13.0 'I
I.] /-7

1 1 j 1 1 1 1 1
PI r7
IS /-7
/~ 1-7
17 /-7 351'.07 '1.17 l3,tp'l 13,(,'1 5:b81 .6>7 /93.0 4
13 /-7 )52.07 '187 IU.'I /3.~J{ S.r.,il .67 /93.0 J/
/9 1-7 'It-s.O 5:3'1 /1.16 /'1.9'- G.:l33 .1>7 /3".0 3
20 1-7 315.% '/.7 /3.IS /.3.1S S;'17T .67 133.0 3
z/ 1- z 0.0 523.'1(, 9.'3z 'f.3Z If. oS 1.0 /zS.o Ii:>

2/ 3-7 9.rr /35:1'1 'l3Z '1.32 'I. '" /.0 220.0 ~ I

22 1-2 0.0 !s'zs.'Jt 9.3Z. '1.31- 1$.08' 1.0 /ZS.o 6
22. 3-7 9.1r 135.1'1 '1.3'l. 9dZ. If. 6(" /.0 ZZo.o if ~.o

FIGUB:r.:: 3. INPUT DATA FORM - WALL DATA
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Four cases 4 and 5, only the largest perpendicular (bending) load is
considered. Thus, for all load bearing interior walls, the perpendi
cular load is the seismic load. For an exterior load bearing wall the
perpendicular load may be either due to wind or earthquake, whichever
is greater. For non-load bearing walls the compressive stress is not
computed. Rather, the transverse load in pounds per square foot is
printed. This load should be checked by the user to determine whether
or not the wall needs reinforcement.

In addition, the nominal horizontal shear stress in the wall is
printed as Case 8. This is the shear due to either wind or earthquake,
whichever is greater. Also, the allowable shear stress increase which
is equal to one-fifth the dead load stress is printed under the heading
SHEAR.

Several other checks are made by the program. For example, if the
wall is in tension, a message stating (tension in wall) is printed in
order to permit the designer to determine the reinforcing steel required
for walls in tension. The following information is also printed along
with the above message:

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6

Live load at top of wall (lbs./ft.)
Dead load at top of wall (lbs./ft.)
Reduced live load at top of wall (lbs.!ft.)
Live load at bottom of wall (lbs.!ft.)
Dead load at bottom of wall (lbs.!ft.)
Reduced live load at bottom of wall (lbs.!ft.)

In addition for brick masonry walls the eccentricity (in feet) of
the gravity load with respect to the wall centerline is printed under
the case 7 heading. Also the magnitude of the moment in the plane of
the wall is given under the case 8 heading. For concrete block walls
the equivalent eccentricity (in feet) is given under the case 7 heading.
In order to identify the loading corresponding to the above data, the
required compressive strength is set equal to zero. Thus, for example,
if the message (tension in wall) is printed three times, then following
these statements in the next line of output three values of required
compressive strength would be equal to 0.0. Using the loading data
given and knowing the critical load combination, it should be possible
to design the needed reinforcing steel.

Also, if overturning is a problem, the program will print the wall
number, floor number, bending moment at both extreme fibers (in Ibs.!
sf.), the wall dead load stress (in lbs.!sf.), the wall total load stress
(lbs.!sf.), and a statement indicating whether the overturning is caused
by wind or seismic load. From this data, it should be possible to design
the required wall reinforcement and examine the severity of the over
turning. Finally for brick masonry, if the slenderness ratio of the
wall exceeds the allowable ratio, the message (slenderness ratio exce
eds allowable) is printed.
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The advantage of using the computer program is in the flexibility
that is now available to the designer. The designer can make modifi
cations to the original conception layout, e.g. wall height, wall length,
thickness, spacing, etc., and quicklY obtain stresses for every wall,
floor by floor, for the building. The time saved in manual calculations
is fantastic. Minor architectural changes in the final phase of design
can be checked quickly. Otherwise, these changes may not be made due
to the required manhours involved in the laborious calculations that
would be required by hand.

Some of the design highlights are discussed in the next section,
which show the use of the results of the seven different load combina
tions. This will illustrate how a designer uses the results to finalize
the design.

DESIGN HIGHLIGHTS

The transverse walls between units and the exterior end north
south walls were made bearing walls because:

(1) The exterior longitudinal walls contained numerous openings.
(see Figure 10)

(2) This would allow venting of explosions for progressive col
lapse design.

(3) Lateral forces across the narrow dimension of the building
could be easily resisted; i.e., the untopped guad tee floor
and the steel roof deck would satisfy diaphragm requirements
and bearing walls would also function as shear walls without
being severely over worked.

(4) Masonry walls would decrease sound transmission between units.

Stairwells are placed longitudinally at each end of the building and
their longitudinal side walls function as the shear walls in the east
west direction. Shear walls and uninterupted bearing walls with no
openings were hollow 8" walls. The east-west shear walls required re
inforcing and mortar fill in the cells at each end; below the 3rd Floor
high shear stresses required 75% solid c.m.u. (concrete masonry units).
Normal strength block was used in all bearing and shear walls except
typical interior bearing walls above the 7th floor and below the 3rd
Floor. Higher strength masonry was required in the top floor walls to
satisfy bending stresses when the wall is functioning under progressive
collapse as a beam supporting roof, 6th and 7th Floor loads after an
assumed explosion causing collapse of 6th Floor walls below. The com
puter program printout indicated that typical 1st and 2nd floor bearing
walls were overstressed as normal masonry under all loading conditions
except Case IV. The most severe stresses occurred on the 1st Floor
under Case VI, Deal Load and Parallel Earthquake, and required 1800
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pounds per square inch masonry. Therefore, this was the higher strength
selected for all these conditions. Table 3-1 of the N.C.M.A. Specifi
cation indicates that 3500 PSI c.m.u. with Type M or S mortar would
furnish masonry of that strength, and they were thus specified for the
high strength walls. Web areas were neglected throughout because of
the difficulty and uncertainty of achieving buttering of the c.m.u.
webs, given the present state of the construction art.

The longitudinal exterior walls were made steel stud and brick
veneer construction due to its speed of construction, ease of instal
ling insulation, windows and mechanical electrical work, ease of meet
ing wind design requirements, its small seismic load and low cost.
Floor and Roof Systems were designed and detailed as diaphragms to
satisfy wind and seismic loads. Although Maryland is subject to only
small earthquake risks, the Zone 1 seismic loads were more critical
than wind. The quad tee floor units have inserts cast into the slightiy
beveled longitudinal edges of the flanges at 5 foot spacing. After the
units are placed, a short bar is placed in the joint and welded to both
inserts to transfer diaphragm shear between units. The bond beam (see
Fig. 11) in each bearing wall at each floor level and at the roof serves
several functions:

(1) It provides the tensile reinforcement for the positive bend
ing of the wall beam above and the negative bending of the
wall-beam below in case of possible blowout of the end of
a bearing wall and cantilever action is then needed.

(2) Also, it completes the connection between the quad tee and
the progressive collapse hanger located at each corner of
the tee unit.

(3) It connects end to end the quad tees and is the chord or
flange portion (at the East and West end walls under single
panel mode or at each wall under multiple panel truss mode)
of the diaphragm to resist east-west lateral loads.

(4) At the roof and each floor it is an efficient means of pro
viding for transfer of north-south lateral forces into the
wall from the respective diaphragms.

The economical application of any type precase floor or roof
system depends to a very large extent upon the simplicity and re
petitiveness of the layout of the units, the requirement for very
few non-standard units, the careful treatment of openings architectural
ly, mechanically and structurally and the clarity of the contract draw
ings and specifications indicating these conditions. From the archi
tectural layout of LocustHouse it was obvious from the outset that with
care much of these could be achieved; thus there was no hesitation to
proceed with the tentative choice of a quad tee floor system. (see
Figures 12 & 13). Standard units will be used throughout except for
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the end bays and the elevator area. This was accomplished by careful
coordination of Architectural and Structural Drawings, i.e. the adjust
ment of the air space dimension of Wall Type F, Fig. 14 so that the
outside face of studs coincided with that of the quad tees. The pumb
ing fixture locations were checked for pipe interference with quad tee
webs and any necessary adjustments were made and dimensioned. (See
Figure 15 ). Architectural, Mechanical and Structural Drawings
were coordinated to proportion and place the openings for the two make
up air risers clear of quad tee webs.

All the earlier efforts to achieve an efficient and successful
project utilizing engineered masonry will likely be wasted unless a
comprehensive quality control program is set up before construction
begins. For Locust House the masonry section of the Specifications
was titled Engineered Masonry and this program was included therein
as follows:

1.4 Special Coordination:

1.4.1 The contractor shall hold a preconstruction
meeting at least 15 days before start of engineered
masonry construction, and before laying up of sample
wall. The Architect, with the Structural Engineer
and the Testing Agency, will direct the meeting.
Attendance shall be mandatory for:

(1) Contractor's project manager and super
intendent.

(2) Masonry subcontractor's superintendent,
foreman, at least 2 mason mechanics, and
the mechanic who will oversee the mortar
production.

(3) Representatives of the masonry unit and
lime or masonry cement suppliers.

1.4.2. The Architect will discuss structural concept,
mortar requirements, methods and sequence of engineered
masonry construction, special masonry details, standards
of workmanship, and quality control requirements.

1.6 Quality Control

.1 Test masonry prisms of each type of c.m.u. and each
type of mortar according to the National Concrete Masonry
Association's TEK Bulletin 22. The Testing Agency shall
test sets of 3 prisms:

(1) 1 set at least 21 days before start of engine
ered masonry construction.
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(2) 1 set at start of engineered masonry construc
tion;

(3) 1 set in the course of each story height of
engineered masonry work.

. 2
Testing

Test mortar prisms according to ASTM CI09 .
Agency shall test sets of 3 prisms:

The

(1) 1 set at least 21 days before start of engine
ered masonry construction.

(2) 1 set at start of engineered masonry construc
tion.

(3) 1 other set at time determined by Architect .

. 3 The Testing Agency, or other qualified party approv-
ed by the Architect, shall conduct continuous on-site inspec
tion of the construction of the engineered unit masonry work.

The primary purpose of the former is to explain the reasons for
quality control and the somewhat stringent provisions of the plans and
specifications and thus to obtain motivation for careful workmanship
from all members of the team.

SUMMARY

This paper illustrates the use of the computer program for rational
analysis of non-reinforced engineered masonry construction from the Masonry
Institute of Maryland, Inc. The advantage of using the computer program
is in the flexibility that is now available to the designer. The design
er or owner can make modification to the original conception layout and
quickly obtain stresses for every wall, floor by floor, for the building.
Thus, savings can be realized from laborious hand calculations. Minor
architectural changes in the final phase of design can be checked quickly.
Locust House which was designed by Gaudreau, Inc. was used in this paper
as a typical building design example.
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-ABSTRACT-

TWO STORY MASONRY BUILDING
SUPPORTED ON A 24 FOOT DEPOSIT OF ORGANIC FILL

BY; DONALD R. HElL, AIA*

Constructed and owned by the Metropolitan Sanitary District of Greater Chicago,
the lINu-Earth Service Center ll at Forest View, Illinois has some unique design
features;

1} It is the first and only masonry building in the world supported by a 24
foot deposit of sewage sludge.

2) Foundation walls are specially reinforced to bridge cavities in the
supporting fill material.

3} The masonry walls are specially designed to tolerate differential
settlement without cracking.

4} The building was designed and constructed by Plant personnel as a slack
time project.

The building structure consists of a reinforced concrete spread footing, 12
inch thick reinforced masonry shear wall panels interspersed with 4 foot wide,
translucent, floor-to-ceil ing wall panels. The masonry shear walls are tied
together by a steel decking system that is designed for diaphram action. Two
and a half years after its erection, there is no sign of a crack in the masonry.

The service building is divided into a two story office section for operations
control and a heavy equipment repair shop. Adjacent to the building is a 50-ton
capacity truck scale.

* Associate Professor of Architecture
Washington State University
Pullman, Washington
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TWO STORY MASONRY BUILDING
SUPPORTED ON A 24 FOOT DEPOSIT OF ORGANIC FILL

DONALD R. HElL, AlA *

The Metropolitan Sanitary District of Greater Chicago (MSD) has been
hauling huge quantities of sewage sludge (since 1931) from its air drying
beds at the West-Southwest Sewage Treatment Works (Stickney, Illinois) to
the Harlem Avenue Solids Management Area (HASMA) near Forest View, 111.

The Harlem Avenue Dump (as it was formerly known) is sited on an irregular
parcel of land, about sixty acres (24 hectares), bordered by steep earthen
dikes which entrap the sludge deposits and support the encircling rail
haulage system.

The MSD by 1973 had accumulated a 35-foot high plateau of sludge and
remaining dump space was virtually nil. Attempts were made to find a
new site, but for sludge, nothing was available.

The problem was finally resolved in 1974 when it' was accidently dis
covered that the dump was quietly functioning as a biological compost
heap. It simply converts waste into "Nu-Earth", a rich black soil that
looks and smells like black dirt, is high in nitrogen, phosporous and
humus and has a solids content of about 65%. With a little help from
the news media, and free delivery service for orders of one truckload
or more, Nu-Earth became an overnight success. Deliveries to the public
in equivalent dry tons of solids were:

47,000 tons in 1974
102,000 tons in 1975
81,000 tons in 1976

127,000 tons in 1977

As may be surmised from production quantities, a massive excavation and
truck delivery system was placed in operation, and it soon became ap
parent that a building was needed.fnr an operations center where delivery
orders would be received and dispatched, where excavation activities
could be coordinated, and where heavy equipment could be repaired.

The normal procedure for procuring such a building involves initiating
an engineering feasibility study, preliminary design and a Federal Grant
application. After filing an environmental impact statement, there will
be meetings, more meetings, discussions, etc. With a bit of luck, con
struction might have gotten underway in about five years or so.

Unfortunately, the building was needed immediately, not six or seven years
later. With some advise and a lot of guts, it was just pos~ible the build
ing could be started immediately, util izing plant supplies, equipment and
maintenance personnel to do the job.

* Associate Professor of ArchItecture
Wqshington State University
Pullman, Washington
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TWO STORY MASONRY BUILDING (2)

Selecting a building material was easy. The Sanitary District routinely
uses brick to raise manhole covers, repair sewers, and rel ine steam boilers.
In between repair jobs, District bricklayers have slack time which could
be used for erecting a building. Red shale face brick was selected for
the exterior due to its beauty, gual ity and cheap price ($87.00/1000 bricks).
No wonder almost all III ittle old school houses ll were made of red brick.
For back-up wall material, we selected 8" x 8" x 16" (20 cm x 20 cm x
41 cm) hollow concrete masonry units. This was even cheaper, per unit
area of wall than the red brick ($0.44/concrete block).

Selection of a building site was dictated
considerations:

by the following operating

1) Must be near the entrance to Solids Management Area, at a location
where the truck haulage roads converge, where incoming empties can
be weighed, and where outbound trucks can be weighed and dispatched.

2) Must be on a high vantage point where all operations activities
(truck and railroad) can be readily observed from a control room.

There was only one logical location for the building, but it presented
a sl ight problem. "The site was underlain by 24-feet (7.3 meters) of
sewage sludge. 11 Thanks to years of consol idation, the slushiness was
gone and the stuff now had the consistency of soft clay. An unconfined
compression test on a boring sample yielded a value of 0.68 tons per
square foot (65k N/m2).

The obvious solution was to drive pil ing through the sludge, past a
layer of loose sand, and into the dense gravel some 35-feet below the
site. The only difficulty with this solution is that District mainte
nance crews are not equipped for pile driving, and the work is far too
expensive to be performed with a purchase requisition (ceiling limit of
$2,500.00)

The Nu-Earth Program was developed on ingenuity, and wasnlt to be deter
red by a minor foundation problem. The sludge had already proven cap
able of carrying heavy trucks when topped with stone and broken concrete
to distribute wheel load, so why not use it for supporting a building?

Heedful of the $2,500 1 imit on material requisitions, the size of the
building was held to a modest two story height, a width of 34 feet
(10.4 m) and a length of 71 feet (21.6 m). At the west end of the main
floor is a washroom, showers, locker room and lunch area for equipment
operators. Directly above, on the second floor, is a 32 foot (9.8 m)
by 12 foot (3.7 m) operations control room. The windows from this van
tage point provide a commanding view of pit operations and a bird's
eye observation of the trucks as they drive to the scale for weighing.
An equipment repair shop occupies the rest of the building. In floor
area, the shop is 32 feet (9.8 m) wide by 56 1 411 (17.2 m) long and has
a ceiling height of 16 1 8" (5.1 m).
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TWO STORY MASONRY BUILDING

The most taxing part of the project was waiting for a hoisting (operat
ing) engineer with a 1ittle slack time to dig the foundation. Two months
were lost before an operator was available, and (as chance would have it)
we were given an operator who wasn1t strong on backhoe experience. He
made a disasterous start by knocking down an overhead telephone 1 ine,
ran over the survey stakes and dug up an under~round power cable some
one forgot to warn him of. After an auspicious start, there were a few
problems with line and grade, but the over-dig was corrected by back
fill ing with crushed stone, and the al ignment difficulties were corrected
by hand trimming and wheel-barrel work. At the end of August, 1975, ex
cavation work was completed and thereafter, the job proceeded smoothly.

Poor bearing capacity for the foundation was compensated by providing
extra wide continuous footing under each of the walls. Cavities and
super-soft spots were bridged by the foundation walls which were specially
reinforced to act as deep beams.

The real design challenge of the structure was to provide for long term
shrinkage of the underlying soil. The adjacent pit excavation was drain
ing the water table and soil shrinkage was a virtual certainty. Not
having a practical way to stop soil shrinkage, we turned to a design that
allows the building to rock and roll without cracking.

Bone, I ike masonry, is hard and fairly rigid, yet nature makes animal
skeletons flexible by segmenting the bone (picture the backbone of a
snake), and connecting it with a flexible material (cartilage). In a
like manner, the masonry walls of the Nu-Earth Service Center were seg
mented, the four foot (1.2 m) spaces between segments being linked by
sandwich type, translucent, fiberglass wall panels (manufactured by 
Kallwall Corp. of Manchester, N.H.). The building has a total of seven
such wall panels, which by strange coincidence, come to a total price
of $2,485.00 ($15. under the limit for a material requisition). Two
14' x 14' (4.3 m x 4.3 m) roll type steel doors provide additional flex
ibi I ity for the walls.

To insure movement will not take place in the masonry segments, every
second horizontal joint of concrete block is tied to the face brick and
reinforced with "three wire heavy duty block-truss". For vertical rein
forcement, #4 bars are grouted inside the block cores at intervals of
about four feet (1.2 m). The rest of the block cores are filled with
vermicul ite masonry insulation

At the top of each masonry wall segment is a well anchored steel plate
to which galvanized steel roof decking is welded for diaphram action.
With this system, horizontal wind forces are transferred to the roof
deck, then to the side walls where the force is carried to the founda
tion by shear action.
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Over the shop, the 18 gage ribbed roof deck is supported by 16-inch
(40.6 cm) rolled steel beams spaced seven feet (2.1 m) on centers.
Over the control room, the decking is supported by 6" x 411 (15.2 cm
x 10.2 cm) tubular steel beams that span the 12 foot (3.] m) width of
the room. In their painted condition, the steel tubes look like wood
beams, greatly enhancing the appearance of the room. In general, the
steel decking system is stiff enough to be an effective structural di
aphram, yet flexible enough to accommodate differential settlement.

Some of the more conventional features of the New Earth Service Center are a:

1) Precast concrete floor system for the operations control room, part
of which cantilevers into the shop area, providing an entry balcony
reached by a steel stairway.

2) Combination acrylic plastic dome skylight and roof scuttle over the
control room entry balcony.

3) Two inches (5.1 cm) rigid fiberglass board for insulation of roof
system.

4) Roofing over the insulation board consists of one ply of 43# asphalt
base felt, two plys of asbestos cap sheet, and a spray-on surface
membrance of fiberglass reinforced asphalt. Pipe vents and other
openings are flashed with a neoprene seal.

5) 440 volt plug receptacles for welding machines usage in shop area,
in addition to 110 volt outlets.

6) Ceiling mounted electric radiant heaters for the shop area and a
heat pump for the control room and locker-wash room area.

7) Metal clad Pella casement windows.

8) Provision for a future 10-ton (9.1 metric tons) bridge crane to be
hung from roof beams.

9) Cast iron roof drains, catch basins and extra heavy drain pipe.

10) IICavitette 'l aeration system for treatment of waste water from bui lding.

11) 50 ton (45.4 metric ton) truck scale mounted in reinforced concrete
floating foundation. Weight is determined by an elect..-onic load
cell with remote readout and printer located in the control room.

12) Electronic alarm system that utilizes microwave motion detectors
(installed following two break-ins).
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TWO STORY MASONRY BUILDING (5)

Construction was conducted by the Ilfast track method" in which actual
building work proceeds simultaneously with design. To our surprise, it
really worked (and with very few foul-ups.) Design and coordination of
construction was handled by engineer-administrator types who (1 ike the
tradesmen) did the job as a fill-in (in between operating problems, cit
izen complaints, maintenance troubles, conferences, budget request, dis
cipl ine cases, etc.). Somehow or other both design and the construction
commenced together and both finished at the same time.

One side benefit of the fast track method is that rt.necessitated bringing
the trade formen and leadmen into the basic planning process. They were
consulted on alternatives and relative difficulties of each. In some
cases, where the District lacked suitable construction equipment (for
example, concrete forms) the foreman advised on the type of equipment to
rent. If there were two alternatives of equal merit, we always took the
tradesman1s suggestion. By being a part of the planning process, the
tradesmen not only contributed valuable suggestions, but took greater
pride in the work - - it was something personal to them and they were
eager to prove their suggestion were good ones.

Construction of the service center proceeded swiftly from August of 1975 f

until December when winter weather slowed up progress. In January of 1976
the roof decking was welded in place, thus ending all hazard of wind dam
age to the masonry walls. Thereafter, construction moved in short, scat
tered spurs as tradesmen became available.

CONCLUSIONS:

1) As of this writing (some 2t years after the masonrywalls were first
erected) there are no signs of cracks in the masonry, thus proving that
I'flexible masonry design" is not only possible but practical.

2) There have been no difficulties caused by poor bearing capacity of
the underlying soil (sludge). Even the truck scale remains level and
in good adjustment, proving that difficult soil condition need not neces-
sitate a highly expensive foundation. The only hint of unusual
soil condition is a slight water bed effect when a train runs past the
bu i 1ding.

3) The building is not 1 ikely to win an architectural award (too
many sacrifices in fenistration due to cost restrictions and special
structural considerations), however, it is a very plesant building to
work in, and the men who built it are very proud of their accomplishment.

4) It took but fourteen months from the first sheet on the drawing board
till the building was occupied. This didn1t set a record, but it is con
siderably faster than the projected five to seven years for a Federal Grant
Project. Further, we believe the savings in foundation costs, labor expense
and material price escalation more than offset the benefit of a Federal Grant.
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Plannir"lg&supervision of the Nu-Earth Service Center was performed entirely
by the WSW Plant staff. Surprisihgly, the engineers who coordinated the
project prefer to be anonymous. "S uch unorthodox handling could damage
our bureaucratic image. 1I

The Plant tradesmen have no such reservations, they are unabashedly proud
of their contributions. My congratulations to the Master Mechanic - Bob
Bartuska, his assistants - Bill Robertson, Pete Yore, Tim O'Connell, and
the foremen and leadmen - Jim Airdo (Cement Finishers), Bob Arlow (Brick
layers) Henry Burrowes "(Pipefitters) Norm Cullerton (Electricians) Emil
DelBoccio (Sheetmetal workers) George Enda (Painters) Ruphin Kukulski (Car
penters) Joe Mixan and Bob Kilb (Plumbers) George Schaefer and Jack Mezera
(IRONWORKERS) and George Wirt? (Hoisting Engineers).

POST-SCRIPT

The use of Nu-Earth for home gardens is now under attack by environ
mentalists. The question at issue is whether crop uptake of heavy metals
from the sludge is sufficient to pose a health hazard. On a short term
basis, there is no evidence of ill effect from crops grown with Nu-Earth.
The long term effects however have yet to be determined.

In May of this year, Nu-Earth was sent to eighteen different agricultural
research centers throughout the United States. Under EPA sponsorship,
these centers will study uptake of heavy metals. (Locally, Colorado
State University at Fort Collins is one of the eighteen agricultural re
search centers so selected.) Pending resolution of the heavy metals
question, the MSD has voluntarily restricted Nu-Earth distributions to
non-food-chain usage. The healthy octogenarian retirees from the MSD who
have used Imhoff sludge in their gardens for forty years or more suggest
it will eventually be proven safe.
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AUTOMATED DESIGN OF MULTISTORY MASONRY SHEAR WALL STRUCTURES

By Hill Jr" Louis A. and Chasey Jr., Richard H., Arizona State University

ABSTRACT: This paper discusses a computer program which provides auto
mated, practical design of multistory masonry shear wall structures.
Automated techniques provide an economic means for data-controlled
design, without the need to learn a Problem Oriented Language.
Structured programming techniques are used to simplify revision and/or
replacement of subroutines necessitated by code changes as well as
improvements and refinements in design and analysis methods. Overall
program configuration used top-down programming to insure that data
structure and program modules consistently maintained integrity and
flexibility. Program modules, however, were consistently prior
tested using bottom-up programming to insure that they performed their
assigned tasks. accurately under all possible conditions.

-
User input is minimized by utilizing the typically repetitious nature
of both horizontal and vertical structure geometry. User options
provide data controlled flexibility of design criteria, unit
material and labor costs, seismic and wind zones, material strengths,
allowable stresses, etc.

Working stresses are used in the design of all structural elements
and connections. Iterative selections are then checked against
applicable code requirements and revised as necessary. The Uniform
Building Code (1976) is used but care is taken to allow for ready
incorporation of future code revisions, including the method of
analysis based on artificial seismic time histories.

Output conforms to standard design office procedures and includes user
data-specified selectivity. In general, input data is checked for
reasonableness and echoed to guard against gross errors. Masonry
thicknesses and reinforcing steel details (i.e., design results)
are output in a well organized format for providing structural draw
ings. Analyses include load combinations, and stress checks for
all elements. This output is in a form to facilitate checking by the
responsible engineer and any regulatory agencies which must approve
the plans. A bill of materials and a cost estimate are also provided.
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AUTOMATED DESIGN OF MULTISTORY MASONRY SHEAR WALL STRUCTURES

By Louis A. Hill Jr.)l and
Richard H. Chasey Jr. 2

INTRODUCTION

Practical automated design of multistory masonry shear wall struc
tures is provided by the computer program discussed in this paper.
The program utilizes standard techniques of reinforced masonry shear
wall design and analysis, in conjunction with procedures and values
specified by the Uniform Building Code. Automated techniques provide
a means of data-controlled design, eliminating the need to learn a
Problem Oriented Language. Required input is minimal. A selection
of data-controlled design criteria allows the engineer-user flexi
bility in modifying the design according to his needs. Output includes
input data. analysis computations. design results and a cost estimate.

As research introduces improvements and refinements in design
and analysis techniques, and as code requirements are revised, por
tions of this program will have to be changed. Revision and/or
replacement of these portions will be facilitated by use of
structured programming techniques. At present, buildings with
stepped floors or having more than one independent tower cannot be
designed. This program is also limited to buildings with vertical
walls which are parallel and/or perpendicular. Walls, however, can
be continuous, discontinuous, contiguous, or isolated.

INPUT

Formulation of program input received careful consideration.
Input data provides the sole means of communication to the program,
and must include information about the geometry of the structure,
loads, and analytical controls for the design process.

An overview of the structuring of data input is provided by
Fig. l~ User Sheet. Input cards shown on the User Sheet are detailed
in Figs. 2 and 3, which show Typical Cards. Except for the first

lprofessor and Chairman, Civil Engineering, Arizona State Univer
sity, Tempe, Arizona.

2Graduate Student, Civil Engineering, Arizona State University~
Tempe, Arizona.



Figure 1. User Sheet
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NUMBER OF CARDS

must use 3

1 card (

NNI3 Cards (

ORGANIZATION OF INPUT CARDS

(0) In Cards

GEOMETRY

(1) Geometric Control Card

Coordinates of Ends of Walls (alternately called joints or nodes)

(II) Coordinate Cards (NN is Number of Nodes]

Geometry for Level ~l

NW sets:
1 set for
each wall

{
NOP Cards
per wall

(III) Wall Control Card

(IV) Pier Card s

GeometrY'for Upper Levels

[NW is Number of Walls]

[NOP is Number of Piers per
Wall ]

1 set
for
each
level
that
differs
from
level
!lelow

NWA sets:
1 set for
each "'all
added

NWC sets:
1 set for
each wall
added

{
NOP Cards
per wall

j NOP Cards
'l per wall

(V) Wall-Change Conerol Card

(III) Wall Control Cards

(IV) Pier Cards [Note: Value of NOP changes
with. each wall]

(III) Wall Control Cards [Note: Leave all spaces
blank except where
changes occur]

(IV) Pier Cards

\NWll/lO Cards (VI) Wall Delete Cards (NWD is Number of Walls
Deleted]

Parapet Data (Skip if none exist, i.e., if IP ~ 0 on Geometric
Control Card)

IP /10 cards {

1 card

(VII) Parapet Cards

(VIII) Load Control Card

[IP is Number of Parapet
Walls]

varies (IX) Load Card(s) (Note: Unless loads differ on every
floor, a zero or blank is
required in the first odd
numbered column after the last
differing load--this ~
necessitate a card with only a
zero in column I to complete
sequence]

1 card {

1 card {

if ~sed; I per level

ANALYTICAL CONTFOLS

(X) Analytic Control Card

COST DATA

(XI) Unit Costs Card

(XII) Multipliers
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three cards of legend~ which provide the user with the means to title
and identify his program, all data cards have an identical format.
This system is used both (1) to facilitate preparation of coding for
a building and (2) to expedite typing of input data. Excluding the
legend cards, twelve types of data cards are shown on the User Sheet,
relatively in order of use. Observe that the data cards break down
logically into four main types: (1) legend, (2) geometry, (3) loading,
and (4) analytical controls and cost data.

GEOMETRY. Because both horizontal and vertical geometry
shear wall structures is typically repetitious, care has been
develop a method which minimizes input for such occurrences.
taneously~ freedom is allowed for using the program to design
structures with non-repetitive portions.

of
taken to
Simul-

The (I) Geometric Control Card establishes the number of stories
in the building, whether the building has parapet walls and how many,
the number of joints, and the number of walls on the first level.
Coordinates of the "ends of all walls" are entered on (I1)Coordinate
Cards.

Once this basic data has been read, specific information for the
first level is required, starting with a (1I1)Wall Control Card. This
card establishes the location of the wall, its function in the struc
ture, the number of piers, and its height. With the basic wall
information complete, information is required on (IV)Pier Cards--for
each pier of that particular wall. Thus~ geometry of the first level
is defined by a set of cards, always with a (III)Wall Control Card
followed by a sufficient number of (IV)Pier Cards to define the geometry
of openings for that specific wall.

After the geometry has been established for the first level,
geometry is entered for the upper levels. Only new information de
fining changes from the floor immediately below need be supplied. If
everything on any subsequent level is identical with the level
immediately below, then absolutely no entries are required. If any
wall changes at a particular floor level from that of the wall directly
below it, a (V)Wall-Change Control Card is necessary. This is the
first card in a set which contains:

(a) (IV)Wall Control Cards for any walls added beyond that of
the level below, followed by their respective (IV)Pier Cards
AND/OR

(b) (III)Wall Control Cards followed by their respective (IV)
Pier Cards for all walls which are changed (only entries for
changes are required, all other spaces should be left blank)
AND/OR

(c) (VI)Wall Delete Cards.

Using this system, for any higher level floor the entries could be:
Nothing at all or a (V)Wall-Change Control Card with any combination
of add, change, or delete sets following it. The configuration of the
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Figure 2. Typical Cards

(0) ~

Use any at" all 80 spaces for II!"...! and IDENTIFICATION

FORMA! FOR~ DATA CARDS:

1. MaxilllUllt of 10 valURS in any card
2. Use a decimal point with every number
3. Start numbers on card as follows: Column of data:

Column: on card:
1 2 3 4 5 6 7 8 9 10
1 9 17 25 33 41 49 57 65 73

(I) Geometric Control card

Parapet Walls (may be zero)
umber of Joints or Nodes, ("end of walls")

Number of Ilalla on level Itl

(It) Coordinate card,

(feet)
Y-coord. (feet)

Joint: l1umbet"
X-coord.

rY-coord.

~; Use maximum of 3 nodes pet' card~ do noe: skip spaces; will use ~ (see Geometric
Control Card) f 3 cards in all.

(III) Wall Concrol Card

~" • """'....=<n. "... "all2 ~ Non-Load-bearing Shear Wall

'
3 ... Load-bearing Non-Shear Wall
4 ~, Non-Structural Wall

(La .• parc:Lc1on wall)

all Numbel."
-Low, Node Number

aigl! Node Number
umber of Piers in chis "all

all type
Wall eXllosed to wind. us.. 1; e~sa 2

(0 "1~ give error message!
-Tributary Floor Area (sq ft);

use 0 if non-load-bearing
'Thickness of floor above (in)

Clear height of wall (ft)
Overall neight of wall

,.J-_i...-~---,--J._,.--L-,.-I---r-.J.-r---'--,-.-'--,-.l.-...,

(ft)

~: Use eithet" HTC or !lTF, but not both. (Needed only on first card of level.)

All with ~espect ~o wall in level immediately
below.

(IV) Her card

- Pier Number
-Pier Width (feet)

__Opening Width (feee)
--Lower neight of opening (reee)

_Upper height of opening (feee)
;-'-.,-,,--!--J--r-~-T'---,

1PI/" I \l I OPNW ( LOWHT I UPllT

(V) Ilall-change Control Card

vel number
umber of walls added

NUIIlber of "alls cnanged
Number of walls deleted

(VI) Wall-Delete Card

/ 1 etl I
Wall. nUlllbers deleeed ~his level.

rJil
i

\/11, iillf
1 m
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Figure 3. Typical Cards

(VII) ?ara~ee Card

--- Wall Number

I
--Low Node

I /
- High Node

! _ cPllrapet wall heighe (Eeet)

W'1i I LN I HN PWR I
(VIII) Load Conerol Card

--- uac '''ind Zone (pst @ 30')

I
, '-UllC Seislllic Zone

r-- O'6.cupancy Inrporeance Factor
, - Characteristic Site Period. if known

,_..:...--,..--':..-,--''-,----J....,
WIND

(IX) Load Card

- Live load. Level or floor 2 (psE)
_ Roof Live Load (psi)

,----------Le,veLL or Eloor number "'ith Live load ~ to live load of levelli2
r---~~~--~Live load (psi), use negaeive if LL is warehouse load

,_..J-.--r-_I....,---l.--;---l.--r--L.-r--L...-.,

~: Unless loads differ on every Eloor. a zero or blank is required in the Eirst
odd numbered column after the lase differing load--this may necessicaee a
~ard with only a zero in col~mn l ~o complete 3equence. ---

Input Values and Design Results including Cost Estimaee
Analysis used Eor final design
Analysis Eor each iteration

llP"l
NP>2
NP~3

(~; ~nal,tical Card

---~~s~nry type; ~urrancly res~ric~ed to 1. ~SQnry block
-Em' ultimate compressive serengeh (psi) of masonry

-Special inspection: 0 ~ not provided; 1 ~ will have special inspection
~uilding Enclosed: 0-: yes; 1 - no

f
-Analysis Meehod: 1 -Normal Assumption; 2 - Staeic~lly indeterminate

solueion

I rPrint Control (see Comm.ent)
,-Minimum wall chicluless (in); if 0 "ill use UBC minimUllls
I f oE sceel; if 0 will use 36 ksi

,J Y

llP I Ml'IFY

(XI) Unit Costs Card

,----Unit Cost of Masonry. in place. $/5, per inch oE ",all chicKness
----Steel, in place S/pound

rGrout, in place, S/cubic yard
___ Concrete. in place, S/cubic yardI ,-Multiplier used?: 0 - No;

r---J.---r--J.--.,.--'---,----!---.---I..--,
~ Yes

~: <lultipliers. as input on "multiplier cards" if used. provide a means co adjuse
unit. in place, costs Eor diEferent Eloor Levels.

this
level
only

(XII) ~ultiplier Card

____ Floor or level "umber
---Multiplier applied to unic cost of masonry

___ Multiplier applied eo unit cose of seeel

I
~Multiplier applied co unit cost of ~rout
I -Multiplier applied co unit case 0 f concreee

,--I....,.---I..--r--!--'_J...--,..L _

,,1/ I OlASM : STM : GRTM CONeM !
~: A multiplier of 1.00 can also be signified by a zero or blank.

Each
tor
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structure at any level is always compared with the level immediately
below.

The geometry is completed by (VII)Parapet Cards--only if parapets
have been declared to exist in the previously read (I) Geometric Control
Card.

LOADING. Once geometry of the structure is complete the (VII1)
Load Control Card establishes both wind and seismic zones, and speci
fies the occupancy importance factor as well as the characteristic
site period if it is known. Input of loads is completed by
reading a sufficient number of (IX)Load Cards to specify: (1) live
load at the second level. (2) roof load and (3) live loads on all other
levels which differ from that of the second level. When floor is used
as a warehouse, the negative of live load is input to signal that part
of the load is to be used for lateral seismic force.

All dead loads are computed from the structure itself. Floor
loads and tributary areas to walls remain unchanged throughout the
design process. Dead loads of the walls. however. change with chang
ing thicknesses during the iterative design process.

CONTROLS. The type of masonry used. the ultimate compressive
strength of the masonry, whether or not special inspection is provided,
and whether or not the building is enclosed are all contained on the
(X) Analytical Control Card. This card also contains a control for
the type of analysis to be used on the walls and establishes the amount
of output which is to be provided by the program. The analytical
method most commonly used in longhand computations is provided by
entering a 1. but does not yield story drifts. A more precise,
statically indeterminate method is normally recommended, provided by
entering a 2.

The (X)Analytical Control Card also contains two pieces of option
al information. which are set automatically if not supplied. Unless
otherwise specified, the minimum wall thickness is six inches and the
yield strength of steel is 36ksi.

The next card. (XI)Unit Cost Card. specifies estimated unit costs
to be used for the building. In the case of high rise structures,
when multiplier values indicating cost variations with height above
grade are available. they can be supplied on (XII)Multiplier Cost Cards.

EXAMPLE. Illustrations of examples of multistory shear wall
bUildings using information from the User Sheet of Fig. 1 and Typical
Cards from Figs. 2 and 3 will be available for review at the conference.
Due to space limitations, however, these are not included in the
paper.
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ANALYSIS AND DESIGN

ASSUMPTIONS. The floor systems are assumed to be perfectly rigid
and to function as diaphragms which transfer the story shear forces
to the shear walls in accordance with the relative rigidities of the
walls. Shear walls in a plane perpendicular to the direction of the
applied shear force are assumed to offer negligible resistance; only
walls parallel to the applied shear force are included in lateral
resistance computations, except for polar moment of inertia.

Rigidities are computed assuming: (1) wall material is linearly
elastic, homogeneous and isotropic, (2) bottom pier edges do not
rotate and (3) no elastic shortening occurs in the wall segments
directly above openings.

BASIC PROCEDURE. The basic procedure for the analysis and design
of structural elements is illustrated in Flow Diagram 1. After the
user supplied input has been read, the allowable stresses are computed
in accordance with code specifications and stored. Allowable stresses
which are functions of load (i.e., shear stresses) are computed else
where. The total height of the structure is then checked against the
code specified maximum; computation is terminated if the building is
too tall. Floor dead loads and live loads are computed and distributed
to load-bearing walls according to the tributary floor areas. The
structure is checked for the presence of towers, in accordance with
the UBC definition, in order to determine governing seismic forces.

Once the preliminaries are complete, the program enters an
iterative procedure which generates forces due to loads and establishes
thicknesses of masonry walls. The Load Generation Module (discussed
in more detail below) utilizes masonry dimensions established during
the last iteration of wall design. Alternately, on the first pass
code or user specified minimum wall thicknesses are used. Wall forces
are computed for seismic, wind and gravity loads. With wall forces
determined, walls are analyzed by WLD (discussed in more detail below)
and masonry dimensions revised as necessary. If any dimensional
changes occur, the procedure is repeated. If no dimensional changes
occur, convergence has been reached and the program proceeds.

With walls designed, the structure is checked for lateral stabi
lity about each axis. In accordance with the UBC, if the factor of
safety is less than 1.5, the program terminates. The structure is
also checked for lateral stiffness by checking story drifts against
code specified maximums, terminating if deflections are too large.

If the structure satisfies all these criteria, the program
designs the wall steel and computes the cost of the structure.
Although currently inoperative, Flow Diagram 1 shows where bond beams,
lintels and connections will be designed.



CALL COST

FLOW DIAGRAM 1: MULTISTORY REINFORCED MASONRY SHEAR WALL
BUILDING DESIGN (MRM)

"INPUT" READS ALL USER-SUPPLIED DATA

"BUILD" DEVELDPES THE INPUT OATA INTO MATRICES USED
DURING THE DESIGN/ANALYSIS PROCEDURE

"TSH" COMPUTES ALL ALLOWABLE STRESSES IN ACCORDANCE WITH
UBC TABLE NO. 24 H EXCEPT THOSE STRESSES WHICH ARE
A FUNCTION OF LOAD (i.e. SHEAR STRESSES)

SIGMAH : HEIGHT OF STRUCTURE ABOVE GRADE

"FLR" DHERi·1INES THE DEADLOADS + LIVELOADS OF THE FLOORS

"TWR" CHECKS STRUCTURE FOR PRESENCE OF TOWERS PER UBC DEFINITION

"LGM" DETERr~lNES VERTICAL AND LATERAL LOADING FORCES, [SEE
FLOW 0IAGRAM 2 FOR DETAILS](BASED ON MINIMUM THICK
,'JESSES FOR FIRST PASS AND DESIGNED THICKNESSES
THEREAFTER)

"WLD" DESIGNS WALLS [SEE FLOW DIAGRAM 3 FOR DETAILS]
(ESTABLISHES DTD ; 0 IF ANY WALLS CHANGE SIZE FROM THE
DIMENSION USED IN SUBROUTINE LGM ABOVE)

JE~ERMINE IF ANY MASONRY WALL THICKNESS CHANGES HAVE OCCURRED

"RDT" DETERMINeS THE ~t:SISTANCE TO 0VERrURiiiNG

STOP)

DRIFTS

"STEEL" DESIGNS WALL STEEL, CALLS RNF, COL

"SAL" DESIGNS SOND BEAMS + UNELS, CALLS BBB, OPN (INOPERATIVE)

"CON" DESIGNS CONNECTIONS, CALLS FNC, FWC. WWC (INOPERATIVE)

"COST" COMPUTES COST ESTIj~ATE

83-9
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DETERMINING LOADS. Loads are generated in the Load Generating
Module, LGM, illustrated in Flow Diagram 2. Gravity loads and struc
ture masses are computed in module DLC for every iteration because
both are functions of masonry dimensions. The dead load, and in
some cases part of the live load, are used to determine seismic forces.
Wind shearing and overturning forces are computed in module WFS on
the first pass only. Seismic shearing and overturning forces are
computed in module SMV for each iteration. Base shear and overturning
moments are computed and distributed in accordance with code specified
procedures. If towers are present, additional lateral forces are
computed and the governing force determined in module TFS.

ANALYSIS AND DESIGN OF WALLS. All walls in a structure need not
be designed as load-bearing shear walls. The engineer-user may, there
fore, specify walls to resist no gravity load, walls to resist no
horizontal shear forces, or non-structural partition walls. Such
specifications must, of course, be consistent with construction
methods actually used, particularly with respect to joints and con
nections.

The analysis and design of the structural masonry walls is
accomplished in the Wall Design Module WLD illustrated in Flow Diagram
3. This module does one level at a time, sequentially. For each
level, the relative rigidities and other wall properties are determined
in module MELDI, illustrated in Flow Diagram 4. When no change has
occurred in wall thicknesses, their properties also are unchanged
(from the previous iteration) and therefore are not recomputed. Each
wall is analyzed, and if necessary, wall thicknesses are changed in
module SEW, illustrated in Flow Diagram S.

MASONRY WALL PROPERTIES. MELDI uses two methods to compute wall!
pier rigidities. Method I uses WSTI and is the simpler of the two.
It computes wall rigidity by dividing the wall between openings into
piers. Method 2, used by WST2, divides the entire wall into piers
and uses a statically indeterminate method for computation of rigidi
ties.

AI computes the static properties of each wall: the cross sec
tional area. centroid and moment of inertia for each wall plus the
polar moment of inertia (in units of rigidity-ft 2 ) and the center of
rigidity for the entire level. Eccentricities and torsional forces
are calculated within MELDI.

WALL ANALYSIS. Within SEW (Flow Diagram S), eLT checks wall
thickness against minimum code requirements and DAS determines the
actual stresses in the piers of the walls--for each loading condition.
Structure walls are analyzed for five different load conditions:
(1) dead load plus live load plus lateral load due to wind, (2) dead
load plus lateral load due to wind, (3) dead load plus live load plus
seismic lateral load, (4) dead load plus seismic lateral load and
(S) 1!2 dead load plus seismic lateral load.



FLOW DIAGRAM 2: LOAD GENERATING MODULE (LGM)
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~o

Determines .... ertical (gravity)
loads & structure- mass.

Detenni.ne lateral forces due to wind.

Determine lateral seismic forces.

Determines 1ateral seismic forces in
tower. calls SMV.

flOW CtA-GRAM 3: ~l.L DESIGN MODUtE. ('loILO)

YES

YES

( tr'.icKneSs,
from preY;ous
pass)

I

I

1

NO

Determine relative
rigidities 4nd ottllt.. wall
propertiss. (see ~low

0119". NO.4 fOI" detafTsj

Oesi9n~ and analY4l!$ wa11s.
saw calls CLT. 'JAS. TO?'
(see: Fl<J11f Ohgr!1ft No. S
for de-tans). (Estal)l"tskes
oro ~ Q if any walls. ch.a.nqe
;lZS dur'ing analysis.)
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FLOW DIAGRAM 4: MASONRY WALL PROPERTIES (MBlDl)

Determine which method of analysis
>-,-,""-__;:;us",,e:.;..r-4has se1ec ted.

Determine pier + wall stiffnesses,
relative rigidities, calls KNV.

COMPUTE
ECCENTRICITIES
PLUS TORSIONAL

FORCES
Determine static properties
of wa 11 .

FLOW DIAGRAM 5: WAll ANALYSIS (SBW)

Checks wall thickness against minimum
code requirements, and forces compliance
by considering effective height and length of

wall and increases. wall thickness if
,....--------- necessary. ClT ca 11 s EHL, TOP.

Determines the Actual Stresses for
each load condition in the wall
piers.DAS calls MBLD2 .

• __I~NO~~-;:;~7r;';;}> CALL TOP Increases wall thickness--possibly
add pilasters. Calls NWT and PIL.

YES
DETERMINE IF WALL THICKNESS CHANGED

(During Analysis, if yes DTD t 0)
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Wall analysis results in unit stresses for each pier of the
wall, as caused by each of the five loading conditions. The following
are computed: (1) axial unit stress, (2) bending unit stress, (3)
overturning unit stress, (4) shearing unit stress, (5) maximum
tensile unit stress, (6) maximum compressive unit stress.

Once the unit stresses have been determined, they are checked
against allowable masonry stresses and other code requirements. If
actual stresses exceed allowable stresses, or if other code requirements
are not met, wall thickness is _increased (in some cases pilasters may
be added). The process is repeated for each wall within each level,
and for each level until all walls in the structure -have been analyzed.

FLAG. A flag, DTD, is set if any walls have changed thickness.
This flag controls computations of new loads when convergence has not
been reached.

This program was developed for use in the design office and thus
the style of printed output conforms closely to standard procedure.
The format facilitates preparation of drawings, checking of designs
by the responsible engineer, and provides data to assist regulatory
agencies in approving the plans. An outline of program print out is
shown rather than actual output because of space limitations. It is
planned to have several different building designs available for
review at the conference.

OUTLINE OF PROGRAM PRINT OUT:

I. Introduction

A. Program Title
B. Brief Program Description
C. User Supplied Title and Identification

II. Input Echo

A. Structure Data
B. Design Criteria
C. Floor/Roof Data
D. Node Coordinates
E. Wall-Pier Data

III. Analysis Computations

A. Base Shearing Forces
B. Distribution of Forces
C. Level, Wall and Pier Properties
D. Stresses in Piers of Walls
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IV. Wall Design Results

A. Masonry Thickness
B. Vertical Steel
C. Horizontal Steel

V. Lateral Criteria

A. Resistance to Overturning
B. Story Drift

VI. Cost Estimate

Although input is checked for reasonableness,it is echoed to
provide additional safeguard against error. In addition, such input
is useful when studying the design results.

Analysis print out includes the loads generated by gravity, wind
and seismic forces. Values are shown for each iteration or for only
the analysis used in the final design. All necessary identifying data
is shown with computed properties of the masonry walls (rigidities,
relative rigidities, moments of inertia, etc.), computed properties
of each level (polar moments of inertia, center of rigidity,
torsional eccentricities, etc.), intermediate calculations and stresses
for all elements.

Design results include masonry thickness and horizontal and
vertical steel for walls. These results are organized to provide
ease in preparation of structural drawings.

Output also indicates resistance to overturning, story drifts,
and a cost breakdown. A print control system is utilized to provide
flexibility in the amount and detail of output. This flexibility
was also an invaluable aid in the process of testing and debugging
the program.

PROGRAMMING TECHNIQUES

STRUCTURED PROGRAMMING. As used in this paper, a structured
program is composed of a series of modules, each module performing
some specific function. By definition, a module has only one entrance
and only one exit (except for possible error exits). Flow through
the program is module by module, sequentially, along a straight-line
path until each function has been performed and the program is com
plete.

Modules are primarily subroutines, although mini-modules are
often used within subroutines to accomplish particular loops, and
maxi-modules combine subroutines into larger constructs. Programs
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written employing structured programming techniques tend to optimize
human effort, sometimes at the expense of machine efficiency. They
are easy to follow, easy to change and easy to correct.

Segmenting the program into modules aids the programming in a
number of ways. Segmenting allows formulation of a program which is
larger and more complex than could otherwise be completely grasped,
in detail, at any given moment. Segmenting also allowed incorpora
tion of the work of others into the project, increasing programmer
efficiency. Thus, members of a group can function simultaneouslY and
independently toward completion of a single project. Well defined
modules increase efficiency by being available as tools each time a
specific task is to be performed.

TOP-DOWN FORMULATION. The Top-Down concept provided a holistic
approach to conceptualizing, writing, and debugging this program for
the design of multistory masonry buildings. Flexibility was
provided to effectively and efficiently add to, revise, or replace
portions of the program because tasks are well defined, have clearly
delineated boundaries, and the order and sequence of computation is
always clear. Top-Down programming also helps insure that program
data structure is complete so that all modules receive necessary data
and can return results of computations to appropriate storage loca
tions.

The main program was tested using a top-down procedure. Before
subroutines had been thoroughly tested by a bottom-up procedure,
"dmmny" subroutines were used to echo call lists and insure proper
transfer of data. A number of these "dununy" subroutines also supplied
a set of internally fixed or generated data to be used by subroutines
in later portions of the program.

BOTTOM-UP FORMULATION. In contrast to Top-Down, the Bottom-Up
formulation focuses on the details; the primary objective is to
insure that individual elements work perfectly.

Bottom-Up testing was used to independently validate portions of
the program. Such testing started at the "bottom" and proceeded to
the "top", i. e., testing began with those subroutines which call no
others, using a "dummy" program designed specifically to test it
thoroughly.

A typical testing sequence can be illustrated by referring to
Flow Diagram 5 on Wall Analysis. Subroutines, MBLD2,NWT, and EHL
were validated independently. At the next level, TOP was validated
using previously validated NWT and a "dummy" PIL. At the third
level, CTL (using EHL and TOP, which used NWT and "dummy" PIL) and
DAS (using MBLD2) were tested independently with their own "dummy"
test programs. These were then combined and tested together by a
"dummy" program calling SBW.
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The procedure was sometimes modified because of difficulties in
providing sufficient data for a thorough test; in such cases a
combination of lower-level top-down testing was combined with bottom
up testing.

VALIDATION. Judicious use of Top-Down and Bottom-Up formulation
and testing t used in conjunction with structured programming t has
greatly aided in insuring a program which is error free. These
techniques provided a systematic way of program debugging and led to
substantial savings in time.

Because this program designs a building, and because the occupants
of such buildings depend upon structural integrity for their safety,
it is encouraging to have the assurance provided by this combination
of techniques.

SUMMARY AND CONCLUSIONS

Use of structured programming in conjunction with Top-Down and
Bottom-Up formulation and testing has led to the development of an
efficient and effective program for designing multistory reinforced
masonry buildings. Having started with the holistic view, additions
and refinements can be made rather easily.

BUILDING GEOMETRY. The program needs to be expanded to handle:
(1) buildings having walls that are not parallel and perpendicular to
each other, (2) buildings having independent towers, and possibly (3)
buildings having floors which are stepped with respect to one another.
All of these changes can be made with only minor modifications to
the existing program plus the replacement of specific subroutines.

DETAILS. Initial work has been done on the design of details.
Completion of this work will result in a complete design of bond beams,
lintels, and connections.

Of large scope, it is desirable to automate the design of floor
systems of a general nature so that tributary loads to walls will be
computed within the program itself.

Another undertaking of similar magnitude is the refinement of the
dynamic analysis of the structure to include the latest theoretical
refinements.

PARAMETRIC STUDIES. With very minimal alterations, the program
provides the capability for doing parametric studies related to cost
of the structure in different parts of the country, and with respect
to changing costs associated with the height above the ground floor
level. Eventually, such studies could be useful in comparing different
structural systems for buildings.
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Another easily implemented interesting parametric study is to
design a series'of building shapes, for a succession of heights-
each starting with the lowest wind and seismic zones and going to
the highest. This process would provide a cost comparison
relating differences inherent in varying lateral forces. Such infor
mation could prove valuable by giving definitive guidelines in the
choice of structural configurations, dependent upon geographical
location and cost factors.

As it stands, the program provides a means to compare costs
between structures which have special inspection and those which do
not. Such comparisons would relate overall cost of structures,
including the differential costs of supervising labor.
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MASONRY BUILDINGS: CONSTRUCTION ON SUBSIDENCE SITES
1

By Hall, Harold Clifford

ABSTRACT: This paper deals'with a basis for structural design of
shallow foundations for support of rigid masonry structures on sub
sidence sites. It is assumed that the structure is to be located on
a surface which will settle in the future, within certain limitations.
Examples of subsidence sites include mined sites, thick clay soils,
and filled sites. Both superstructure and substructure design consider
ations are treated; deflection "(deformation) of the building is a
primary consideration. The paper represents design practice in the
author's consulting office for this type of problem; it is based on
the author's experiences and on British and European practice.

1
President, H. C. Hall, Consulting Civil Engineer, Inc., Hart, Michigan
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MASONRY BUILDINGS: CONSTRUCTION ON SUBSIDENCE SITES

By Harold Clifford Halll

INTRODUCTION

Special procedures are required for design of masonry structures
where uncontrolled deep-seated movements in the underlying soil or
bedrock are expected. This paper deals with the unique goal and
associated problems of successful construction of masonry buildings
on subsidence sites.

The writer has, in recent years, been involved with site
evaluation and design of buildings proposed for subsidence sites in
the Wyoming Valley (Wilkes-Barre and Scranton area), Pennsylvania,
where deep mining of multiple seams of coal has been carried out over
the past 100 years. This work, performed for an agency of the U. S.
Government, included the preparation of a Manual (4) for the guidance
of government engineers in site evaluation, subsidence prediction,
and plan review. The corresponding practices of engineers in England
and Europe were summarized by Chen et. ale (1) of Michael Baker, Jr.,
Inc., Consulting Engineers of Beaver, Pennsylvania.

This paper represents the practice of this engineering office
for this type of problem.

PURPOSE OF THIS PAPER

The prov~s~ons made in this paper may severely limit the archi
tect's design options. On the other hand, proper engineering design
should significantly enhance the chances that the structural unit
will survive large subsidence-related strains, possibly without
damage, and that human life and safety may be reasonably protected.
Thus, the purpose of this paper is to outline a basis for responsible
design of a rigid masonry structure on a subsidence site.

SUBSIDENCE SITE DEFINED

Notorious subsidence zones include heavily-mined coal fields,
as well as areas where water tables have lowered. We assume that,
for such a site, future subsidence will not be "minor" or "ordinary",

IConsulting Engineer, Hart, Michigan

Numeral5 in parentheses refer to corresponding items in the Appendix
I.--References
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in the usual sense. Areas of significant subsidence may be well
known to the reader. The causes of subsidence, as recognized in
this paper, are summarized as follows:

1. Mined and cavernous sites; karst areas. Changes occurring
in underground cavities; it is assumed that these changes,
despite the mechanism of movement, will cause subsidence
at the ground surface.

2. Clay sites. Major time-dependent consolidation caused by
vertical stress in underlying soil. This settlement may
be associated with any or all of the following factors:

a) the weight of the structure,
b) the weight of new fill,
c) lowering of the water table.

3. Dessication shrinkage of clay. Often caused by uptake of
water by roots of trees.(2)

4. Filled sites. Consolidation due to internal ravelling (5),
disintegration, or decomposition of fill materials; e.g., an
uncontrolled fill of random materials such as bUilding
rubble. Also, consolidation of cohesive fill soil due to
dissipation of excess pore pressure, especially if inade
quately compacted.

Our definition of "subsidence" sites excludes l'unstable" sites
where shear f&ilures are to be expected, (e.g., sliding or very weak
bearing materials which cannot support footings), as well as earth
quake zones. This paper applies only to sites where the bearing soil
is sufficiently strong to provide adequate foundation support, but
where large strains are expected under the proposed structure assoc
iated with changes occurring in or below these bearing materials.

MASONRY CONSTRUCTION

A masonry building may seem inappropriate for a subsidence site
because of masonry's low tolerance to differential movement. (1,3)
However, rigid masonry superstructures on subsidence sites are not
uncommon throughout the world. In England, high-rise (13 or more
story) buildings of rigid masonry have been built on subsidence sites;
these buildings, small in plan area, are founded on stiff reinforced
concrete rafts.(l)
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SITE STUDIES AND INVESTIGATIONS

This paper does not deal with the methodology for investigation
and evaluation of subsidence sites, nor with techniques for prediction
of the amount, mode, or timing of any future movement. The potential
for future movements, and the time-frame within which such movements
can occur, can differ markedly from site to site for many reasons.
The designer ought to avail himself of local experience and informa
tion regarding the potential for, and the rate, type and amount of
future movements, including data, judgment and past history in the
area. He should investigate the possibility of rapid or sudden sub
sidence, and whether a pothole could develop in the ground surface.
On the other hand, if gradual rates of change in surface contours are
predicted, these time-rates should be investigated. Future changes
in surface contours should be predicted, and whether ground-stretching
or surface-compression strains are to be expected.

THE ELEMENT OF RISK

Actual design should be undertaken by design professionals,
equipped by training and experience to properly evaluate the site, to
assess the significance and rate of future subsurface movement, to
gauge the likelihood of success and the degree of risk, and to
carry out a competent, appropriate design. A thorough site investig
ation is minimally necessary. Beyond question, some subsidence sites
are not feasibly buildable; even those sites which may be buildable
will incorporate an inevitable element of risk. Costly repairs and
corrective measures may be required; the future cost of these
measures should be anticipated by the owner. Because the circum
stances are unique possibly involving liability to the designer, the
details and significance of these risks ought to be realistically
defined by the designer to the owner, at the outset.

DESIGN PRACTICE

Within the limitations defined in this paper, the following
text describes our current general design approach to this type of
problem. It should be emphasized that design decisions must depend
upon actual building requirements and site conditions.

A. Site Preparation and Building Configuration

After grading, the site should be level; grade changes should
ideally be "cut" rather than "fill", if possible, so as to minimize
or reduce new vertical stresses in underlying materials. Also,
a sufficient thickness of strong materials must underlie the found
ation so as to satisfy the stability requirements of soil mechanics.
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The plan of each building unit should ideally be simple and
regular, e.g., a square or rectangular plan; complex plan geometrics
should be avoided. The planned width or length of the building unit
should probably not exceed about 80 feet, although larger structural
units are possible depending on the nature and degree of the subsid
ence problem. The purpose of limiting the plan dimension of each
structural unit is to minimize the relative size (and, thus, the
cost) of the foundation, and to minimize risk; longer building units
are riskier than shorter units. Large bUildings can be constructed,
comprised of contiguous structural units; no dimensional limit
exists since individual units would be structurally independent of
one another, although adjacent. However, special structural and
geometric criteria will apply to the inter-face or "hinge" area.
Damage in this area may be unavoidable. An appropriate gap will be
required. Consideration could be given to a relatively small "link"
unit, located between the larger buildings; a link unit would ideally
be constructed so as to be more readily repaired at relatively less
cost; possibly wood or light steel framing would be appropriate.
Although separation between adjacent structural units is important,
the appearance of a single monolithic building can be preserved.
Shielding over the joint area should be large enough to account for
reasonable increases and decreases in width.

Inherently heavy or sensitive structures, including warehouses
and buildings which house sensitive machinery, as well as other
special-problem structures, may be inappropriate as rigid bUildings
on subsidence sites. Although heavy buildings are possible, l~ve

and dead loads should ideally be as light as feasible, consistent
with rigidity, so as to minimize the cost of foundation construction.
Also, any building for which minor or temporary tilting-type de
formation is intolerable should probably not be considered.

The building should preferably not incorporate a basement;
as feasible, below-grade construction should be minimized. The main
floor of the building should ideally be constructed at one level
which should be at, or near, exterior grade. Steps in the main floor
level are undesirable. The main floor level should probably be the
surface of the concrete foundation raft, or directly supported thereon.

Where horizontal strains are expected, the zone around the
periphery of the foundation should be backfilled with compressible
material and should be properly drained so that the compressible fill
material does not become water-logged and frozen. Examples of
porous, free-draining, compressible fill materials include: chipped
wood mulch; weak light-weight expanded ash particles; rock-wool or
other suitable insulation. This zone of compressible material should
be at least twelve inches in thickness and should surround the entire
periphery of the foundation; it should allow lateral movement of the
foundation without the development of significantly large passive
resistance. Entrance slabs must span structurally over this compress
ible zone. Roof water and other drainage must be directed away.
The surface of the compressible zone should be either paved with
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asphaltic concrete, covered with decorative mulch, or similarly treated.
It may be planted as feasible. The surface surrounding building units
should slope so that positive drainage occurs away from the building
area. Other design provisions to account for anticipated horizontal
strains are provided below.

A bUilding of about two-story height is desirable; that is, the
dimension from main floor to roof should ideally be no more than about
20 feet. Despite the height of the building, consideration must be given
to predicted changes in joint width, and to design stresses in the masonry
as the subsidence occurs. For tower-like buildings, no internal masonry
jointing is needed or desirable because towers are small in plan relative
to their height; however, masonry stresses must be considered for various
design conditions, including out-of-plumbness.

The suspended framing, floor and roof systems, should be of light
construction. Joists, beams, and slabs must be well anchored into all
contiguous masonry walls; this anchorage requirement applies to the
bearing wall~ and to walls which parallel the floor or roof framing.

Settlement checkpoints should be located on the exterior of the
foundation, at corners, and at intermediate points along the walls, placed
so as to permit a surveyor to readily measure vertical movement. Check
points should be established so as to monitor movement across joints in
walls, and between building units. The first hint of movement may be
revealed at the inter-face between structural units. Periodic monitoring
of movements should be carried out throughout the life of the structure.
A continuous record of all evidence of movements at and near the structure
should be maintained. As the history of movement is developed, extra
polation of the data can be useful in refining predictions of future
movement. If no significant vertical, horizontal, or rotational move
ments are detected, the time interval between sets of measurements can
be greater (say, three months) so as to minimize the cost of monitoring.
However, if progressive movement is detected or suspected, the time
interval should be decreased to once or twice per month until it can be
established whether a problem exists and, if so, whether the rate of
movement is significant or ominous. Measurement of strains within the
building may be readily recorded; as stated, changes in joint widths
w~thin and between buildings should be monitored. This type of monitoring
can be done at relatively small cost utilizing simple equipment. If
evidence is detected which might indicate stresses in the foundation,
the services of a structural engineer should be obtained who would
examine the data and determine whether over-stress may be developing.
If over-stress exists or is predicted, a plan for corrective measures
should be carried out before damage becomes significant. Corrective
measures might include jacking of the foundation back to a level condition.

Pressure grouting under the foundation may be required in the future;
because of this possibility, grout pipes should be incorporated into the
foundation during construction at appropriate locations.
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Underground pipes which serve the building unit, such as water, gas
and sewer, should be articulated at the location where they enter the
building. The purpose of this articulation is to account for relative
movement between bUilding and surrounding soil at the location where the
pipes enter the building. Particular attention must be given to the
gas service line, since rupture of such a gas line could have disastrous
consequences.

Where pipes in the superstructure extend across joints within struc
tural units, and between adjacent units, the pipes must be appropriately
designed to accommodate movement. Greater movement may, of course, be
expected at such joints in the plane of the roof than in the floors
below. Also, the amount of anticipated movement between structural
units is much greater than within the unit itself.

Under-floor utilities, such as sewers, water and gas pipes, should
be placed in chases under the main floor so as to be accessible to the
surface for maintenance and repair. They should not be encased in the
foundation concrete.

B. Masonry Wall Construction

The structural unit should be constructed as a three-dimensional
rigid monolith utilizing masonry walls and partitions. Masonry walls
should provide structural support to floor and roof; posts or columns
are less desirable. It may be necessary that the structural unit be
segmented using crack-control joints which extend as a continuous verti
cal plane through the entire building. Although the usual maximum
spacing of these through-building joints would be in the order of 25 to
40 feet, the actual spacing would depend on the building's geometry.
The superstructure of a two-story 40' x 80' structural unit, for example,
could be segregated by two of these joints into three more-or-less equal
zones of about 40' x 26'8 11

• On the other hand, the superstructure of a
tower-like building would probably not be jointed. The through-building
joints would be continuous through floor and roof construction so that
relative movement could occur. The joint width should allow compression
movement of at least 3/4 inch. The greatest movement is to be expected
at or near the roof level. These joints should not be placed at or near
locations of doorways and windows, since if movement occurs, the dimen
sions of door and window openings should ideally not be changed. Smaller
window and door openings are preferable to larger openings.

All masonry wall construction whether bearing or non-bearing should
be well reinforced horizontally. Vertical reinforcement may be needed,
as well; for vertically reinforced walls, hollow-unit masonry is
suggested; the block cores would be filled with concrete, and the rein
forcing steel would be continuous from top to bottom of the wall.
Walls should be bonded together at intersections and at corners.
Vertically reinforced walls should be adequately anchored down to the
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foundation using dowels. The purpose of horizontal and vertical rein
forcement, and anchorage, is to produce a strong, stiff, three-dimen
sional monolith capable of resisting strains.

Where joints in walls or floors are provided, the architectural
treatment should account for the maximum expected amount of movement;
aesthetic problems can be minimized or eliminated by proper design of
joint covers. Roof leaks can be minimized if particular attention is
given to joints in the roof structure so as to account for the sum of
temperature movement and foundation-related movement.

According to British practice, a relatively weak lime mortar is
preferred; it is believed that "softer" mortar will produce a more
flexible wall. However, in our view, this concept would be inappropriate
where vertically reinforced masonry is to be used; also, the use of
"weak" mortar seems more appropriate for brick than block masonry because
the units are smaller.

C. Foundation Design and Construction

The "Building Code Requirements for Reinforced Concrete" (ACI 318)
of the American Concrete Institute should govern the structural design
of the foundation for the ordinary foundation considerations, for the
subsidence'problem, and for the relevelling process.

The subsidence, it is assumed, would tend to cause deformation in
the foundation of greater magnitude than the superstructure could tolerate.
For this reason, we assume that the raft foundation must incorporate
flexural and shear strength to resist deformation in the building.

The design of the reinforced concrete foundation raft should
account for dead loads, plus reduced live loads, on roofs and floor.
Any reduction in live load should be in accordance with the judgment
of the structural engineer; the purpose of reducing live loads is to
realistically account for only the maximum probable loading to be
delivered to the foundation.

The foundation within each structural unit should be of heavy,
continuous, monolithic reinforced concrete. It should have two-way
strength and adequate stiffness as herein recommended. It should be
designed for cantilevering (negative moment), and for simple span
(positive moment), in accordance with the designer's judgment, guided by
the design assumptions described herein. See Figures I and 2. The
designer should recognize that the location of maximum negative and
positive moment is not fully predictable. The design, and the rein
forcing steel placement, should be governed accordingly.

The raft foundation should be designed for deflection as well as
stress. The following deflection allowances should be based on the
spans shown in Figures 1 and 2. The amount of deflection which can
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occur due to positive moment should not exceed 0.001 times the assumed
simple span. The maximum amount of deflection due to negative moment,
or cantilevering, should not exceed that which is consistent with a
radius of curvature of 5,000 feet. This aspect, deflection, will
probably control the size (cross-sectional area) of beams or slabs; the
concrete stresses (flexure and shear) in the raft possibly may not
govern. The member, in any event, should have relatively large shear
area and large moment of inertia. It should be designed with sufficient
concrete area so that web reinforcement (ties or stirrups) are not re
quired as shear reinforcement; low shear stresses are desirable under
assumed design conditions. Deep narrow beams should be avoided; ideally,
the width of the beam should not be less than half the depth.

The reinforced concrete foundation should not be placed directly on
bedrock. A zone of compacted sand, of at least two foot thickness,
containing no more than about 15 percent finer than the 200 mesh sieve,
should be placed as a cushion between the foundation and the underlying
materials. The judgment of the project soil engineer is required rela
tive to the details of this sand cushion.

If horizontal strains are expected, the concrete raft should be
designed for frictional or drag forces which would develop along the
interface with the underlying soil. The entire base (soffit) of the
reinforced concrete foundation unit should be a level plane. The
concrete foundation should ideally be a two-way flat slab of uniform
thickness. However, if a beam system is to be used, close beam spacings
are preferred, e.g., about 3 to 4 foot centers, maximum. If a two-way
ribbed ("egg-crate") type foundation is selected, the coffers probably
should be open air voids so as to minimize resistance to horizontal
strain; they should not be filled with soil. The amount of horizontal
drag force can be estimated by calculating the vertical unit stress
being transmitted by the foundation to the underlying soil and by appli
cation of a suggested coefficient of friction of 0.7. The actual friction
coefficient used should be selected according to the best judgment of
the project soil engineer. This procedure would allow the designer to
estimate the point or area where the maximum tension force is likely to
occur along the length of the raft. The maximum force may then be
calculated and the required reinforcing steel area determined accordingly.

All reinforcing steel should have a minimum yield strength of
60,000 psi.

Top and bottom horizontal reinforcing bars will be required in the
foundation raft because positive and negative moments can occur at un
predictable locations. If beams are used, top and bottom reinforcing
bars should be placed as a cage using tie bars. The tie bars should be
of at least 3/8 inch diameter, spaced at no greater spacing than the
vertical distance between the top and bottom reinforcing bars in the
beam. The purpose of these ties is to assure accurate placement of the
main reinforcing bars.
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The raft concrete should be of high quality and should have a
minimum 28 day strength of 4,000 psi. Where carbon-rich soils exist,
a sulfate-resisting concrete may be appropriate. Foundation concrete
should be placed in a single pour, if possible. Construction joints
within a given foundation unit should be eliminated or, if they are
necessary, should be minimized. Construction joints should be vertical,
and provided with proper keyways for transfer of shear stresses, and
with proper dowels (deformed reinforcing bars) through the joints so as
to account for contraction stresses in the concrete.

The design of the building, including the foundation raft, should
assume that the entire structure may tilt out of level. Ideally, the
design should provide for restoration to a level condition without
extraordinary expense; if relevelling is required, high-capacity hydraulic
jacks would probably be utilized. It is suggested that jacking points
or locations, such as alcoves, be provided in the foundation where these
jacks may be readily placed. An experienced structural engineer should
observe the jacking operation, supported by surveying services as re
quired. Careful coordinated jacking, along with careful measurement
and monitoring of building movement, should prevent accidental damage
to the raft and building. The structure would be gradually restored to
a level, plumb condition. It is obvious that few jacking points would
be preferred, rather than many points, in order to avoid complex in~

determinacy and to minimize the likelihood of accidental over-stress and
damage.

Pressure grouting under the foundation base would be coordinated
with the re1evel1ing procedure so as to restore uniform support between
the base of the foundation and the top of the underlying soil.

The design of the foundation should account for the possibility of
"plan-skew" type distortions. As before, a fully continuous two-way
slab is preferable for resisting these distortions, rather than a
II pierced ll slab or set of grade beams. Such a slab will more satisfactor
ily resist the forces which tend to distort the building into a skewed
configuration. In any event, despite the pattern of forces exerted on
the raft, it should be sufficiently strong to prevent damage. For this
reason, if a beam-type of foundation is selected, a strong slab should
be incorporated as an integral part of the beam system.

CONCLUSIONS

This paper provides a basis for design and construction of a
masonry building on a site where future subsidence is expected, but
where a conventional solution to the subsidence problem is not possible
or feasible. Unstable sites such as potential landslide areas are
excluded. Some considerations which should receive careful treatment
in order to increase the likelihood of a successful project, are as
follows:
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1) A thorough and comprehensive site and subsurface investigation;

2) Proper preparation of the site;

3) Choice of appropriate bUilding-unit size, geometry, and
configuration;

4) Design of a suitable raft foundation;

5) Appropriate design of a rigid, reinforced masonry super
s,tructure.

Despite all efforts to mitigate the problem by site evaluation,
and to reduce risk by the construction of an appropriately designed
building, some risk will probably be unavoidable. The owner may be re
quired to bear the cost of future repairs and restoration.

It is recommended that engineers. architects, and builders who
have dealt with this or similar problems, publish their data and
experiences so that the profession as a whole may benefit.
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APPENDIX II - FIGURES

/ /
SUPPORT

VOID

Note: Bars
shall be
based on
maximum con
ditions, and
shall be
continuous
full length
of raft.

Splice: 30
diameters
minimum

VOID

,/

PLAN
No Scale

~------- Heavy, two-way, Reinforced
Concrete Raft Foundation

-
Varies S I

L1

- Varies

..-
PLAN

No Scale

DESIGN FOR POSITIVE MOMENT

S & Sl are Simple Spans
S ::: 2L

3
(BOTTOM BARS) but S < 20 ft.

FIGURE 1



84-13

VOID

VOID ,

PLAN
No Scale

Heavy, two-way, Reinforced
Concrete Raft Foundation

Note: Bars
shall be
based on
maximum con
ditions, and
shall be
continuous

VOID full length
of raft.

VOID

Splice: 30
diameters
minimum

'--_.L...'---'---t::;.....::~~'--~~-'-....J. __'--"'-"'--~~

SI

L'

PLAN
No Scale

DESIGN FOR NEGATIVE MOMENT
(TOP BARS)

FIGURE 2

S & 51 are cantilever
spans

5 = L for L>64 ft.
8

5 = 8 ft. for
L<=64 ft., except
that

5 0.4L for L~20 ft.





85-1

A CONTRIBUTION TOWARDS THE DESIGN OF

HEAVILY LOADED MASONRY WALLS ON REINFORCED CONCRETE BEAMS

B. Stafford Smithland Luigi Pradolin2

ABSTRACT: The paper describes a series of vertical loading tests to
collapse of masonry walls on steel and reinforced concrete beams.
The purpose of the tests was to determine whether a design method
developed to account for the composite arching action of masonry
walls on steel beams would be appropriate, or would have to be changed,
when used for the design of walls on reinforced concrete beams. The
principle of the existing design method is that the behaviour of a
wall-beam structure is governed by the relative stiffness of the wall
and beam.

The tests were made to compare the detailed behaviour of masonry
walls on steel beams with those of similar walls on reinforced con
crete beams of similar initial stiffness.

Six tests were conducted on wall-beams 6 ft span by 4 ft high.
These were in three pairs, each pair including a wall on a steel beam
and a similar wall on a similar stiffness reinforced concrete beam.
Beams of low, medium and high relative stiffness were included.

The tests showed that the behavior of the two types of wall-beam
structure differ to the extent that modifications to the design
method should be made. Recommendations for the changes in the design
method are proposed.

lprofessor of Civil Engineering, McGill University, Montreal.

2Graduate student, McGill University, Montreal.
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AN EXPERIMENTAL COMPARISON BETWEEN MASONRY WALLS ON

REINFORCED CONCRETE BEAMS AND ON STEEL BEAMS

By Bryan Stafford Smithl and Luigi Pradolin
2

INTRODUCTION

If a masonry wall is supported on a beam over an opening and is sub
jected to a heavy top loading, the beam tends to bend away from the wall
in the middle of the span. Consequently the distribution of vertical stress
between the wall and the beam is concentrated near the ends of the beam.
This has the detrimental effect of increasing the maximum stresses in the
ends of the wall to magnitudes substantially above the average value. How
ever, a simultaneous and beneficial effect is to reduce the bending moments
and deflections in the beam to substantially lower values than for the
same load distributed uniformly across the span.

A useful analogy for the composite behaviour of a wall on a beam is a
tied arch structure in which the wall acts as the arch and the beam serves
as a tie to prevent the arch from spreading (Fig. 1). The distribution of
vertical stress between the wall and beam has been shown in a number of
theoretical and experimental studies (1,2) to be approximately equivalent
to triangular distributions, as shown in Fig. 2.

The resistance of the beam to separation from the wall depends upon
its flexural rigidity relative to the in-plane vertical stiffness of the
wall. The stiffer the beam, the longer the effective lengths of contact
a (Fig. 1). Conversely, if the stiffness of the beam is less, the lengths
of contact are also less, thereby raising the stresses in the masonry and
reducing the bending moments in the beam. When designing the beam from
considerations of bending strength, this reduction of moment might allow
the use of an even lighter, more flexible, beam which would further reduce
the lengths of contact and bending moments, whilst again increasing the
wall stresses. This sequence could be repeated until either the bending
strength of the beam is reduced to a value lower than the diminishing
bending moments, producing beam failure, or until the maximum compressive
stress in the wall increased up to the masonry strength, to cause a
crushing failure. In the majority of full-scale tests which have been
made, the latter mode of failure has occurred, thereby justifying the

lprofessor of Civil Engineering, McGill University, Montreal

2Graduate Student, McGill University, Montreal
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authors' concern about the wall-beam designer's traditional pre
occupation with the beam bending mode of failure.

The above considerations of beam bending moments and wall compressive
stresses, whilst of primary importance in the design problem, are not the
only ones. Other factors must also be considered; for example, the hor
izontal component of the arching action, which produces high shearing
stresses along the bedding planes in the corners of the masonry wall.
If the height to length ratio of the wall is low these stresses might
produce a spreading failure of the arch. Also a shear failure of the
beam is possible, especially if it is of reinforced concrete. However,
excessive deflections of the beam in practically proportioned wall-beam
structures appear from experimental evidence to be very unlikely.

A design method has recently been developed (2) which attempts to
take all the above factors into account. The method was written spec
ifically for masonry walls on steel beams. The experimental work descri
bed in this paper was intended to compare the behaviour of masonry walls
on reinforced concrete beams with similar walls on steel beams. If it
could be shown that their modes of behaviour up to and including failure
are essentially similar, it should then be possible, by making minor
modifications, to adapt the wall-steel beam design method for wall-concrete
beam structures.

This paper gives first a brief explanation of the existing design
method and then describes a series of six large-scale wall on beam tests
which compare the behaviour of steel and concrete beam structures. The
results are then used to make tentative recommendations concerning the
adaptation of the design method.

A DESIGN METHOD FOR WALL-BEAM STRUCTURES

The method (2) is based on the assumption that a, the length of
contact between the wall and beam, can be estimated by

BL
a =

K I

in which L is the span, B is a constant determined experimentally and K
is a parameter based on the relative stiffness of the wall and beam,
thus

2

in which Ew and t are the elastic modulus and thickness of the wall, respec
tively, and EI is the flexural rigidity of the beam; B has been shown
experimentally to be approximately equal to unity (2). It is assumed also
that the vertical stress over the length of contact has a triangular
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distribution, as in Fig. 2.

For calculating wall stresses, B is taken conservatively as 0.75 and,
for calculating beam moments, as 1.5. On the basis of these assumptions
expressions were written for the loads necessary to cause either a wall
failure or a beam failure. The method was developed to give design
clauses which may be summarized as follows:

1. Select a beam with a second moment of area I within the range

4
vI

I = _--'-w--::-_,,:""
3 4

9.5Lt Pb
± 20% 3

and whose section modulus S also satisfies the equation

S {

2
W

_w.:.;....__ + WL
s

4

in which Ww and Ws represent the total wall and slab loads and Pst
and Pb represent the permissible steel and masonry stresses, respectively.

2. If a section cannot be found to satisfy equations 3 and 4, then a
section is to be selected using

St 1. 2 [_VIw_L_
4KPst

5

for which a value of K appropriate to the intensity of the wall loading is
obtained from Fig. 3. The I of this section should be not less than the
value given by Eq. 3.

Finally a check should be made to ensure that the depth of the section
is not less that 1/25.

The purpose of these three formulae is that Eq. 3 produces a beam which
is stiff enough to distribute the wall load so that the allowable wall
stresses are not exceeded. Eq. 4 provides a check to ensure that the sel
ected beam is strong enough to carry the bending imposed on it. If none of
the available beams with I between the limits of Eq. 3 is strong enough,
it is then necessary to choose a stronger beam using Eq. 5. Step 2 neg
lects consideration of the wall stresses on the presumption that a stronger
beam will also be stiffer than required. The requirement for a minimum
depth of 1/25 is to restrict the possibility of excessive deflections.
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The design method was developed in its present form for use with steel
beams. However, the principles of the method should be applicable also to
the design of masonry walls on reinforced concrete beams if it can be shown
that reinforced concrete beam structures behave substantially the same as
steel beam structures.

The concern of the experimental project has been to establish compar
ability of behaviour between the two types of structure.

PREVIOUS EXPERIMENTAL WORK

The limited scope of the tests reported here, restricts them to making
only a small contribution to the total need for experimental knowledge of
wall-beam structures. It is relevant therefore, to refer to some earlier
experimental work in this field.

A number of full-scale tests have been made at the British Building
Research Establishment by Burhouse (3) and Weeks (4). The tests were on
masonry walls of different heights on encased steel and reinforced con
crete beams. They demonstrated the reduction in beam bending moments
and the concentrations of wall stresses due to the composite arching
action. They also showed the vulnerability of low walls to fail by
sliding along the bedding planes, which destroys the arching action.

In 1977, (5), a series of three full-scale tests on masonry walls
supported on encased steel beams, was reported. The purpose of the tests
was to study some of the assumptions made for a design method (2) and
to verify the conservatism of the method. The tests, in which the walls
were similar but the beams were of widely different stiffnesses, demon
strated very clearly the dependance of the wall strength on the beam
stiffness.

THE TEST RIG AND WALL-BEAM SPECIMENS

The test rig shown in Fig. 4 consists of a steel reaction girder,
comprising 2 I sections side by side, which supports and allows load to
be applied to the specimens. The wall-beam specimens sit on the reaction
beam with a rotating support at one end and a rotating - sliding support
at the other. Eight 30 ton Simplex hollow rams, four attached to each
side of the reaction beam, apply load to the top of the wall by a system
of prestressing cables, cross arms and a 5 in. x 3 in. hollow steel section
member which bears full length along the top of the wall and distributes the
load evenly. The rams are driven in parallel by a single hand pump and
their load is measured by a pressure gauge at the pump.

Six specimens were tested, three with steel beams and three with
singly-reinforced concrete beams. These were grouped in three pairs;
each pair incorporating a steel beam and a reinforced concrete beam of
similar flexural stiffness. The three pairs differed in the flexural
stiffness of the beams; they included beams of low, medium and high
stiffness.
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The walls were constructed to be as identical as possible using 17
courses of 4000 psi solid concrete brick of nominal dimensions 7 7/8 in.
x 3 5/8 in. x 2 1/4 in., with 1/2 in. thick Type N mortar jointing.
Concrete bricks were used because all the available clay bricks with
specified strengths would have produced wall-beam specimens too strong
for the test rig, which was limited by the strength of the 3/8 in. dia.
loading cables. The length of the walls and the beam span was 6 ft.,
and the height was approximately 45 in. This gave a height to length
ratio of 0.625 which was deliberately larger than a minimum of 0.6,
considered necessary to develop a satisfactorily high arch.

The instrumentation on the wall consisted of Demec gauge points for
measuring vertical strains at points just above the wall-beam interface
and up the edge of the wall. These were applied to both faces at one
end of the wall.

The bending and axial strains in the steel beam were recorded by
electrical resistance gauges fastened to the inner faces of the flanges
and at the mid-height of the web, on both sides of the beam. The con
crete beams were instrumented with electrical resistance gauges on
each of the two main reinforcing bars at mid-span. Demec points were
also placed on both faces of the beam at mid-span to record longitud
inal strains at levels 1/4 in. below the top of the beam, at mid-depth
and at the level of the main reinforcement. Deflections of the beams
were recorded by dial gauges at mid-span and at the quarter points.

The properties of the masonry were found from tests on half-brick
samples, 2 in. cubes of the mortar and simple 4 - brick stacks of the
brickwork. 8 in. x 4 in. dia. cylinders of the beam concrete were
tested axially for compressive strength. The reinforced concrete beams
were tested for flexural stiffness before the wall was constructed.

TESTING PROCEDURE

Each wall was tested after a 14-day curing period. Uniform incre
ments of load were applied by hand-pumping the rams. The loading incre
ments were approximately equal to one-fifteenth of the estimated ultimate
load in each case. As the loading approached ultimate these increments
were halved.

After each load increment, readings were taken of the hydraulic
pressure, electrical strain-gauges, Demec points and dial gauges. As
the test progressed, observations were also made of cracking in the
wall and the concrete beams. Close attention was also paid to ensure
symmetrical functioning of the loading rig about the central plane of
the wall.

In the final stages of each test it was necessary for the safety
of the experimenters to abandon the dial gauge and Demec readings.
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However, electrical strain and ram pressure readings were continued up
to collapse.

OBSERVATIONS, RESULTS AND DISCUSSION

All six specimens followed a very similar pattern of behaviour.
The first indications of distress were occasional loud cracking sounds
from the wall, in some cases at load levels as low as one-third ultimate;
however, these were not accompanied by any visual evidence of cracking.
Next, in specimens with concrete beams, bending cracks began to appear
in the beams. In the later stages of loading, these were remarkable in
extending almost to the top of the beam, presumably a result of the axial
tying stresses. It was also possible in the later stages of loading to
observe horizontal cracks along the wall to beam interface, or in the
lowest bedding planes of the masonry, in the mid-span region. Such
cracking served to demonstrate the tendency of the beam to separate from
the wall.

The first visual indications of real distress in the wall appeared
usually at about two-thirds of the ultimate load, when small flakes of
mortar began to slough off the end faces of the lowest bedding joints.
As the ultimate load was approached, cracks began to appear in the mas
onry in the faces and ends of the lower corners of the wall. The facial
cracks were inclined along the direction of the "arch" whilst the end
cracks were vertical. The ultimate modes of failure for the intermediate
beam specimens are illustrated in Figs. 5. Failure finally occurred in
five of the six specimens when one corner of the wall collapsed. The
immediate consequence was to shift that end of the arch towards mid-span
onto the nearest sound masonry. In the reinforced concrete beam spec
imens, this inward shift of the arch thrust and the resulting increased
moment on the beam precipitated bending failure of the beam. These fail
ures demonstrated yielding of the reinforcement and crushing of the con
crete at the top of the beam, both directly below the newly located end
of the arch. In the low stiffness steel beam, the wall failure was
followed immediately by a shear failure in the web of the beam. Each of
the steel beams had been given vertical web stiffeners directly above
the supports, but this did not anticipate the shift in the concentrated
arch load as the wall collapsed. In the specimen with the stiffest
steel beam the lengthwise distribution beam on top of the wall, which
was initially a 5 in. deep I section, twisted and collapsed before the
specimen failed. The member was replaced by 5 in. x 3 in. hollow steel
section which performed well in all subsequent tests.

Before considering the results of the tests it should be remarked
that one anticipated difference between the behaviour of the reinforced
concrete and steel beam specimens was the progressive cracking of the
former as the load increased, and the consequent reduction in the bending
stiffness. This contrasts with the constant stiffness of the steel beam.
Another expected difference was the segmentation of the concrete beam
and a discontinuity of its profile compared with the continuous elastic
curve of the steel beam. Neglecting other effects, the reduction in beam
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stiffness would have been expected to decrease the length of contact,
increase the wall stresses and reduce the beam bending moment. The poss
ible effects of segmentation and whether they would worsen or relieve
the effects of beam softening could not be predicted.

Preliminary answers to these questions are provided by the interface
stress distribution diagrams. Examples of these, for the specimens
with low beam stiffness are shown in Fig. 6. At low loading, both the
steel and reinforced concrete beam specimens have stress distributions
which extend along the span beyond the regions of measurement. As the
loading is increased, the stress distributions tend to concentrate
towards the ends of the span and settle on a more definite length of
contact. There are. however. no distinct differences between the lengths
of contact for the two types of beam.

An important difference is shown to occur between the wall stress
distributions of the low stiffness pair of beams (Fig. 6). The stresses
at the ends of the wall in the steel beam specimen are peaked whereas.
in the reinforced concrete beam specimen they are flattened. If this
had been observed from only a single test on a reinforced concrete
beam specimen it might have been attributed to the inelastic behaviour
of the masonry at higher stresses. However. for that explanation to be
correct, the steel beam test would have shown a similar result.

It appears therefore that the flattening. with a platform of uniform
stress distribution near the end, could be due to the segmentation of
the concrete beam. The difference in stress distribuiton was also
observed, but to a lesser extent, in the intermediate beam specimens.
except that at loads approaching ultimate the stress distribution in
the wall on the steel beam also began to flatten. This presumably.
~ due to the non-linear behaviour of the masonry at high stress. In
the stiff beam tests. neither specimen showed flattening of the stress
di.stribution until very high loading was reached. Again this was
probably due to the non-linear behaviour of the masonry.

It is evident from these preliminary results that the anticipated
increase of the wall stresses, due to the softening of the reinforced
concrete beam with increasing load, does not materialize in practice.
On the contrary, available evidence indicates that. possibly due to
segmentation. the arching stresses in a masonry wall on a reinforced
concrete beam are more evenly distributed near the ends of the span,
than in the case of a similarly stiff steel beam specimen. especially
when the beams are of low stiffness. At lower loads this probably
gives a more assured performance of the masonry. however, at higher
loads the stresses in the wall on the steel beam tended to flatten also.
suggesting that closer to the ultimate load. the performance of masonry
walls on reinforced concrete beams and those on steel beams are not very
different.
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Table 1 compares the ultimate loads of the two types of structure.
It appears from the results that, for similar initial beam stiffnesses,
masonry wall-steel beam specimens are slightly stronger than masonry wall
reinforced concrete beam specimens. However, a factor which might have
played a part in this small difference was that end cleats were included on
the steel beams to prevent the wall from spreading outwards. These might
inadvertantly have restrained the masonry against vertical crushing at its
most vulnerable point, thereby increasing the ultimate load. Load-deflection
curves for the specimens are shown in Fig. 7. These do not merit exten-
sive consideration except to note that in each of the three pairs of spec
imens the reinforced concrete beam deflected distinctly non-linearly rel
ative to the steel beam specimen. This non-linearity was more evident in
the low stiffness beam specimens. Although at loading close to ultimate
the reinforced concrete beams deflected more than the corresponding steel
beams, the deflections in the working load range were similar for both
types. Therefore, as for masonry wall-steel beam structures, deflections
are not a matter of great concern in the design of walls on reinforced
concrete beams.

Finally, the strain distributions, derived moments and tie forces across
the mid-span sections of the large beams are shown in Fig. 8. The bending
moment in these large beam specimens was only one-quarter of the distributed
load moment. In the intermediate and small beam specimens the fraction was
even less; the recorded value in the small steel beam specimen was as low as
one-twelfth of the uniformly distributed load moment.

The values of tie force in the beam have been shown theoretically,
and confirmed experimentally, to be practically independant of the beam
size.

CONCLUSIONS

The described tests and discussion lead to the following preliminary
conclusions.

1. The modes of wall failure and ultimate strengths of masonry wall-rein
forced concrete beam specimens are similar to those for masonry wall
steel beam specimens.

2. The lengths of contact of masonry walls on reinforced concrete beams
and on steel beams of the same initial stiffness, are similar.

3. The stress distributions in walls on steel beams tends to peak at the
ends whereas those in walls on reinforced concrete beams tend to flatten
with lower maximum stresses. This effect is very distinct with low
stiffness beams but less so for very stiff beams. At loads close to
ultimate the stress distribution at the ends of walls on steel beams
tends to flatten also.

4. In reinforced concrete beams which support walls, the tying effect gives
a tensile bias to the concrete stress distribution, increasing the depth
of cracking. The stirrups must be adequate, therefore, to carry the
whole of the shear force at all points in the beam.
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5. As a general conclusion it can be stated that the composite behaviour
of masonry walls on reinforced concrete beams compares closely enough
with that of walls on steel beams to allow the adaptation of the steel
beam design method.
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SOME FU1'IDAl"JENTAL FACTORS IN THE STRUCTURAL DESIGN OF MASONRY
BUILDINGS.

by Professor A.W. Hendry.

ABSTRACT: This paper reviews a number of basic factors underlying the
structural design of masonry buildings. Considerations affecting the
plan arrangement of walls are first considered. Closely allied to
this is the requirement to ensure general robustness of a building and,
in particular, the avoidance of collapse resulting from accidental
damage. The choice between plain and reinforced masonry is discussed
and reference is made to the possibility of extending the scope of
masonry construction by the use of reinforced or prestressed elements.
Codes of practice for masonry buildings are now being framed in terms
of the limit states approach and this has required the selection of
appropriate partial safety factors. Recent theoretical work by Macchi
and by Beech is referred to and reference is made to the new British
Code of Practice, due to be published in 1978.
Finally, the analysis of masonry structures is considered in relation to
vertical and lateral loads. Currently, rather crude methods are used
in design calculations but, as a result of recent research work, more
rational procedures are becoming available.
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SOHE FUND.AHENTAL FACTORS IN THE STRUCTURAL DESIillJ OF
NASONRY BUILDINGS

By Arnold vi. Hend.ry1

n~TRODUCTIQII

During the past two decades the structural design o:f masonry
buildings has moved considerably :from dependence on empirical rules and
practices to a basis more consistent with structural engineering principles
as applied to materials such as steel and concrete. The purpose o:f this
paper is to review progress in certain :fundamentaJ. aspects o:f structural
design in this medium. These will include measures to ensure general
stability and resistance to accidental damage, analysis :for vertical and
lateral leading and the selection o:f sai'e'ty factors.

Wall Layout

The first consideration in the design o:f masonry buildings is to
determine the plan arrangement of the walls in accordance with the
:function fo the building.fl'rOlll the structural point o:f view the waJ.l
arrangement is important, firstly as a means o:f providing lateral
strength and rigidity and, secondly, in order to ensure that the building
is generally "robust" in the sense that any local damage to the structure
does not result i-~ catastophic collapse.

Possible wall avrangements are almost unlimited1 and in any
particular case tend to evolve from the site plan and the required sizes
and disposition of rooms. The arrangement is not particularly critical

from the stmctural view-point provided that a reasonable balance is
allowed between walls oriented along the principal axes of the building
so as to permit the development o:f adequate strength and rigidity against
lateral forces applied in these directions. The design should always be
such that side-sway is for all practical purposes eliminated. The
:forthcoming British code of practice2 :for masonry structures seeks to
achieve general stability by requiring that buildings should be designed
to resist, at any level, a horizontal load equal. to l*;6o:f the permanent
dead load above that level. This in i tsel! is not altogether su:fficient
to ensure a satisfactory structure as it could be met by concentrating
lateral resistance, say by a stair well or service shaft whilst leaving
a large part of ~~e building vulnerable to collapse as a result of
local damage. (see fig. 1).

1. Pro:f. o:f Civ. :Ehgrg., Univ. of Edinburgh,
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Very unsynnnetrical wall arrangements are to be avoided as they will
give rise to torsional effects which are difficult to calculate and
which may produce undesirable stress conditions.

The Ronan Point accident in ]hgland some years ago (3) gave rise to
specific requirements being incorporated in the Building Regulations
of that countI7 '\4) aimed at preventing catastrophic collapse resulting
from accidental da.mage to a structure, fDr example from a gas explosion
or vehicle impact. It has been shown (.5,6) that it is possible to make
a reasonable assessment of the liability to and extent of such d8image in
a masonry building and an extensive test programme (7) has shown that it
is in fact quite difficult for the commoner incidents such as domestic
gas explosions to result in serious damage to an unreinforced brickwork
building whose plan form has been designed with that degree of technical
common sense which any qualified structural engineer should possess.
Nevertheless, the new British masonry code will contain "cookeIJ~ book"
s~-le prescriptions for the insertion of arbitrary horizontal and/or
vertical ties in buildings, presumably for the benefit of those who are
lacking the time or competence to check out their designs on a rational
basis. It is fortunate that these proposals do not appear to destroy the
economic advantage of masonry construction. The accidental damage
regulations in the U.K. do mtat present extend to structures olf less
than five stories and in such cases gas explosions do frequently result
in severe darr..age but in the nature of things are unlikely to result in
severe loss of life.

Plain and Reinforced Brickwork

The essential difference between plain and reinforced masonry
is that the former is incapable of resisting significant tensile
stresses whereas the latter acts in a manner similar to reinforced
concrete, tensile stresses being taken by suitably placed steel.

Host brickwork buildings are constructed in plain masonry without
reinforcement but in seismic areas it is essential to use reinforced
brickwork in order to provide resistance to dynamic forces of considerable
magnitude. In Europe and Australia, therefore, brickwork structures are
normally unreinforced whereas in the United states and New Zealand,
reinforced brickwork is generally required •

.Apart from construction in seismic areas, however, there is a
field of application for reinforced brickwork elements in building
construction in situations where the nature of plain masonry imposes
undue limitations on the design. (he such case is the possible use of
large span reinforced brickwork wall beams in the lower floors of
multi-storey (8,9) buildings where it is not possible to continue the
wall layout of the upper storeys to the foundation level. A practical
example of this method of construction has been described (10) and the
extension of the concept to cantilever beams has been explored (11).
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The limitation of plain masonry arising from lack of tensile strength
can also be overcome by prestressing (12, 13) although this technique has
not so far been widely applied.

The potentialities of reinforced and prestressed masonry should
therefore be kept ;i.n mind at the preliminary design stage of brick or block
structures which are conceived primarily in terms of plain masonry.

Design guides for reinforced masonry covering North American (14,15)
and British practice (16) are available although in Britain this has not
yet reached the stage of a code of practice.

I.d.mit Sta.te Desip o:t liJason;rz

The basic aim of structural design is to ensure that a structure
should fulfil its intended function throughout its lifetime without
excessive deflection, cracking or collapse. ConventionaJ.~ this has
been achieved by dividing the ultimate strength of a wall, allowing for
slenderness and eccentricity of loading,by an arbitrary safety factor,
sufficiently large to avoid not only collapse but also craeId.ng at
'Working loads. In recent years there has been a general move in the
direction of handling the structural safety and serv1ceability problems
through consideration of "limit states" and partial safety factors. The
new British code is based on this approach and other similar codes are
in process of preparation.

Considering the ultimate limit state of a particular structure, we
have the condition that for failures to occur:

where
o

s*

The various symbols have the meanings defined in the International
Standards Organisation document 18.0 2394 (17) and suzmnarised in Appendix 1.
The safety requirement is satisfied by ensuring that the probability of
failure is VeIjT small,that is

P[R*'- S" ~ OJ.: p
where P is the probability of occurence of the expression within the
brackets and 1 is the required value of this probability. In practice
this will be in the range of 10-5 to 10-6•
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If the necessary statistical data are available .Lt is p'::Jssible tD
calculate the safetj'" factors necessary to achieve a required probabilit~i

of failure. This has been done by 1'lacchi (18) in ternls of a glcbal
safety factor • Macchi prcduced sets of curves showing the
relationship between the safetJ factor and tile coefficierlt of variation
of the strength oLrthe material, of the loads and of the eccentricity and
slenderness reduction factors. These curves, shown in :F'ig. 2 show that,
other things being equal, the safet;y factor required to ensure a given
probability of failure rises quite rapidly with the coefficient of
variation of the strength of the material.

These curves are based on the assumption of normal distribution and
Beech (19) has suggested that lognormal or truncated normal
distributions have greater validity. The latter result in a much less
steep rise in the factor of safety with increase in coefficient of
variation of material strength, as ma~r be seen in l<'ig. 3.

Limit state codes, as presently used, use two or more partial
safety factors. Thus assuming homogeneity of units, the condition at
the ultimate limit state is given b:y

RI( :; Y~. Q\(
'(~

~I.l :; Qk:

It would appear fromY'thi~{ that the product '(""'. yo~ is equivalent to a
global safety factor but, as Beech has pointed out, the probabilit:;T of
fail~e associated with the product of two partial safety factors is
generally different from the product of the partial probabilities. For
this and other reasons tbis author has argued (20) in favour of work;tng
in terms of mean values of actions and resistances and global
safety factors. However, the partial safety factor and characteristic
strength approach has already been adopted in some codes and it might now
be difficult to reverse this practice.

The partial safety factors, r", , adopted. in the draft British
code are summarised inAppendix 2. Rather similar values are proposed in
the model code being prepared b;y Commission 23A of CIB (21).

Analysis of Brickwork Structures

Li.m:it state design calls for the comparison of the effects of load
actions with the strength of the material. This in turn calls for the
use of suitable methods of structural analysis to estimate the effects of
loads on the structure in terms of f'orces, bending moments and
deformations and for the use of' appropriate methods of calculating the
resistance of masonry elements and of' establishing de.fo:nnation limits.

Unreinforced masonry is a brittle material and although its
stress-strain relationship is non-linear, it is customary to use elastic
analysis to determine the forces at particular sections of a structure.
Calculation of resistance of a wall to eccentric vertical load is now
sometimes based on the assumption of a rectangular internal stress block,
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neglecting tensile strength. In the past, methods of analysis have been
relatively crude but the construction of taller buildings in brick masonry
and the general need. for increased economy in the use of materials has
led to the development of more refined methods. Similarly, the
resistance of brickwork was, in the past, on an entirely empirical basis
but is now increasingly supported by analytical studies.

Considering first of all lateral loading, large scale and model
experimentation (22, 23) have demonstrated that it is possible to
analyse the distribution of lateral loads amongst the shear walls of a
cross-wall structure bJt an equivalent frame analysis. The usual
procedure of allocating the wind moments between the walls in proportion
to their stiffness without considering flexural effects in the floor
slabs leads to an over-estimation of moments and deflections. On the
other hand, the well known shear continuum method appears to over
estimate the stiffness of the structure. Finite element analysis gives
good results but, in the case of the structures investigated experiment
ally" no greater accuracy than a mrltable frame analysis.

:Hore recently, attention has been directed to the problem of load.
and moment distribution due to vertical floor loading taking into
account wall/floor slab interaction. Experimental results suggest that
this can also be achieved bJ~ a frame analysis with two important
provisos: firstly, that the moment transmission capabilities of the
joints are not exceeded and secondly that, where necessary, cracking of
the brickwork resulting from the development of tensile stress is
allowed for (24 - 21).

N:ethods of analysis of this t),l'e are in process of development and
comparison with experimental results is promising. The outcome of
research in this area will go a long way towards lifting the structural
design of masoIlT'.r buildings out of the realms of pure empiricism and
guess-work which has undoubtedly inhi'li>ited the adoption of this material
by structural engineers.

Conclusion

This paper attempts to SUIllIllarise certain fundamental trends in the
structural design of masonry structures which, when more fully
developed, will place the design of these structures on the same
technical and scientific level as those built in steel and concrete.
The subjects referred to are too extensive to discuss in detail within
the space available but rnaJ1' be followed through the references quoted.

It may be concluded that progress during the past decade has been
impressive and, from the response to the present conference, ma;}' be
expected to continue at least at the same pace in future.
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APF:mnIX 1

Dafinitions and Symbols used in ISO 2394

Characteristic Values

1. Characteristic strength of materials

~=Rm-ks

where

R is the arithmetic mean of the dif'ferent
m test results

s is the standard deviation
k is a coe.ff'icient depending on the probability

accepted a priori of obtaining test results
less than !ic.

2. Characteristic actions

where

~ is the value of the most unfavourable loading,
with a 50% probability of its being exceeded,
up to abnormally high values, once in the
expected life of the structure;

S is the re1ative mean quadratic deviation of the
distribution of the max:imum loading;

k is a coefficient depending on the probability,
accepted a priori, of maximum loadings being
greater than ~.

The value of the average loading ~ is derived. from the
statistical analysis of a number of structures of the
same ~'Pe as that under consideration and with similar
durability.

A modified definition of Qk applies when the reduction
of a load may endanger the stability of a structure.
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3. Partial safety factors for strength of materials

The design strengths, R· , are defined by:

R¥' =~
1m

The reduction coefficient, rm' is in principle a function
of two coefficients Y m1 and rm2

rml is intended to cover the possible reductions in
the strength of the materiaJ.s in the structure as a
whole as compared with the cbaracteristic value
deduced f'rom the control test specimen;

rm2 is intended to cover possible wea.Imeas of the
structure arising f'rom any cause other than the
reduction in the strength of the IDaterials allowed
for r m1 including manufacturing tolerances.

In general, f'or calculation purposes, a single coefficient
will be used; thus

l' m .,. function (rm1 . r m2)

4. Partial safety factors for loads and loading e£f'ects

*The design loading eff'ects, S , are determined from the
characteristic actions, ~, by taking account of a
coefficient r s' in the following relation:

#

S = effects of' <r s .~)

(increase of the characteristic actions and assessment of'
their e£f'ects using non-linear theory).

For particular cases where there is proportionaJ.ity be
tween the actions and the resulting lMding e£f'ects, the
following relation may be used:

S-- =fa (eff'ects of QJc)

To allow the values of TQ to be derived, the follOWing
treatment may be accepte<1. The coe.f'f'icient r s is assumed
to be a function of partial coefficients 7's1 1's2 and T s3.
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where

rs1 takes account of the possibility of unfavourable
deviation of the loads from the characteristic external
loads, thus allowing for a.bnonnal or unforeseen actions;

rs2 tAkes account of the reduced proba.bility that
various loadings acting together will all be si.multaneously
at their characteristic value;

1's3 is intended to allow for possible adverse modification
of the loading effects due to incorrect design assumptions
(introduction of simplified support conditions, hinges,
neglect to thermal and other effects which are difficult
to assess)" constructional discrepancies such as dimensions
of cross-section, diviation of columns from vertical, and
accidental eccentricities.

In general, for calculation purposes, a single coefficient
will be used; thus

y s = function ( r s1 Ys2 'f53)
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APPENDIX 2

Values of l1aterial Partial Safety Factors

Proposed in New British Limit State Code

Category of Construction Control

Category of manufacturing: Special

Control of structural units: NoI'!II8J.

Special

2.5
2.8

NoI'!II8J.

3.1

3-5

Definitions of Categories of Control:

(a) Manufacturing control

Normal categor:r_ This category should be assumed when the supplier is
able to meet the requirements for compressive strength in the appropriate
British Standard but does not meet the requirements for the special
category below.

Special category. This nay be assumed where the manufacturer (a) agrees
to supply consignments of structural units to a specified strength limit,
referred to as the If acoeptance limit lf for compressive strength, suoh that
the average compressive strength of a sample of structural units taken
from any consigrunen.t and tested in accordanoe with the appropriate
British standard specification has a probability of not more than 2t% of
being below the acceptance limit.

Construction control

Normal category. This category should be assumed whenever the require
ments of speoial category construction control are not satisfied.

§pecia! ea.tegory. This oategory of construction cQl~ltrol may be asstuned
where:

(a) the designer, either by frequent visits to the site of the
presence of a permanent representative on site, ensures that the
work is bullt in accordance with CP 121: Part 1: 1973, and with
such specifications as he may prescribe.

and

(b ) preliminary conpressive strength tests cSITied out on the mortar
to be used, indicate compliance with specified strength requirements;
regular testing of the mortar used on site, shows that compliance
with the specif':i.ed strength requirements is being maintained.
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BUCKLING OF PLAIN MASONRY WALLS WITH INITIAL DOUBLE CURVATURE

By Hatzinikolas, M., Longworth, J., and Warwaruk, J.

ABSTRACT: Masonry walls loaded in double curvature tend to fail in the
first buckling mode. The buckling loads for masonry walls with initial
double curvature imperfections or moments are evaluated using the
energy approach and fifth order polynomials for interpolating functions.
Results for a number of full scale walls tested under double curvature
moments are compared with the analytical results.
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BUCKLING OF PLAIN MASONRY WALLS
WITH INITIAL DOUBLE CURVATURE

By M. Hatzinikolas 1
, J. Longworth 2

, J. Warwaruk3

INTRODUCTION

Recently a number of researchers have studied the application
of the moment magnifier method to the design of load bearing masonry
walls. The method has been shown to give satisfactory results for walls
bent in single curvature and for eccentricities within the kern. Most
significant is the work of Dikkers, R.D. and Yokel, F.y.(l) and that of
Faltal, S.G. and Cattaneo, L.E.(2). For walls subjected to double
curvature bending it is assumed that the moment magnifier method will
give satisfactory results because of the increased buckling load. In
this paper a method of evaluating the critical load for masonry walls
with initial double curvature bending is presented and test results for
a number of full scale specimens are reported.

BUCKLING OF MASONRY WALLS

Solutions to the buckling problem of walls or columns without
tensile strength were proposed by Chapman, J.C. and Slafford, J.(3) and
by Yokel, F.y.(4). The solution of the differential equations presented
in Reference (4) for walls in single curvature bending gives the follow
ing expression for the critical load:

9 (0.5t - e)3 EI
P = 0.285 - n 2 L2 0 [1)
cr 4

E the modulus of elasticity of the masonry
t thickness of the wall
e = eccentricity of the applied load
L the length of the wall.

1
0

uncracked moment of inertia.

This solution

P
cr

can be approximated with an accuracy of 3.8% by
EI

2 e 3 0
= 8n (0.5 -"t) I:""2" [2]

Graduate Student, The University of Alberta, Edmonton, Canada
T6G 2G7

2 Professor of Civil Engineering, University of Alberta, Edmonton,
Canada T6G 2G7

3 Professor of Civil Engineering, University of Alberta, Edmonton,
Canada T6G 2G7



87-3

The first buckling mode is a lower energy configuration than the second
mode, and as a result of this, regardless of the loading condition and
initial imperfection, the member tends to assume this configuration.
When this happens, the cracks created by the end moments on one side of
the wall will close and, in effect, this side will be uncracked. The
member may then be analyzed as a "stepped-column" as shown in Figure 1.

Initially th8 location of the point of inflection is given by
e

la = ----
e

l
+ e z

where el = the smaller of the two end eccentricities
eZ = the larger of the two end eccentricities

The moment of inertia of the cracked section may be approximated on the
basis of Equation 2 as:

e
II = 8(0.5 - t

2
)3 1

0

and the section can be now analyzed as the column shown in Figure 2.

EVALUATION OF BUCKLING LOAD OF EQUIVALENT SECTION BY THE ENERGY METHOD

[3]

jected to

where

The total potential energy at buckling for any member sub
combined bending and axial load is given by

f L J"'LliB = 1/2 0 EIo (y")2 dx - 1/2 Pcr 0 (y,)2 dx

y = the buckled shape.

For an elastic structure the total potential liB is composed of the
strain energy and the potential of the applied load. The equilibrium
condition is expressed mathematically as:

o li = 0
B

[41

To solve the buckling load for the stepped column an appropriate
buckled shape is selected and the condition of Equation 4 is imposed on
the total potential relation.

To obtain the best possible shape for the buckling configur
ation, a finite element approach is used with a fifth order inter
polating function.

Equation 3 is rewritten to account for the different section
properties in the two segments as follows:
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IT
B

:::: 1/2 faL El
o

(yl')2 + 1/2 fL El(y' ')2 dx -
o aL

1/2 p fL (yl)2 dx [5]
cr

o

Letting y:::: <¢> {e}

Then y' :::: <¢'> {e}
y" :::: <$" > {e}
(y,)2:::: <$'> {e} <¢'> {e} :::: {e} [~'] {e}
(y")2:::: <¢"> {e} <¢"> {e} = {e} [~"] {e}

where

and

y :::: deflection
y' :::: slope
y " curvature
<¢> :::: <¢1 ¢2 $3 $4 $S ¢6>' the interpolating functions,

Yl
y'

1
{e} :::: y' ,

1

Y2

y'
2

y' ,
2

L fa
1

{e} [~'] {e} dn

Since end deflections Y1 and Y2 are zero, the interpolating
functions ¢1 and ¢4 must be zero.

Changing the limits of integration and substituting for y"
and y' in Equation 5, the following relation is obtained for the total
potential

EI fa
TIB :::: 1/2 LO

0 {e} [~"] {e} dn

El 1
+ 1/2~ ( {e} [~"] {e} dn - 1/2 P

'-' ) a cr

Applying Equation 4 to the above, the equilibrium condition may be
expressed as

o IT = EI fa [~"] {e} dn + Ell /1 [~"] {e} dn _
B L Lo a

P L /1 [~'] {e} dn :::: 0
cr

o



where

The above can be reduced to

or, ~D~ [~"J (e) dn + B~1 [~"J (e) dn

II
fS =: I

o
relation

=: Pcr L
2 f· 1

EI
o 0
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[¢'] {e} dn

[K] {S} = A [K ] {e}
g

where [K] bending stiffness matrix
[Kg] geometric stiffness matrix

This equation is solved as an Eigen value problem to find A.

[6J

For L2 /EIo = 1 the above relation can be solved to obtain the
coefficients which will give the buckling load Pcr = A EIo /L 2 for
values of a and S. Table 1 is a tabulation of A values as found using
this method. The interpolating functions and the boundary conditions
used are given in the Appendix. Table I can be used to evaluate Pcr
for any stepped column of constant modulus of elasticity by entering
with a and S finding A and multiplying A by Elo /L 2

•

The advantages of using this method are:
(a) High order polynomials will approximate very closely a sine

curve and other shapes that a stepped column can assume as a
result of initial bending and variations in the geometric
properties. It is found that a fifth order polynomial is
quite adequate in this case.

(b) Using a determinant search method and approaching the solution
from the left will assure the selection of the best shape to
minimize the energy stored in the system.

EXPERIMENTAL PROGRAM AND RESULTS

Ten plain walls were built using 8x8xl6 two core C-90 blocks
and type S mortar. The end eccentricities and the slenderness ratios
of the walls tested are listed in Table 2.

The walls were tested in a 1.6 million pound capacity testing
machine at ages varying from 28 to 65 days. Deflections were monitored
throughout each test and the deflected shapes at selected loads were
plotted. The tendency of the walls to fail in their first buckling
modes is shown in Figure 4 and 5. Figure 6 shows the calculated and
experimental buckling lo&ds. The theoretical analysis was based on
1

0
= 1200 in. 4 and E = 1. 35 X 106 psi. Table 2 gives a summary of test

results. As expected, the experimental results were lower than the
theoretical buckling loads because material failures occurred before the
buckling loads were reached. This type of failure is more probable than
buckling failure for small eccentricities and slenderness ratios less
than 30. However the mode of failure was in close agreement with the
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assumed first mode. Movement of the point of inflection with
increasing load was observed, which further strengtnens the assumption
that the first buckling mode is the more critical, regardless of the
end conditions. Figure 5 shows a comparison of test results with
theoretical values.

CONCLUSIONS

Masonry walls subjected to double curvature bending tend to
buckle in their first buckling mode. The critical loads for such walls
can be obtained using energy methods and fifth order polynomials for
interpolation functions. The results, using one element and fifth
order interpolating functions, are good estimates of the buckling loads.
For a wall with a constant moment of inertia, the error is 0.048%. The
coefficients for evaluating the critical loads for walls subjected to
double curvature bending can be used in the moment magnifier method in
designing such walls.
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APPENDIX

EVALUATION OF INTERPOLATING FUNCTION

All mathematical operations i~volving interpolating function~

and the solution of the buckling problem were carried out using a
computer.

Since deflections are zero at both ends <1>1 and <1>4 are.zero.
The remaining four functions are shown schematically in Figure 3. The
boundary conditions to be satisfied by these functions (<1>2, <1>3, <1>5, <1>6)
are as follows:

n y y' y' , functions

0 0 1 0 <1>2
1 0 0 0

0 0 0 1 <1>3
1 0 0 0

0 0 0 0 <1>5
1 0 1 0

0 0 0 0 <1>6
1 0 0 1

The functions which satisfy these conditions are:

<1>2 = -3nS + 8n4
- 6n 3 + n

4>3 ~ -1/2 (n5 - 3n4 + 3n 3
- n2

)

<1>5 -3n5 + 7n 4
- 4n 3

4>6 1/2 (nS - 2n 4 + n3
)

Differentiating these functions once yields

4>' ¢' <1>' <1>' <1>' 4>' <I> ' q, ,
2 2 2 3 2 5 2 6

[<p' J 4>' ¢' <1>' ¢' <P' cf>'3 3 3 5 3 6
symmetric ¢' <1>' cf> ' <P '5 5 5 6

If>' cp'6 6

Substitution of the functions and integration of the above matrix from
o to 1 results in



87-8

.fc1 Wl dn"
0.22857 0.016666 -0.014285 0.004762

0.0015873 -0.004762 0.000793

symmetric 0.228571 -0.016667

0.001587

= [K ]
g

where [K ] is the geometric stiffness matrix.
g

The interpolating functions are then differentiated twice and the
matrix (¢"] is obtained as:

cp" cp' , cp" cjl' , cjl" cjl' , cjl 1 1 cjl"
2 2 2 3 2 5 2 6

[¢' , J cjl" cjl" </>" cjl" <1>' , cjl"
3 3 3 5 3 6

syrmnetric <1>" cjl' , <1>" <1>"5 5 5 6
<1>" cjl"

6 6

After substitution of the corresponding functions, integrating this
matrix and evaluating [¢"Jg + C[¢"]~, the bending stiffness matrix,
[K], is obtained.

For the case of a column with constant Ell (a = 0) this
matrix is

[K]

5.4857 0.3143

0.0857

symmetric

+3.0857

0.1143

5.4857

-0.11428

0.01428

-0.31428

0.00857

Solving the relation

[K ] {e}
g

L 2

Pcr E1
o

for

[K] {e}

L 2

iI= 1
o

and the geometric and be"'1ding stiffness matrices, [Kg] and [K] as
evaluated above, using the power sweep method, Pcr = 9.8734354 which
compares very closely with the exact value of rr2 • Table 1 is obtained
by evaluating [K] and solving relations for various values of a and 8
from 0.0 to 1.
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Table 2 - Loading Conditions and Test Results

Wall hit e1 e2 Load at failure
No. (inches) (inches) (kips)

El 17.97 +3.54 -3.54 85.0

E2 15.87 +3.54 -3.54 115.0

E3 13.77 +3.54 -3.54 135.2

E4 13.77 +2.54 -2.54 156.6

E5 13.77 +1.27 -1.27 220.4

G5 17.97 +2.54 -3.00 150.6

G6 17.97 +2.54 -3.54 144.4

G7 17.97 +1.27 -1.27 196.6

G8 17.97 +3.00 -3.54 117.0

G9 17.97 +3.00 -3.00 148.2

Ml 24.20 0.00 0.00 139.2
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FIGURE 1: CRACKED SECTION AT BUCKLING
UNDER THE ACTION OF l\XIAL LOAD
AND DOUBLE CURVATURE BENDING

FIGURE 2: EQUIVALENT SECTION

FIGURE 3: I~~ERPOLATING FUNCTIONS
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AN AUTO~TED DESK METHOD FOR A'NALYZING LOAD BEARING
MASONRY STRUCTURES

By Van Pelt, Jack M., P.E. l

ABSTRACT: The analysis of load-bearing masonry structures involves
complex and time-consuming engineering calculations. The purpose of
this paper is to discuss the impact of a preliminary automated method
of analysis using an inexpensive programmable printing desk calculator
to obtain the same results in final form for publication. The overall
approach is discussed and individual programs which have been develop
ed are assessed. The current capability of the analysis tool is re
viewed and comments are solicited from experienced masonry structural
engineers for incorporation into the finalized method.

lConsulting Engineer, Littleton, Colorado. Consultant to
Colorado Masonry Institute, Denver, Colorado.
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AN AUTOMATED DESK METHOD FOR A.T\lALYZING
LOAD BEARING MASONRY STRUCTURES

By Jack M. Van Pelt, P.E. l

INTRODUCTION

The analysis of load-bearing masonry structures involves complex
and time-consuming engineering calculations. Large computers can
certainly handle these calculations, but for many an engineer the
direct interface with his own analysis tool is more desirable for
both economic and practical reasons. For many also, that analysis
device is a desk calculator with little or no programming capability
and requires laborious calculations with many double checks for
accuracy.

The rapid advances in microelectronics and in programmable print
ing calculators in the last several years is allowing economic re
placement of the unprogrammable variety with corresponding advances
in convenience and engineering efficiency.

This paper discusses the ongoing development of an analysis ap
proach using an advanced programmable desk calculator. Also dis
cussed is the rationale for the initial selection of the analysis
tool, its current capability, and what the currently developed pro
grams allow the user to accomplish. Programs remaining to be develop
ed under the 8-Task approach are also discussed and an estimate of
when all programs will be completed is given.

THE ANALYSIS TOOL

In early 1976 the author was asked by the Colorado Masonry
Institute (CMI) to compare various computer and programmable calcu
lator systems and to recommend one that was economical, versatile,
would have the capability to produce reinforced masonry design tables
and would also be compatible with the development of an automated
load-bearing analysis for masonry structures.

After a period of investigation and comparison of a range of
system capabilities from pocket programmables under $500 to micro
computers in the $10,000 range, a preliminary recommendation was made.
The recommendation was to lease a Texas Instruments SR-60 Programmable
Prompting Calculator (base price under $2,000) with an option to buy

lConsulting Engineer, Littleton, Colorado. Consultant to Colo
rado Masonry Institute since January 1976. Results reported in this
paper cover the period from January 1977 - February 1978 with pro
gress continuing.
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it. After further demonstrations and tests of the calculator to work
problems of specific interest, GMI obtained one of the first five
units delivered to Colorado (Fig. 1).

Fig. 1 - SR-60 Programmable Calculator

Since that time, as experience was gained with the calculator,
the storage memories were expanded from the basic 480 steps (key
strokes) and 40 data memories to the current 3840 steps and 310 data
memories. An option is also available for additional memory expan
sion but has not been necessary. Options were also planned for
auxiliary equipment to plug into the basic calculator (e.g., type
writer or plotter), but the output of the thermal printer was found
adequate to produce final results for programs written thus far.

The usefulness of the SR-60 for masonry structural design tasks
is enhanced by the fact that it is basically a scientific calculator.
It has 95 keys (many with double functions) of which 45 keys are
scientific functions. This greatly reduces programming time and
space over calculators or computers without this feature. As a cal
culator it carries 12 calculating digits and has a limited precision
capability as well as specified roundoff of displayed or printed re
sults. The basic calculator is a convenient desk size (17 x 14.7 x
5.5 inches), consumes 40 watts (at 120 volts) of power and has a
portable weight of 16 lbs.

Various program libraries are also available from Texas Instru
ments for evaluation of special mathematical and statistical functions
and for working financial problems plus electrical, civil, mechanical,
and various other basic engineering problems. All programs are
stored on 2~-inch by 10-inch magnetic cards.

Whether pre-recorded or user-generated programs are being used,
the prompting feature of the calculator is most useful. Since alpha
betical as well as numerical input is available for progra~ning,
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alphabetical messages can be displayed requesting the user for a
specific input (e.g., enter prism strength) when it is needed by the
program. It is the prompting feature which allows a user to inter
face with the calculator in a very direct way.

In addition to its capability for listing programs and data
memory contents, the printer can also be used in a trace mode for
editing of programs under development. Writing of programs is greatly
simplified since no special program language must be learned and in
put is alphabetical or algebraic. Some of the programming features
include 15 user-defined keys, 77 labels, indirect memory addressing,
4 subroutine levels, and 10 flags.

During the period the calculator has been in use 17 programs
have been written varying in complexity from relatively simple pro
grams of less than 480 steps to programs exceeding 3300 steps. Some
typical examples of varying complexity are listed as follows:

1. A program to generate tables of reinforced concrete and clay
masonry wall section properties of moment of inertia and
section modulus (under 480 steps).

2. A program to generate tables of reinforced masonry wall
resisting moments (about 1200 steps).

3. A program for generating tables of combined vertical and
lateral load-carrying capacities of reinforced masonry
walls (under 1920 steps).

4. A program to determine the center of rigidity of any floor
(over 3000 steps).

The analysis tool was found to be quite versatile and economical
and programming experience is not required to write simple programs
within a short time of first use. Further examples of application
are discussed in the later section describing the load-bearing analy
sis programs. Other possible future technical applications of the
SR-60 include cost estimating and thermal analysis of masonry struc
tures. The calculator can also be used to generate payroll data for
a small business and has many other applications.

OVERALL ANALYSIS APPROACH

The goal of this analysis is to progress through the design of
a masonry structure with load-bearing walls and design the walls for
the wind conditions, seismic conditions, and local code considera
tions for the particular part of the country under consideration.
It is designed for use with buildings of one or more rectangular
shaped p1anform and elevation units (Fig. 2) up to 25 stories high.

The general approach used is similar to the approach described
by Amrhein (2) in the chapters on building design. The overall ap
proach in this paper is valid for load-bearing masonry structures
with shear-resisting walls and would be applicable to hand analysis
or to any other scientific calculator or computer system. Programs
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generated for other systems would, of course, differ from those gen
erated for the SR-60, depending upon the specific requirements of the
system used.

Fig. 2 - Examples of Building Types Considered

The approach used in this analysis is to take the procedure and
break it down to 8 specific tasks. These tasks then become one or
more calculator programs to be used as tools by the structural en
gineer for the complete analysis of the building (Fig. 3).

Task I - Select Design Criteria and Determine Gravity Loading

Task 2 - Determine Mass and C.G. Locations of Walls, Floors, etc.

Task 3 - Determine Wall Rigidities and Centers of Rigidity

Task 4 - Determine Lateral Force Design

Task 5 - Obtain Design Lateral Force and Moment Distribution on
the Building

Task 6 - Determine Shear and Overturning Moments on All Shear
Walls

Task 7 - Find Wall Unit Shears and Flexural Stresses

Task 8 - Design Load-Bearing Walls

Fig. 3 Overall Load Bearing Analysis Approach

The advantage of this task approach is that as the engineer
goes through the various phases he can stop at any point and quickly
determine the effect of varying design constraints or loading assump
tions before proceeding through the whole analysis. This should save
substantial time in the long run. Brief descriptions of the tasks
follow:
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Task 1 - Select Design Criteria and Determine Gravity Loading - The
first part of this task would be to gather structural floor plans,
floor area layouts, and building elevation drawings for use through
out all of the tasks. General design criteria and code references
used would be listed as well as pertinent weight, strength, and di
mension data on the structural wall system planned. In addition,
lateral force criteria on the wind zone and seismic zone would be
called out at this time. Further descriptions of the nomenclature
and standard building and wall coordinate systems used are given
under later discussions of the programs.

The second part of the task is to determine all of the live and
dead loads (gravity loading) on the roof and individual floors of the
structure.

Task 2 - Determine Mass and C.G. Locations of Walls, Floors, etc. 
In this task all dead loads would be detailed as well as weights and
locations of structural walls, floors, and concentrated loads to de
termine weight and C.G. (center of gravity) locations for each floor
as a unit acting under wind or seismic forces and for the building as
a whole.

Task 3 - Determine Wall Rigidities and Centers of Rigidity - In
Task 3 the relative rigidities of all walls on a given floor are de
termined considering the wall types, locations, number of flanges,
prism strengths, and basic dimensions. This information is required
to determine the center of rigidity for floors of buildings with
rigid diaphragms that can transmit torsional moments to the floor and
influence shearing stresses on the individual walls. In addition,
the center of rigidity for each floor is compared to C.G. location to
evaluate torsional eccentricity for later use.

Task 4 - Determine Lateral Force Design - In this task the base
seismic and wind shears are calculated for the principle axes of the
building and design base shears are selected. Other factors includ
ing building periods and lateral force coefficients are also evalu
ated.

Task 5 - Obtain Design Lateral Force and Moment Distribution on the
Building - In Task 5 the governing lateral forces (wind or seismic)
are distributed to individual floors and story shears and overturning
moments are calculated. Total overturning moments on the building
are also obtained and compared to corresponding weight restoring
moments as a measure of building stability.

Task 6 - Determine Shear and Overturning Moments on All Shear Walls 
From the results of Task 5 and previous tasks, shear forces are dis
tributed and overturning moments determined for all shear walls.

Task 7 - Find Wall Unit Shears and Flexural Stresses - The purpose of
this task is to determine the unit shear stresses and flexural
stresses (due to overturning moment) for all walls with and without
reinforcement.
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Task 8 - Design Load-Bearing Walls - In the final task individual load
bearing walls are evaluated with all vertical and lateral loads pre
sent and necessary reinforcement is determined. At this point (or
earlier in some cases) assumptions concerning prism strength or wall
thickness may be reassessed if necessary. Depending upon the com
plexity of the structure and the experience of the structural engineer,
as many individual walls as necessary are evaluated.

DESCRIPTION OF PROGRAMS AND CONVENTIONS

As with any systematic approach involving automated analysis
techniques, a system of standard nomenclature and conventions must be
adopted. For this analysis the familiar right-handed coordinate sys
tem convention is used and examples of its application are shown as
the discussion progresses.

An example of a building layout is shown in Fig. 4. The longest
dimension of the building is selected as the x-direction and the face
of the building is placed near the x or y-axis as indicated. Loca
tion of overall areas are numbered as shown on the layout and also on
the reference grid describing the convention (Fig. 4). The rule used
is to start at the area (or areas) with the smallest y-value location
(YDI) and number the area with the smallest x-value location (XDl)
No.1, the next highest x-value location No.2, etc. and then proceed
to the next higher y-value location and continue.

+Y

3

- - - -
I

.....XD2 -. 2 I

I
1

+ FACE

YD2

•

+Y

CONVENTION
GRID

7 8 9

4 5 6

1 2 3

+X

+X

Fig. 4 - Building Layout Convention

The location of the origin is selected to contain all parts of
the building within the first quadrant to eliminate negative inputs
to programs for the location of any item in the structure. In the
example shown (Fig. 4) the y-Iocation of area No. I and the x-location
of area No. 3 are both zero. If some of the upper floors had smaller
dimensions those x and y locations would have positive values. This
general procedure for locating areas is also used for locating and
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numbering wall types and individual walls as will be seen later.

The vertical dimension of the coordinate system is the height
(H). The origin corresponds to ground level and floors are numbered
from I (at ground level) consecutively to the top floor.

The normal procedure would be first to gather all data on the
building (numbering areas and walls), design criteria, wind profiles,
etc. during Task 1 to initially provide all program inputs required.
For purposes of clarity in this discussion, however, these items will
be shown only at the time they are first needed.

Common Features of Programs - In an effort to reduce the amount of
writing, hand calculation, and tabulations of data, maximum use has
been made of the thermal printer output for a display of all titles,
inputs and wind calculations to fit on a standard 8~ x 11 inch page.
Printing is produced on 2~ inch wide thermal paper. In all programs
the input data is first requested and titles are printed while input
is made. After the first page of titles is complete and calculations
are made,the data is then printed for the first page. This procedure
continues for the remaining pages produced. A full scale reproduc
tion (for 8~ x 11 scale) of part of a program output is shown (Fig. 5).

F:DOF

(1)ROOFING+INSUL.
(2) ~:;LAE;=

BIN. L. 1;.1. . C0 t·~C
l ':1 \ ,-. co- _TiT l.. f ,-.

F'~l-':j:" t·F l-- A .; l·...:~ ;w .,..

DATE-- 2.-2.3"78
B\'-- JVP

16.0

73.0
J-! C,

Fig. 5 - Output of Thermal Printer

Dashed lines are printed at the top and bottom of each page for
ease of mounting on a standard page for ready reproduction. Extra
space is also available on the page for any special notes. In the ex
ample shown (Fig. 5) the user is first asked for roofing and insula
tion weight (psf) , then for the type of slab, its weight, etc. In
most cases the request for the data remains in the calculator display
until the input is entered.
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In addition to the printed program output, a partial or complete
listing of the program in the calculator or a listing of data memory
contents may be printed out at any time.

Another common feature of all programs is the SR-60 User Instruc
tions. These are produced on a standard 8~ x 11 inch form and vary
from 2 to 4 pages for most programs. The example (Fig. 6) shows what
information is in the display at a particular step in the program and
gives the user instructions on the input required. These instructions
would only be referred to periodically since the prompting message
in the display is normally sufficient.

PAGE_2_OF __
3__ SR-60 Jd-6I

User Instructions '"iY
TITLE GRAVITY LOADING PROGRAM

No 15 & 16 CA os R GSR E STEPS AUX

STEP DISPLAY INSTRUCTION PRESS GOTO

6 TOT. NO. OF FLOORS= KEY IN TOTAL NO. OF FLOORS l:.NIl:.K

7 INUMBER OF TOP FLOOR= KEY IN NUMBER OF TOP FLOOR ENTER

8 ARE FLOORS SLABS? YES, IF SLABS/NO, IFFR~ Yt~INU

9 ALL FLOOR LD S. SAME? YES, IF ALL FLOOR LOADING IDENTICAL YES/NO

Fig. 6 - User Instructions

General program descriptions including equations used and spe
cial instructions would also be included with each program. Program
descriptions, instructions, copies of listings, and magnetic program
cards (in holders) fit easily into a three-ring notebook binder.

Generally used units are feet and inches, inches, pounds, kips,
psf, and psi. Convenience features to reduce input are present in
most programs (e.g., if individual floor heights are the same the
number of inputs is reduced).

Gravity Loading Program - The purpose of this program is to identify
and summarize the roof and floor gravity loads that the structural
wall system must sustain. The program can handle both rigid slabs
(Fig. 5) and wooden framing for floors and roofs (Fig. 7). Roof data
is first requested and then floor data. Common floor data is indi
cated and input/output is reduced if this is the case. Total dead
loads, live loads, and dead plus live loads are summarized for each
floor. Program running time is under 2 min. per floor.

Mass Program - The purpose of the mass program is to determine mass
and center of gravity data for each floor and for the total structure.
The input and output of dead loads is organized to allow direct use
of the data in determining torsional moments in the shear wall rigid
ity calculations. For this purpose the weight acting on the walls
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FLoue HO,:=

DEAD LORD::;

.:: 1) FLOOR I i·iG

,2) FLOOF: JO I :~T:I;

<::::> CEILlt·iCi

5.0

3.0
5.0

13.0

(4)PRRT1TIDNS 10.0
<5)OTHER~

TOTAL DEAD LOAD 23.D

TOTAL LIVE LOAD 40.0

TOTAL DEAD+LIVE LD. 63.0

Fig. 7 - Gravity Loading Program Output Sample

of a given floor consists of those walls plus the weight of the floor
(or roof) above and any fixed concentrated loads attached to it. In
this way (for rigid diaphragms only) when the diaphragm is acted on
by earthquake forces the proper mass affecting the shear walls on the
floor is accounted for.

Inputs to the program include the location, dimensions, and
weight per sq. ft. of each floor (or roof) area and each wall plus the
location and weight of each concentrated load. Floors common to the
floor above are not re-input by the user. For a common wall in a
given direction (up to 10) weight and dimension data is given once for
a particular wall type and only the changing location is requested
(e~g., 3.09 indicates that wall type No.3 has 9 walls). It is possi
ble to have up to 49 wall types in each direction and wall types and
individual walls are numbered in the same manner as areas (Fig. 4).

Output of the program includes the input data plus the calculated
floor (or roof) areas for each level and their total weight plus the
weight and C.G. location for each floor and the total building. Sam
ples of output are shown (Fig. 8) with outputs in feet and inches.
The equations used are simple area and moment calculations and running
time is under 2 min. per roof/floor area or per wall on floors without
commonality.

Rigidity Program - The purpose of this program is to determine wall
rigidity data and center of rigidity for each floor of a building.
Center of gravity data from the Mass Program is used to determine
torsional eccentricity for earthquake calculations with rigid dia
phragms.

The program is rigorous in the sense that wall moments of inertia
(along the wall) are calculated and differing clay masonry and con
crete masonry prism strengths and modulii limits are considered. Up
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Fig. 8 - Mass Program Output Sample

to two flanges per wall formed by intersecting walls are also consid
ered. The rigidity is herein defined as the inverse of the deflec
tion (from shear and bending) of a cantilever wall under a 100,000 lb.
horizontal force directed along the wall at the top (see also Ref. 2)
as follows:

= (1)

where: RC = Rigidity of a cantilever wall (per in)

A = Total cross sectional area of wall/flanges
(sq. in. )

ICC Moment of inertia along wall system about
centroidal axis (in 4)

~ = Modulus of elasticity (psi)

EV = Modulus of rigidity (psi)

HW = Wall height (in. )

Wall numbering for this program is identical to the numbering
used for the Mass Program when flanges are not present. With flanges
the number of wall types would change somewhat. Calculations for cen
ters of rigidity are of the same type as for C.G. locations and the
former is compared with the latter to obtain torsional eccentricity.
A minimum torsional eccentricity of 5 per cent floor length (1) is
assumed when calculated eccentricities are lower.

Program running time is approximately 2 to 2~ minutes per wall
type for each non-common floor. Time varies with the number of flan
ges present. An example of output is shown in Fig. 9 based on data
from Hanson (3).
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Fig. 9 - Rigidity Program Output Sample

Base Shear Program - The purpose of the program is to determine the
total base shear along each principle axis of a structure for both
seismic and wind lateral forces and to define the governing base
shears.

This program is the first step in the lateral force design of a
building. It uses results from the Mass Program and provides informa
tion for the Building Shear and Overturning Moment Distribution pro
grams. For seismic calculations, the user has the option of selecting
the equations and constraints from the 1976 UBC (4) or programming in
a code of his choice. The 1976 Denver Building Code (1) is used for
an example and the main differences are shown as follows:

Total Seismic Base Shear Equation

v = ZIKCSW (1976 UBC) (2)

where: v = Total seismic base shear (kips)
Z Zone coefficient
I - Occupancy coefficient (1.0 for 1976 Denver Code)
K = Framing coefficient (normally 1.33)
S = Structure/site interaction coefficient (1.0 for

1976 Denver Code)
W = Total bUilding load (kips)
C Lateral force coefficient

and e 1 < .12 (1976 UBe option) (3)=
15 ~T -

or .e .05 < .10 (1976 Denver Code option) (4)
3~T

(Fixed at .10 for buildings under 3 floors)

where T is the building period in seconds
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Wind base shear is calculated using a wind pressure profile as
shown in Fig. 10. To simplify calculations in later programs the pro
file (for the particular locale) is adjusted conservatively by select
ing wind pressure heights at the nearest lower floor level.

H3

H2

HI

W3(PSF)

W4(PSF)

W2(PSF)

I H4....-------r---

___ -I...---.....--...l.

- - .- - ...--

Fig. 10 - Wind Pressure Profile Sketch

For calculation purposes an average horizontal building dimension
normal to the wind direction is used to calculate wind forces and al
lows quick determination of the governing base shear. If differences
between seismic and wind base shears are marginal, both shears can be
determined accurately in the story shear calculations of the following
programs. Fig. 11 shows samples of output of the seismic calculations,
wind pressure profile, and design base shear. Running time is under
6 minutes and seismic or wind calculations may be omitted if not de
sired.

Building Shear and Overturning Moment Distribution Programs - These
two programs together accomplish Task 5 by assisting the structural
engineer in determining the shear and OTM (overturning moments) for
each floor of a building due to seismic and/or wind forces along the
principal axes. In a final summary, the governing design shears and
overturning moments for the building are given and the building re
storing moments are compared.

The first program is used for general inputs which are needed for
both programs (e.g., the number of floors and floor heights) and also
for seismic inputs and calculations. The equations used for determin
ing story shear and overturning moment are basically the same as in
Ref. 2. The same options exist for building code constraints as in
the Base Shear Program and appear in the calculation of the whiplash
force (FT) at the roof of the building, as follows:

FT (1976 UBC)
or

= 0 forTSO.7 sec.
= • a7 TV~ O. 25V

(5)
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and *FT (1976 Denver Code) = 0 for (HBldg/DMax) ~ 3.0

or = .004V (~ldg/~ax)2 ~ .15V

(6)

where: T = Bldg period (sec)
V = Seismic base shear (kips)
HBldg = Height of bldg. (ft)

~ = Horizontal dimension of bldg. along the principal
ax axis (ft)

After general inputs are made the user has the option of omitting
seismic inputs and calculations if not required. Samples of output
using the 7-Story Apartment Building of Ref. 2 are shown in Fig. 12.
Running time for the first program (with seismic calculations) is
approximately 2 minutes per floor. Basic inputs and total seismic
building shear and overturning moments can be temporarily stored on
magnetic cards if execution of the second program must be delayed.
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Fig. 11 - Base Shear Program Output Sample

The second program is used for the wind inputs and calculations
and for summarizing the governing building design base shears, over
turning moments, and restoring moments. If seismic forces are known
to govern, the wind inputs and calculations may be omitted. Equations
for calculating wind story shear and overturning moment are similar to
Ref. 2 and the program also accounts for buildings with multiple floor
widths and variable floor heights. Samples of output for the 7-Story
Apartment Building (2) are shown in Fig. 13. Running time is approxi
mately 10 minutes plus l~ minutes per floor.
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Fig. 12 - Bldg. Shear/OTM Distrib. Program (Part 1) Output Sample
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Fig. 13 - Bldg. Shear/OTM Distrib. Program (Part 2) Output Sample

Programs to be Developed - The six programs previously discussed cover
the requirements for Tasks 1 through 5 and bring the user to the point
of having design lateral forces and overturning moments for all floor
levels. Also known at this time are the dead and live loading require
ments, the dead loads for all floors and the total building plus rigid
ity characteristics of all walls.

In Task 6 a program (or programs) will be developed to allow dis
tribution of shear and overturning moments to each structural wall on
a floor. In the case of rigid diaphragms the forces will be distri-
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buted according to the relative rigidities of the shear walls and tor
sional moment effects will be considered. For non-rigid diaphragms
lateral forces will be distributed by the tributary load areas of the
diaphragms. Overturning moments will be calculated for both cases.

In Task 7 a program will be developed to take the shear force a
long the top of each wall and with the known wall dimensional and mom
ent of inertia data, determine the unit shear stress and flexural
stress due to overturning moment. Unit shear stress will also be com
pared with maximum allowable shear stress with and without shear rein
forcement. A portion of the latter task may be accomplished by table
look-up, depending upon program complexity.

In the final task (Task 8) a program (or programs) will be devel
oped to allow investigation of each load-bearing wall, considering all
vertical and lateral loads (including direct wind loads) to check the
structural adequacy of the masonry units used, and to determine the
amount of shear reinforcement and vertical steel required for the final
design. Table look-up will probably be used to determine steel spac
ing, and masonry unit sizes or strengths can be adjusted to meet re
quirements, if necessary.

Programs to be developed will be similar in input and output for
mat to those already developed. Running times for the various programs
will allow the structural engineer to greatly reduce the time devoted
to the design calculations for load-bearing masonry walls, through im
proved accuracy and direct interfacing with all segments of the analy
sis tool (e.g., the 7-Story Apartment Building (2) takes less than 4
hours to run the first six programs and the total analysis is estimated
to take less than two weeks). Completion of all programs for the anal
ysis is expected in late 1978 and comments on completed and planned
programs and methods used are solicited.

SUMMARY AND CONCLUSIONS

A programmable prompting calculator such as the SR-60 by Texas
Instruments is an economic replacement for standard desk calculators
for masonry structural and other calculations and provides a good com
promise for many applications, compared to rental or purchase of a
larger computer. The prompting feature allows the user to interface
with the calculator in a very direct way.

It is unnecessary for engineers to learn a programming language
to use this tool and programs written for load-bearing analysis of
masonry structures can easily be modified to reflect local code re
strictions in various sections of the country.

The overall approach is applicable to hand analysis or to other
scientific calculator or computer systems (programs would vary, de
pending upon the system) and permits use with buildings with floor
plans or elevations made up of one or more rectangles. Up to 25
stories for the building, and a maximum of 98 wall types (10 walls per
type) on each floor can be processed.
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The 8-Task approach presented has the time-saving advantage of allow
ing the engineer to stop at any phase in the analysis and quickly see
the effect of varying design constraints or loading assumptions be
fore proceeding through the complete analysis.

Programs for 5 of the 8 Tasks have been completed and allow the user
to input data in convenient units (e.g., feet and inches) and outputs
are in a form to fit on a standard 8~ x 11 in. page for final publica
tion.

The present series of programs brings the user to the point of defin
ing lateral forces and overturning moments for all floor levels. Also
known are the dead and live loading requirements, the dead loads for
all floors and the total building, plus rigidity characteristics of
all walls. Completion of remaining programs is expected in late 1978.

Comments are solicited from experienced masonry structural engineers
on the methods used in the analysis and on programs completed and
planned, to allow consideration and incorporation into the finalized
method.
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APPENDIX II - NOTATION

A ~ Floor/roof area, total cross sectional area of
wa11 / flange s

BLDG ~ ~ Building summary
C,*C =Lateral force coefficient
C.G. = Center of gravity

GMI = Colorado Masonry Institute, Denver, CO.
D(MAX) = Reference building dimension for seismic calcula

tions
D(MAX)DIST. = Distance to building from coordinate axis

EM = Wall modulus of elasticity

E
V

=Wall modulus of rigidity

EX = X component of C.G. to center of rigidity distance
EY = Y component of C.G. to center of rigidity distance

FLOOR ~::; Floor summary
FT,*FT = Seismic whiplash force at top of building

FT. IN. = Program notation for feet and inches (e.g., 16.09 =
16 ft. 9 in.)

H = Vertical axis of right-handed coordinate system
(positive height)

HI = Height to ith wind pressure on the building
H-BLDG ~ Height of building

H-PARAPET = Height of parapet above roof level
HW = Height of wall

H-WALLS = Height of walls on the floor
ICC = Mo~ent of inertia of shear wall about centroical

ax~s

I = Occupancy coefficient in seismic eqn.
K = Framing coefficient in seismic eqn.

(KIPS) = 1000 lbs.
LX MAX = Maximum average width of building for Y-direction

wind
LY MAX = Maximum average width of building for Y-direction

wind
Lx ~ DELTA HxW (PSF) = Wind base s hear formula notation

N-FLOORS = No. of floors in building from ground-up
N-TYPE = No. of walls of this type

N-XTYPES = No. of X-direction wall types on the floor
N-XWALLS = No. of X-direction walls on the floor
N-YTYPES = No. of Y-direction wall types on' the floor
N-YWALLS = No. of Y-direction walls on the floor

OTM = Overturning moment (e.g., for wall, floor or
building)

OTM/RST.MOM = Ratio of building OTM to building restoring moment
(PSF) = Pounds per sq. ft. (e.g., floor wt, wall wt, wind

pressure)
(PSI) = Pounds per sq. in.

RC,RIGIDITY(/IN) ::; Rigidity of cantilever wall along wall

REF W(PSF) ::; Wind pressure at reference altitude
RST.MOM ~ Building restoring moment
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S = Site/structure interaction coefficient (seismic)
SR-60 = Texas Instruments SR-60 Programmable Prompting

Calculator
STEPS =No. of calculator key strokes in an SR-60 program

T = Building period for seismic calculations
UBC = Uniform Building Code

V C' Base shear
V-SEISMIC = Seismic base shear

V-WIND = Wind base shear
W,W-BLDG = Weight or load on building

WallNo. = Wall type No. and individual No. of walls of type
(e.g., 51.09)

WI = Wind pressure above ith height (HI)
X = Horizontal axis of coordinate system along build-

ing length
XD = Distance to floor/roof area in X-direction
XG = Distance to C.G. in X-direction
XR = Distance to center of rigidity in X-direction
XW = Distance to wall in X-direction

X-WALL = A wall running in X-direction
Y = Horixontal axis of coordinate system along build-

ing width
YD = Distance to floor/roof area in Y-direction
YG = Distance to C.G. in Y-direction
YR = Distance to center of rigidity in Y-direction
YW = Distance to wall in Y-direction

Y-WALL = A wall running in Y-direction
Z = Zone coefficient in seismic eqn. for Zone No.

~ F = Story seismic or wind shear
~ FH = Story seismic or wind OTM

* = Designates second building code option used
(1976 Denver Code)
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DIMENSIONAL CHANGE AND ITS CONTROL IN CLAY MASONRY CONSTRUCTION

by Wyatt, K.J.*

ABSTRACT: The paper deals firstly with the nature of the dimensional
changes that commonly occur in burnt-clay masonry construction, including
the familiar cyclical movements caused by changes in temperature and mois
ture content. Particular attention, however, is devoted to long-term
dimensional change resulting from two causes: firstly, the irreversible
long-term moisture expansion that has been studied so extensively in
Australia, and, secondly, the creep or time-dependent shortening that
occurs in masonry under the action of sustained compressive stress. It
is shown that long-term moisture expansion is by far the most important
factor contributing to dimensional change in masonry. Some recommendations
are made on typical spacing of control joints.

*Senior Lecturer, Faculty of Architecture, University of New
South Wales, Sydney, Australia.
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DIMENSIONAL CliANGE AND ITS CONTROL

IN CLAY }1ASONRY CONSTRUCTION

K. J. WYATT*

INTRODUCTION

Despite the fact that clay masonry has a history of use extending over
millenia, and despite the fact that it is well known that clay masonry
expands and contracts in response to changes in its environment, we are
still today producing buildings which suffer damage because the designer
has failed to make adequate provision for the movements that will occur.

The aim of this paper is to examine the nature of dimensional change in
clay masonry, and to suggest some simple rules that will give reasonable
assurance that damage will not occur.

BRICKWORK MOVEMENTS

Thermal Expansion.
The amount of movement that results from a change in body temperature
depends upon the coefficient of linear thermal expansion and on the mag
nitude of temperature change.

In the United States, Ross(l) measured the thermal expansion of 139 brick
samples drawn from across the country. The mean coefficient of thermal
expansion was found to be 3.4 x 10-4%/degree F (6.1 x 10-4%/degree C) with
a standard deviation of 0.56 x 10-4%/degree F (1.0 x 10-4%/degree C). In
England, the BRE(2) 2uotes design values for expansion that infer a co
efficient of 6 x 10- %/oC, whilst in Australia the SAA Brickwork Code(3)
specifies 8 x 10-4%/oC. Thus a value of 8 x 10-4%/oC for design purposes
should be adequate in that, on Ross' figures, it would be exceeded in less
than 10% of instances.

It is more difficult to nominate appropriate values for the range in tem
perature to be used in computin~4~ovements for thermal expansion. In
Australia, the SAA Loading Code nominates a seasonal range of mean dry
bulb temperature of between 11 0 and 17°C (depending on locality) and an
extreme air temperature range of between 42° and 530 C. It is probable
that the mean range of temperature in the external skin of a brick wall
will be nearer to the seasonal range rather than the extreme range because
of the heat capacity of the masonry.

Again, the season during which the wall is constructed will tend to de
germine whether the wall undergoes expansion or contraction. Grimm(5)
points out that horizontal thermal contraction of the brick typically does

*Senior Lecturer, Faculty of Architecture, University of New South Wales,
Sydney, Australia.



89-3

DIMENSIONAL CHANGE AND ITS CONTROL IN CLAY MASONRY CONSTRUCTION

By Wyatt, K.J.

not induce contraction of the wall but rather induces fine cracks between
bricks and mortar. Consequently, he proposes that a design temperature
range of +650 F (35°C) be adopted in USA even though the extreme qir tem
perature range is about 120°F (66°C). In a similar way, the BRE~2) pro
poses a design range of 280 C as does the SAA Brickwork Code.

Consequently, if it is possible to make a realistic estimate of the maximum
temperature range likely to be experienced in a particular wall, a thermal
coefficient of 8 x 10-4%/oC should be assumed; if no such estimate is
possible, it would be wise to assume a range of at least 250 C, giving a
design thermal expansion of 0.02% minimum.

Reversible Moisture Expansion.
Reversible movements caused by moisture expansion are usually smaller than
thermal movements, and are frequently neglected by designers. The BRE(2)
suggests that the dimensional change between oven-dry and saturated is
likely to be between 0.002 and 0.01%. West(6) has reported tests on bri
quettes in which, as the moisture content increased from zero to 16%, the
dimensions increased by 0.015%. In the British work reported by Bonnell
and Butterworth(7), over one hundred brick types were tested, and the vast
majority had reversible strains less than 0.01%; in only two instances did
the strain exceed 0.025%.

Thus, for the range of moisture content likely to be encountered on site,
an allowance for reversible moisture strains of 0.01% should be adequate.

Long-term Permanent Moisture Expansion.
All burnt clay products undergo an irreversible expansion, caused by re
action with atmospheric moisture; it commences as soon as the product is
removed from the kiln and continues for many years. In the case of bricks,
it has been shown that this expansion, if unrestrained, may amount to as
much as 0.3%.

Very many factors affect the magnitude of the eventual unrestrained ex
pansion of bricks. The type of clay or shale from which the bricks were
made and the kiln temperature at which they were fired exert a dominant
effect.

Wyatt and Marshall(8) tested samples of extruded manganese bricks drawn
from different parts of a kiln during a commercial firing. The acceler
ated test procedure of McDowall and Birtwistle(9) was used, and the results
indicated that the average long-term expansion of bricks drawn from the
cooler part of the kiln was four times greater than that of bricks from
the hot part, even though the actual temperature difference of the kiln
did not exceed 60oC. Thus, even when specimens are drawn from the same
firing, using the same clay body, large variations in potential expansion
may occur. The variations become even larger if one examines the bricks
produced in a number of plants, even though these plants may all lie in
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the one geographic region. Table 1 shows the predicted mean expansions
of sixteen brick types tested by the author; all bricks were commercially
produced in Sydney, Australia, using local clays and shales. It can be
seen that the potential expansions range from 0.002% to 0.120% (for pressed
bricks) or 0.132% (for extruded bricks).

Table 1: Predicted Unrestrained Expansion of Sydney Bricks.

Description Method of 5 Year
Forming Expansion (%)

Manganese Wire-cut Face Extruded 0.002

Red Textured Face Extruded 0.025

Red Textured Face Extruded 0.035

Buff Textured Face Extruded 0.030

Cream Textured Face Extruded 0.107

Cream Wire-cut Face Extruded 0.125

Cream Striated Face Extruded 0.132

Grey Common Pressed 0.002

Grey Common Pressed 0.015

Grey Common Pressed 0.038

Red Face Pressed 0.012

Red Face Pressed 0.027

Red Face Pressed 0.047

Red Face Pressed 0.120

Red-mottled Face Pressed 0.095

Yellow Face Pressed 0.045

In consequence of this extreme variability, there is little point in re
commending an "average", or even a lldesign", value for permanent moisture
expansion of bricks. McDowall and Birtwistle's method of test for poten
tial expansion is a simple procedure involving a 4-hour stream treatment
of 24-hour-01d specimens. This method should be used in all instances.
For the very rare occasions when it is impossible to conduct an accelerated
test of the bricks, it would be wise to pessimistically set an arbitrary
value of 0.20% for light coloured bricks and 0.12% for dark bricks. Such
values will of course impose severe limitations on the spacing of control
joints - limitations that could well have been lifted if the predictive
test had been conducted.
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Values such as those just quoted are typically obtained in laboratory
controlled tests at constant temperature and humidity on kiln-fresh bricks.
Quite different values may be obtained when these same bricks are used in
walls on site. It has been noted by Smith(IO), for example, that bricks
stored out-of-doors had about 20% less expansion than bricks stored at
constant temperature ahd humidity; for brickwork the differential was even
greater, in that outdoor walls had expansions of only 60% of those of
individual bricks stored indoors. On the other hand, Wyatt(II) has shown
that the expansions of unrestrained bricks and brickwork are identical
when both are stored indoors under the same atmospheric conditions (Fig.I).
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Other investigators have noted a correlation between expansion and build
ing aspect. However it must be said that, for almost every research paper
asserting a particular relationship between indoor brick expansion and
outdoor brickwork expansion, one can find another paper asserting a
different relationship. The effect of restraint and the consequent creep
is almost certainly the reason for the contradictory evidence that is
available.

Creep.
Limited research into creep of clay masonry has been conducted by Lenczner
and his co-workers at Cardiff, and a summary of this work is available(I2).
Among the more important conclusions reached by Lenczner in this summary
are:

1. At normal working stresses, creep in brickwork piers will effectively
cease within one year of the application of the load. The creep
strain during this period rarely exceeds the instantaneous strain
that occurs during loading.
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2. Creep in brickwork walls using 1:~:3 mortar was up to 4~ times
greater than in piers at comparable stress levels.

3. Measurements on brickwork using 1:~:3 mortar show that about two
thirds of the creep in a wall occurs in the mortar joints. even
though these amount to only about 10% of the height of the wall,
Therefore. creep in the mortar is of much greater significance than
creep in the bricks.

It has been shown by Wyatt and Morgan(13) that the relationship between
creep-strain and time can be well-represented by a logarithmic expression
of the form:

e = A + B In (t + C)

where A. Band C are empirical constants. A relationship of this type
assumes that creep progresses indefinitely at a continuously-decreasing
rate; results obtained by the author(11) from experiments extending over
three years have confirmed this behaviour (Fig.2). Wyatt et al(14) have
shown that. for low stress levels, the rate of creep is proportional to
stress (or, more precisely. is proportional to the stress/strength ratio).
whilst at higher stresses the creep varies with the cube of this ratio.
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Thus, although a small amount of research work that has been done in
recent years, we are still unable to define quantitatively the creep
behaviour of brickwork. For the present, we can do no better than make
a series of assumptions that do not disagree with the bulk of the exist
ing evidence. These are:

1. Within the working stress range, creep-strain varies with the ratio
of applied stress to brickwork strength. Because Young's Modulus
is usually regarded as being a function of brickwork strength, it
follows that elastic strain also varies with the ratio of stress to
strength. Hence it is reasonable to anticipate a relationship
between creep strain and short-term elastic strain.

2. Creep strain increases with the logarithm of time under stress.

3. For brickwork laid up in a cement-rich mortar, the creep strain is
likely to equal the elastic strain after about two years under con
stant stress. About half of this strain is likely to occur quite
quickly, within the first three months or so. Even if the stress is
maintained for as long as ten years, the creep strain is unlikely to
be more than one-and-a·-half times the elastic strain.

4. For lime~rich mortar, creep strains are likely to be larger than for
cement-rich mortars; very little information is available but there
are some indications(12) that the creep strain may reach one-and-a
half times the elastic strain after only two or three years under
stress.

The SAA Brickwork Code suggests that the short-term modulus of elasticity
be taken as 750 times the brickwork compressive strength; similar values
are found in other Codes. For brickwork sustaining a compressive stress
equal to, say, 10% of the brickwork strength, the elastic strain will be
0.1/750 = 0.013%; the long-term creep strains in cement-mortar brickwork
are therefore unlikely to exceed 0.02%, or 0.03% in lime-mortar brickwork.
It should be noted that if the brickwork is stressed at an early age (one
month or less after laying) the elastic strains are likely to be consider
ably larger than implied by the Code value for Young's Modulus; the creep
strains will also be larger.

Total Movements.
Typically, the movements caused by the mechanisms examined above are as
follows:

Unrestrained Thermal Expansion
Unrestrained Reversible Moisture Expansion
Unrestrained Long-term Moisture Expansion 0.12 to
Creep Contraction under Working Stress

0.02%
0.01%
0.20%
0.03%
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The range of values for long-term moisture expansion is appropriate to
Australia; recent research in other countries indicates that these values
would not be excessively high for very many parts of the world. The main
point to be made when considering these figures is the over-riding impor
tance of long-term expansion when compared with reversible movements; a
50% error in estimating reversible movements would alter the total move
ment be less than 10%. There is little benefit in making a precise cal
culation of predicted movement unless the designer is prepared to conduct
tests to predict the long-term moisture expansion.

CONTROL JOINTS

From a consideration of the amounts of movement described in the preceding
sections, it is possible to nominate suitable control joint spacing for
various conditions, as follows:

1. Horizontal Movement.
Control joints should be positioned so as to permit:

Thermal movement
Reversible moisture expansion
Long--term moisture expansion
(in absence of test data)

Total

- 0.02%
- 0.01%
- 0.06% for dark brickwork
- 0.10% for light brickwork
- 0.09 to O. 13%

(The values shown for long-term moisture expansion are 0.5 times the
values for individual bricks, to allow for the effects of partial
restraint on the brickwork).

The SAA Code limits the amount of movement at a joint to 15 mm; for
the typical movements listed above, this would require joints of
about 25 mm width spaced at between 11 and 16 m. For parapet walls,
because of the virtual absence of partial restraint, spacings of
joints should be half those for other walls. Because external corners
are highly vulnerable to damage, the first joint should be positioned
at half the normal spacing from any corner.

2. Vertical Movement in Concrete-framed Buildings.
Control joints should be positioned so as to permit the following
movements:

Thermal movement
Reversible moisture expansion
Long-term moisture expansion
Shrinkage and creep of concrete

frame
Total

- 0.02%
0.01%

- 0.12 to 0.20%

- 0.12%
- 0.27 to 0.35%
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Hovement of this order corresponds to differentials between the masonry
and the frame of about 7 to 10 mm per storey height. Many structures
have been built without making allowance for movements of this magni
tude, and a number of them have suffered extensive damage ranging from
local crushing of brickwork near supporting nibs at floor level to
dislodgement of entire brickwork panels. It is fortunate that three
factors often combine to reduce the differential movement to a value
that can be absorbed by the structure without undue distress. They
are:

(1) The initial shortening of the concrete frame occurs very rapidly;
with good fortune much of it will have occurred before the ma
sonry is constructed.

(2) It is not uncommon for the bricks for a high-rise building to
be ordered in advance and stockpiled; much of the long-term
expansion will have taken place during this stockpiling.

(3) Because the frame exercises a severe restraint to the masonry,
high stress may well be generated; they will be accompanied by
a very high rate of creep in the young mortar. Creep often will
act beneficially to relieve high stress before severe damage
results.

Unless the construction process can be carefully scheduled as to use
these three factors to control differential movements, horizontal con
tol joints equivalent to one bed joint per storey height should be
provided.

3. Vertical Movement in Load-bearing Masonry Buildings.
Control joints should be positioned so as to permit the following
movements:

Thermal movement
Reversible moisture expansion
Long-term moisture expansion
Elastic shortening of loaded leaf
Creep shortening of loaded leaf

- 0.02%
0.01%

- 0.12 to 0.20%
- 0.02%
- 0.03%

If, as is preferable, only the inner leaf of a cavity wall is load
bearing, joints are required to provide for the differential movement
that may occur between the two leaves. When the same brick-type is
used for both leaves, it is necessary to allow only for thermal expan
sion of the outer leaf and elastic and creep shortening of the inner
leaf; a total differential strain of about 0.07%, which can usually
be accommodated without difficulty. If the brickwork of the inner
leaf has a smaller long-term moisture expansion than that of the outer
leaf, the differential between the two expansions must be included in
the computation. For example, sometimes in Sydney pale-coloured face
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bricks with expansions of about 0.15% are used on the outer leaf,
whilst the inner leaf uses commons of negligible expansion potential;
the differential strain then becomes about 0.22%, requiring joints
of 6 mm width at each storey. It is not recommended for the inner
leaf to have a larger expansion potential than the outer leaf, since
this would cause the control joint to become wider with the passage
of time, causing sealing problems.

Where, in special circumstances, both leaves of construction are
required to be load-bearing, both leaves should undergo the same
strains, and should therefore use the same materials.

CONCLUSIONS

Of the various factors that cause dimensional change in clay masonry con
struction, long-term permanent moisture expansion is by far the most im
portant in that it produces strains that may be as much as ten times larger
than the strains produced by other causes. Consequently, for design pur
poses it is very important that an accurate estimate be made of the p'otential
long-term expansion. The method proposed by McDowall and Birtwistle(8) is
recommended for this purpose.

The expansions resulting from this and other causes may be greatly modified
by the effects of restraint, and as yet there is no fully satisfactory
method whereby restraint may be taken into account in computing the width
and spacing of control joints. Further work on the interaction between
expansion and creep in restrained brickwork is required.

Because of these uncertainties, the recommendations for control joint
spacings made in this paper make generous provision for dimensional strain.
As more evidence becomes available, these recommendations should be able
to be progressively refined.
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RATIONAL ANALYSIS OF MASONRY STRUCTURES

By James Colville 1 and Donald Vannoy2

ABSTRACT: A procedure for the rational analysis of load bearing masonry
structures is developed. This procedure follows the Building Code Re
quirements for Engineered Brick Masonry, August, 1969, published by the
Brick Institute of America, and the Specification for the Design and
Construction of Load-Bearing Concrete Masonry, February 1975, published
by the National Concrete Masonry Association.

Equations for determining the distribution of lateral load to re
sisting shear walls, which consider that some of the walls do not extend
the full height of the building and that wall properties may change from
floor to floor, are presented. Following this a strength analysis is
performed which indicates the required compressive strength of each wall
at each floor level for seven critical combinations of vertical and
lateral loads. The strength analysis considers both the effects of
slenderness and eccentricity of gravity loading.

The procedure described in the paper has been incorporated into a
computer program which is available to the profession through the Masonry
Institute of Maryland.

lAssociate Professor of Civil Engineering, U. of ~ID, College Park, }ID 20742
2Assistant Professor of Civil Engineering, U. of }ID, College Park, MD 20742
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RATIONAL ANALYSIS OF MASONRY STRUCTURES

by

James Colvillel and Donald Vannoy2

INTRODUCTION

A computer program for the rational analysis of non-reinforced en
gineered masonry construction is described herein. This program follows
the Building Code Requirements for Engineered Brick Masonry, August 1969,
published by the Brick Institute of America, and the Specification for
the Design and Construction of Load-Bearing Concrete Masonry, February
1975, published by The National Concrete Masonry Association. Thus most
of the basic assumptions are based on generally accepted engineering ana
lysis procedures. However, in order to present the main limitations and
applications of the program, a brief review of the basic assumptions and
restrictions is given. Use of the program is available through the Ma
sonry Institute of Maryland.

LOADS

The two basic types of loads considered in the analysis are gravity
loads and lateral loads. The gravity loads consist of dead and live
loads and it is assumed that the floor loads are the same at each level
of the structure and that all areas, at each floor level, receive the
same loading. The roof live and dead loads may be different than the
corresponding floor loads.

A reduction in the floor live load is considered using either one of
the following procedures as specified by the designer:

(a) if the loaded floor area exceeds 150 sq. feet and the magnitude
of the live load is not more than 100 psf, the reduction is
taken as 0.08 percent per square foot of loaded area but may
not exceed 60% or the value of R from the following equation

R

in which D

100(D+L)/4.33L

dead load in psf. and L = live load in psf.

(1)

(b) the reduction depends on the number of floors supported as given
below:

1 floor supported - R = 15%; 5 floors supported R - 35%

2 floors supported - R= 20%; 6 floors supported R = 40%

3 floors supported R = 25%; 7 floors supported R = 45% '

4 floors supported - R = 30%; 8 or more floors supported -
R - 50%

lAssociate Professor of Civil Engineering, U. of MD, College Park, MD 20742
2A . Professor of Civil Engineering, U. of MD, College Park, MD 20742ss~stant
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Also, the effect of a checkerboard live load distribution is con
sidered for each wall in the structure. The lateral loads are due to
either wind or earthquake forces. The wind load depends on the exposed
area of the building and the magnitude of the wind pressure. It is as
sumed that a maximum of three different wind pressure magnitudes may be
considered in the analysis and that changes in wind pressure magnitudes
do not occur between floors. The wind load is considered to be a uni
formly distributed loading, and the resultant wind load at each floor
level is obtained from tributary area principles and the wind pressure
magnitude.

The lateral loads due to earthquake forces are based on the require
ments of the Uniform Building Code, (UBC), published by the International
Conference Building Officials, 1976 Edition or the BOCA Basic Building
Code, 1975 Edition, as specified by the designer. In either procedure
the dynamic forces resulting from an earthquake are replaced by equivalent
static forces. The total lateral force, V, called the base shear is

V = ZIKCSW (UBC) V = ZKCW (BOCA) (2)

in which C is a coefficient whose magnitude depends on the period of the
structure, K is a framing coefficient related to the ductility of the
structure, Z represents the earthquake zone, I is an occupancy importance
coefficient, S is a numerical coefficient for site-structure interaction,
and W is the total dead weight of the structure. For the analysis con
sidered here

C = 1/(15~) ~ .12 for UBC, or C = 0.OSI3;r- < 1.0 for BOCA,

where T = 0.05 HIID, in which H is the height of the building in feet and
D is the dimension of the building in feet in a direction parallel to the
applied force. For load bearing masonry K is taken as 1.33. The lateral
load due to an earthquake is considered to be a triangular distribution
load and a portion of the base shear V is considered as a concentrated load,
Ft , applied at the top of the building. Thus

F = 0.07 TV < .25V (UBC)
t -

(3)

(4)

in which F = 0 if T < 0.7 sees, or (HID ) < 3. O. The remalnlng force,
(V-F

t
) is distributed-to each floor in a~cordance with the equation

n
F = (V-F) w h I r w.h.

x t x x . 1 1 1
1=

In Eq. (4), F is the lateral force at level x, w = the weight of the
floor at leve1 x, h = the height of level x abov~ the base. The denomi

x
nator of Eq. (4) represents the sum of the weights of tbe floors, w.,
times the height to that floor, h., summed over n = number of storitts, in

1
eluding the roof.

The wind and seismic forces are of course assumed to act in the direction
of either principal axis of the building. The procedure presented above is,
th~refore, applied to both principal directions.
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WALLS

The program is valid only for structures where the vertical and
lateral loads are resisted by wall elements, rather than beam and column
members. For support of vertical loads, the walls may be considered to
be either load bearing or non-load bearing.

All walls are considered to participate in resisting horizontal forces.
Thus for lateral loads, all walls are considered to be shear walls, al
though it is assumed that there are no coupled walls.

Each wall unit may be solid brick, hollow or solid concrete block,
and any combination of these masonry units may be used throughout the
structure. Also, an exterior wall may consist of a loaded wythe of ma
sonry tied to an unloaded wythe such that a portion of the transverse
wind load is carried by the unloaded wythe. Wall section properties may
change from floor to floor, and, the program can consider structures in
which some walls do not extend the full height of the building.

LATERAL LOAD DISTRIBUTION

Lateral loads are assumed to act in the direction of either princi
pal axis of the structure. Wind forces will cause bending in those ex
terior walls perpendicular (or transverse) to the direction of the wind,
while seismic forces will cause bending in all walls, interior and ex~

terior, load bearing and non-load bearing, perpendicular to the direction
of the seismic force.

The lateral loads will be distributed from the transverse walls to
the shear walls which are parallel to the load direction by the floor and
roof diaphragms of the structure. The shear walls are assumed to act as
vertical cantilevers in transmitting the lateral loads to the foundation.

The distribution of lateral load to the shear walls is a function
of the rigidity of the horizontal diaphragms and shear walls, and the
torsional effects of the lateral loads.

In the analysis procedure developed herein, it is assumed that the
floor and roof diaphragms are infinitely rigid. Rigid diaphragms trans
mit lateral loads to the shear walls in proportion to the relative stiff
nesses of the shear walls. Also, rigid diaphragms are capable of trans
mitting torsional moments to the shear walls in proportion to their rela
tive rigidities and distances from the center of rigidity. However, two
other factors, considered herein, which complicate the determination of
the lateral force in each wall unit are:

1) Some of the walls do not extend the full height of the building;

2) The properties of each wall may change from floor to floor

A procedure for determining the lateral load in each wall unit is de
veloped below. In this procedure the lateral load in each wall unit at
each floor level is determined working from the upper story to the ground
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floor. The procedure may be simply presented by considering the structure
shown in Fig. 1. Once the necessary equations are developed for this
structure, they may be generalized to consider more complicated structures.
First of all, although wall 3 does not extend the same height as walls
1 and 2, it is assumed, for simplicity of coding, that all walls extend to
the top of the structure. Thus; 1

33
= A33 = O. Considering the top story

of the structure (Fig. 2) and lett1ng R.
3

, i = 1,2,3 be the unknown lateral
load carried by each wall unit, i, at tEe third floor,

(5)

Also the top deflection of each wall unit (considering both flexural and
shear deflections) is

+ ( 6)

in which e' 3 is the rotation of the wall unit i at the base of the 3rd
floor. Th~ rotation e' 3 is assumed to equal the rotation at level 2
caused by the loading §fiown in Fig. 3.

Thus

h 2
+ _1_)

2I
il

(7)

For a high rise structure, the computation of the second term in Eq. (7)
becomes increasingly tedious. Also in a typical high rise structure, the
story heights hI' h2, h3 etc. do not vary significantly. Thus an approxi
mate value of ei3 is obtained.

(8)

Substituting Eq. (8) into Eq. ( 6) and combining terms gives

3 3h
3

Lh 2
EO

t
= R

i3
[ q13 + + 3 1

3I
U AU In

in which

3 1.3 31. 3C = [ 1 +=- (2..- + _1_)]
2 I i2 IiI

(9)

(10)

(11)
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and

Ii3 = -:----==L:...--..,..-_
h h

(_2_ + _1_)
I i2 IiI

Equation (9) can now be writ ten as

in which

Assuming that the top deflection of all walls is the same,

Substituting these relations into Eq. (5) and solving for ~3 gives

Generalizing Eq. (16) for any number of walls, NW, and any number of
stories, n, gives

(12)

(13)

(14)

(15)

(16)

K.
P

R. n
~n (17)~n NW
L K.

j=l In

It should be noted that since 1
33

= A
33

= 0, it follows that K
33

= 0 giving
R33 = O. Or, in other words, no port~on of the load P3 is res~sted by
waIl 3.

Considering the 2nd story of the structure, the loads are as shown
in Fig. 4. The sum of the forces in the walls now equals the total lateral
load above the level being considered. Thus

(18)

Also, the moments M., i = 1,2,3 at the top of the wall units equal the
moments caused by tEe shears in the walls above. Thus, Ml = R

13
h

3
; M

2
R23h3; and M3 = R33h3 = O.
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The deflection at level 2 is

(19)

In which L = h ; 1'2 = L/(h /1'1) and K,Z is as given by Eq. (14), re
placing the su!scrlpt 3 by the1subscript Z.

Equation (19) may be rewritten as

M, R.
Z<5 E = _1_ + _1_

t K~Z Ki2

in which

(20)

Since the top deflections are equal,

(Zl)

(ZZ)

Using these relations, substituting into

3
(P 2 + P3) + L:

i=l

K'ZM,
1 1

K'i2

Eq. (18)

Ml
- K~2

gives

3
L: K. Zi=l 1.

(Z3)

Generalizing this equation for any number of walls, NW, and any number of
floors, n, the shear in any wall, i, at any floor level, j, may be given
as follows

K.. n NW K.Q,jM.Q, M, NW
L: P + L: ( -) 1. L: K.Q,j (Z4)1.J

K9.j - K~ .R .. = [ m=j m
1.J NW

K.Q,j
.Q,=l 1J .Q,=l

.Q,~l

For the first floor of the s truc ture, since it is assumed that the base of
each wall is fixed, the deflection at level 1 is

<5 E
t

(25)
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Thus Eq. (24) can again be used to compute the lateral force in each
wall unit, except that

and

31. .A ..
1J 1J

K
ij

= ---3-----
A.. h

l
+ 91 .. h

l1J 1J

2
K' = 21. .fhlij 1J

(26)

(27)

Thus, Eqs. (17) and (24) may be used to determine the total shear in each
wall unit. However, in most structures it will be necessary to consider
the effects of torsion. The torsional moment at each floor level is
equal to the total resultant lateral load at the floor multiplied bye.
the distance between the line of action of the resultant load and the J
centroid of resistance of the shear walls.

The location of the centroid of resistance of the shear walls from
any suitable reference line, is given as

R..
1J

(28)

where X.. represents the distance of a particular wall from the reference
line. the location of the resultant wind or seismic load at each floor
level is computed by the program, and the eccentricity at each floor level
may be computed. For seismic loads this distance is assumed to be at least
5% of the plan dimension of the structure.

Thus the force in each wall unit for lateral load parallel to the wall
is

+
R.. e.c ..

1JX J 1J

2
R.. x.

1J
X

1

W.
XJ

(29)

For bending perpendicular to the walls the transverse bending
load depends on whether or not the wall is exposed to direct wind load.
Thus for interior walls, not exposed to wind, the transverse bending load,
w, in pounds per square foot is

w = 0.22 (p)t (30)

in which t = wall thickness in feet, and fJ is the unit weight of the wall
material in pounds per cubic foot. The value of the zone factor, Z, has
been given above.



90-11

For exterior walls, the transverse bending load is either the value
from Eq. (30) or the magnitude of the wind pressure at the level of the
wall, whichever is greater.

The bending moment caused by transverse loading is assumed to be
wh 2/12 , in which h = clear height of wall between floors. However, for
thgse walls in the ~op floor the bending moment is taken as wh 2/10.

u

FLOOR TO WALL CONNECTIONS

For an assumed hinged floor to wall connection, the wall bending
moment is assumed equal to the eccentricity of the floor reaction, based
on a triangular bearing plate stress distribution, times the floor re
action. Half of this moment is resisted by the wall above the floor and
half is resisted by the wall below. The full moment is resisted by the
top wall at the intersection of the wall and roof. It is also assumed
that 1/4 of the first floor moment is resisted at the ground level of the
wall.

For an assumed fixed floor to wall connection, the wall moments are
computed assuming the connection is hinged for dead load and fixed for
live load. Thus the dead load wall moment is computed as described
above for a hinged connection. For the wall moment due to live load, a
distribution factor is required. For exterior walls, a distribution fac
tor of 0.5 is recommended. This results in a moment above and below the
floor level equal to w L2/24. For interior walls, the recommended dis
tribution factor is 0.~3 giving a moment equal to w L2/36. These moments
are somewhat conservative and are considered adequa¥e for analysis.

It should be noted that, at the roof line, the roof to wall connection
is always considered hinged.

STRENGTH ANALYSIS

The strength analysis performed by the program considers only the
effects of gravity and lateral wind or seismic loads. Blast loads, tem
perature stresses and stresses caused by differential foundation movement
are not considered. For stresses due to wind or earthquake in combination
with dead and live loads, the allowable masonry stresses are increased
33 1/3 percent.

The required compressive strength of each wall at each floor level
is computed for seven combinations of the vertical and horizontal loads
as follows:

Case 1. Total vertical load (dead load plus live load) with wind
acting parallel to the wall.

Case 2. Dead load with wind acting parallel to the wall.

Case 3. Dead load and reduced live load.

Case 4. Total load (dead load plus live load) and lateral load per
pendicular to the wall.
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Case 5. Dead load and lateral load perpendicular to the wall.

Case 6. Total load (dead load plus live load) and earthquake load
acting parallel to the wall.

Case 7. Dead load and earthquake load parallel to the wall.

For cases 4 and 5, non-load bearing walls will probably be in tension
and may require reinforcing. For non-load bearing brick walls, the

lateral load on the wall (in-psf) is printed. The investigator must de
termine whether or not the non-load bearing wall is properly designed
for the lateral load indicated. In determining the required compressive
strengths, the effects of slenderness and virtual eccentricities are con
sidered, as described below

(a) Brick Masonry

The required compressive strength f ' is computed using the
mequation

f'=P/[0.2ACC (FS)]
m e s

(31)

in which C = eccentricity coefficient, C = slenderness coefficient,
A = wall afea, P = axial load on the wall~ and FS = 1.33 for cases
1, 4, 6 and 1.0 for all other cases. It should be noted that P is
the load at the base of the wall caused by the appropriate loading.
The value of C is obtained from the following equation

s
2

Cs = 1.2 - (h/t) [5.75 + (1.5 + el /e2) ]/300 s.. 1.0 (32)

The ratio e
l
/e

2
is always s.. 1.0 and is positive when the member is

bent in single curvature, and negative when the member is bent in
double curvature. Values of e

l
and e

2
are computed for each com

bination of gravity loading, consider1ng checkerboard effects and
transverse bending where necessary.

The program also indicates those walls where the slenderness
ratio, h/t, exceeds the allowable ratio as given by the following
equation

(33)

The eccentricity coefficient is

C = 1.0 if e/t < 0.05
e

Ce 1.3/ [1 + 6 (e/t)] + 0.5 (e/t - 0.05) (1 - e
l

/e2)

if 0.05 <e/t < .167

Ce 1.95/(0.5 - e/t) + 0.5 (e/t - 0.05) (1 - e
l
/e

2
)

(34)
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if 0.167 < eft < 0.333

In these equations e represents the virtual eccentricity and if the
transverse load exceeds 10 psf, e1/e2 is taken as 1.0. For bending
about both principal axes of a wall leases 1, 2, 6 and 7) Eqs. (34)
are modified as required by the Recommended Practice for Engineered
Brick Masonry.

If e/t exceeds 0.333, the wall is in tension and an appropriate
message is printed. Also, if overturning is a problem an error mes
sage is printed. The program also prints the increase in the allow
able horizontal shearing stress due to the dead weight of the wall
and the horizontal shear stress in each wall at each floor level
from either wind or earthquake loading (whichever is greater) is com
puted and printed.

(b) Concrete Block Masonry

The required compressive strength f ' is computed using
m

the equation

f ' ~ P/[0.2AR' CFS)]
m

(35)

in which R' is a reduction factor, which is defined below, and the
other terms are the same as those used in Eq. (31). The equations
developed below for R' follow the procedures outlined in The Appli
cation of Non-Reinforced Concrete Masonry Load-Bearing Walls in
Multistory Structures, published in 1969, by the National Concrete
Masonry Association. As outlined in this design manual, floor load
eccentricities are not considered except for Case 3.

(1) Cases 1, 2, 6 and 7

For each of these loading conditions, the wall unit is subjected
to both axial and bending loads. The bending moment, M, is in the
plane of the wall. The interaction formula requires that

f f
~ + ---.!!! < 1
F F

a m
(36)

in which f = piA = axial stress, f = bending stress, F = 0.2 f' R =
allowable ~ial stress, and F = O.~ f' = allowable bend1ng stres~. In
the expression for t~e allowa~le axialmstress, the factor R for walls
equals [1 - (h 140t) ] where h is the clear story height, and t = wall
thickness. Su~stituting into ~q. (36) and solving for f' gives

m

in which

f'm

R'

P/[0.2AR']

R
(1+2AeR)

38

(37)

(38)
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In Eq. (38), e = M/p and thus the expression for R' to be used in
Eq. (35) is available. For unsymmetrical walls, R' is evaluated
using the smallest possible value of 8 = lie. In addition, if e =
M/p exceeds S/A, the wall will be in tension, and the values of
f and f are printed so that the designer will be able to determine
h3w muehmreinforcement is required. Also for cases 1 and 6, F8 in
Eq. (35) equals 1.33.

(2) Cases 3, 4, 5

For these loading conditions, the factor R is considered in
both terms of Eq. (36) giving

(39)
Pe

8(.3 f')R < 1.0
m

P
0.2 f' AR +

m

Solving for f' gives
m

f' = L [ S + . 667eA
m .2A RS ]

(40)

Thus

R' = RS
S + .667eA (41)

in which for Case 3, e = the unbalanced moment at the top of the
wall from the floor gravity load divided by the total gravity load
in the wall. For cases 4 and 5, e in Eq. (41) equals the transverse
bending moment (defined previously) divided by the gravity load at
mid-height of the wall.

If e, as defined, exceeds S/A, the wall is in tension, and, for
hollow block units, an appropriate message is printed. However, for
solid block units, if e exceeds t/6 but is less than t/3, values of
f' are computed using the uncracked section modulus.m

The uncracked thickness, t l = (t+6e) / (12 eft) and the correspond
ing eccentricity, e' = e + (t-6e)/(24e/t)

Thus

R' (42)

Where
h 3

R = [ (1 - ( 40 t ) ]
1

(43)

Thus using the value of R' given from Eqs. (38), (41) or (43),
whichever is applicable, the required compressive strength f~ may



9-15

be computed from Eq. (~52.

SUMMARY

A procedure for the rational analysis of load bearing masonry
structures has been presented. This procedure has been incorporated
into a computer program which is available to the profession through
the Masonry Institute of Maryland.
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USE OF THE PRISM TEST TO DETERMINE COMPRESSIVE STRENGTH OF MASONRY

by Maurenbrecher, A.H.P.

ABSTRACT: This paper reviews the use of small masonry specimens (prisms)
to determine the design compressive strength. The requirements of a
number of masonry codes are compared, and the more important factors
influencing prism tests are discussed.
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USE OF THE PRISM TEST TO DETERMINE
COMPRESSIVE STRENGTH OF MASONRY

By A.H.P. Maurenbrecher1

INTRODUCTION

Masonry prisms are small specimens used for predicting the
full-scale properties of masonry such as compressive strength, shear
strength, elastic modulus and shear modulus. This paper examines
factors affecting prism compressive strength and presents a review of
prism requirements contained in different masonry design codes.

Prisms are used to obtain,the design compressive strength as an
alternative to tabular values, which are based on unit strength and
mortar type. They give more accurate values and, in most cases, higher
allowable stresses than the tabular values because the latter are
conservative to allow for the variation in units, mortar and
construction. In addition to obtaining the design strength, prisms are
used for quality control to ensure that the design strength is achieved
on site.

Prisms range from two block high, stack-bonded specimens, normally
used for concrete blockwork in North America, to small walls used for
research purposes. Because of handling difficulties, test machine
limitations and cost, prisms are usually made as small as possible while
still giving adequate results for design use. This question of size has
been a major subject of discussion in the development of prism testing.
(2, IO -1 2, 24 , 27)

PRISM STRENGTH

Prism behaviour should reflect the masonry to be used in a building.
This implies similar workmanship, joint thickness, bond pattern,
thickness, curing and failure mode. Depending on circumstances, some of
these factors have a greater effect on strength than others.

Prism Dimensions.- The minimum size of a prism depends on the units,
mortar, capping, and limitations caused by handling, size and capacity of
the test machine and cost.

lResearch Officer, Division of Building Research, National
Research Council of Canada, Ottawa, Canada KIA OR6.
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Number of Courses.- Where the mortar joints have a significant
effect on masonry strength (mainly dependent on mortar and unit strength
and the ratio of joint thickness to unit height) there should be enough
courses to allow adequate representation of the interaction of the
mortar and the units. Minimum numbers recommended are 3 to 5 courses
(Table 1). Prisms made of standard bricks of low height usually have a
larger number of courses than prisms containing higher units such as
concrete blocks.

Height.- Prisms are normally tested between steel plates which are
much stiffer than the masonry and restrict by friction the lateral
expansion at the ends of the prism. This inhibits the normal vertical
tensile splitting failure, thereby increasing the failure load. As
prism height is increased, these end effects are confined to a small
proportion of the prism height so that a further change in height has
little effect on prism strength. Normally the strength becomes
approximately constant at heights greater than three to five times the
prism thickness but this may also depend on the capping material inserted
between the prism and the steel plates. Lower height to thickness ratios
may be adequate for hollow concrete block prisms, probably because the
slenderness of the webs and flanges is more important than the overall
prism slenderness.(27) On the other hand some grouted hollow blockwork
may need higher ratios to reflect the interaction of the grout and the
blockwork. (4, 24) Shorter prisms than desirable may be necessary
because of handling difficulties or height limitations in the test
machine but then a reduction factor must be applied to the test results.
These reduction factors vary and should be based on results of tests that
have compared the small prisms to large prisms or walls using the same
type of unit, mortar and capping. Many codes contain correction factors
based only on the results of brickwork pier tests (17) as pointed out by
Foster and Bridgeman. (10)

Bond Pattern and Thickness.- Bond pattern where units are laid
horizontally does not normally have an important effect on strength
(14, 30, 32) but there are exceptions. Many hollow blocks with recessed
ends cannot be laid with full mortar bedding since the cross webs do not
line up. Therefore if a stack-bonded prism is used, only the face shells
should be bedded in mortar, although some results indicate that the
ultimate stress based on net-bedded area may be similar for full-bedded
and face shell-bedded prisms. (26, 28)

The thickness of the prism should be the same as that of the wall.
It has been shown that mUltiple wythe solid walls fail at lower stresses
than single wythe walls. (16, 13, 33) Similarly with composite
construction the prisms should be composite.

Capping.- The capping material between the prism and the steel
plates can also affect strength. The capping ensures a more uniform
distribution of the load applied to the ends of the prism. The more
common cappings (Table 1) give similar results assuming the bearing
surfaces are reasonably flat and the height to thickness ratio is such
that end effects are small but materials such as 'rubber are not
recommended as they induce premature splitting failure. Various capping
procedures are commonly used. If the top and bottom of the prism are
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single units they can be ground flat beforehand (no capping) or fibre
board (27, 28) can be used if the unit has a flat surface. Other methods
include capping with mortar, dental plaster or sulphur (Table 1). These
latter cappings can also be used together with fibreboard or plywood
sheets. (31) The use of fibreboard merits further investigation since it
has the advantage of being simple, cheap and quick. Hast (14) has shown
it reduces the frictional restraint of the steel plates and produces a
uniform stress distribution on flat surfaces in contrast to such
materials as rubber which tend to flow outwards under pressure causing a
triangular pressure distribution. Some attempts have been made to have
a capping which has lateral expansion characteristics similar to that of
the masonry thus allowing smaller prisms, but the capping would be
restricted to a particular prism and masonry.

Workmanship.- Prisms should be constructed by a professional mason
rather than, for example, by laboratory technicians, to try to ensure
that the workmanship is as similar as possible to that expected on
supervised sites. For example, many masons tend to furrow the mortar
joints, which reduces the strength of masonry using solid masonry units.

Curing Conditions.- Test specimens are normally cured in air
(Table 1). Codes usually specify humidities in the range 30 to 70%,
greater than 90% or combinations of the two, such as initial curing
under po1ythene (humidity> 90%) for 3 to 7 days. (6, 7, 9) As an
example of the possible effect of curing on strength, James (16) found
that the 28-day strength of single wythe brickwork walls and prisms
cured uncovered and exposed to the sun was approximately 10% less than
those cured under po1ythene in the shade.

High moisture content in units, especially concrete blocks, may
reduce the strength of masonry. Strength reductions of up to 15% have
been observed when air dry concrete blocks have been saturated. (27, 28)
Because of this, prisms are usually tested air dry even though they may
initially be cured at high humidity, but for masonry in very humid
environments the humidity should be taken into account. (23)

Test Age.- The standard test age is 28 days (Table 1). Shorter
times in many cases would be more convenient, especially if prisms are
used for quality control, while longer periods are sometimes used to
take into account the increase of strength with age. The Dutch code (23)
allows tests up to 10 weeks when using cement-lime mortars. The strength
increase with time can be significant, especially if fresh concrete
blocks are used. (28)

Loading Rates.- Loading rates, usually specified in terms of load
as opposed to strain, range from 14 - 28 MPa/min in the Australian code
(31) to 2.4 MPa/min in the Dutch code. (23) This range of loading has not
been shown to have a significant effect on ultimate strength.

The method of load control may cause differences in ultimate
strength. For example, some standards (9) require that the load rate
control should not be altered near failure even though the load rate is
falling. This procedure approximates to a constant strain rate instead
of load rate and will tend to give lower results.
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The initial short term ultimate load test may give higher results
than a long term test but the difference may be reduced due to the
increase of strength with age. Russian literature (29) gives ratios of
0.6 to 0.8 of long term to short term strength but their code makes no
allowance for this strength drop in design since in practice the
stresses due to long term loads are considerably lower than the short
term ultimate stress. On the other hand, the Dutch code (23) includes a
reduction factor of 0.8 for masonry strength based on a short term test.

Number of Tests.- Most codes specify a minimum of 5 or 6 tests
(Table 2). Note that these numbers are a minimum and should only be
used for control tests or where a good estimate of the variation in
strength is known beforehand. A minimum number of 10 replicates is
recommended to obtain an estimate of the mean strength and especially so
for its variation (e.g., standard deviation) although a statistically
desirable figure is 30 or more. (3)

In practice, a figure of 30 or more would probably only be used for
units and small prisms in research programs. For design, a minimum of
10 replicates is recommended, the actual number dependent on the
variability of the materials and the size of the prism. If smaller
numbers are used, higher mean prism strengths should be specified for a
given design strength (see later section on Compressive Strength).

CODE REQUIREMENTS

Prism Test.- Table 1 shows the prism requirements contained in ten
different codes. An increasing number of codes allow prism tests to
determine masonry compressive strength as an alternative to using
tabular values based on unit strength and mortar type, and in some cases
tabular values are not even allowed. The Australian brickwork code (31)
requires that design stresses be based on prism tests for buildings
exceeding eight storeys. The eIB draft code (20) recommends them when
design stresses exceed 1.8 MPa and in addition specifies storey-height
wall tests when stresses exceed 3 MPa. These latter values are
provisional and may be modified if prism strength is much larger than
required.

Some codes such as the Russian (29) do not contain specific
requirements for obtaining the design stresses experimentally although
use of experimental data is allowed while the British draft code (6)
recommends tests on storey-height walls as an alternative to tabular
values (normally two replicates are tested). The Swiss code (13, 19)
requires preliminary wall and unit tests to be done at a central
laboratory to enable a particular masonry unit to be classified as
standard, high or very high quality. After classification no further
tests are required, but the manufacturer must guarantee the quality of
his product. If the manufacturer has masonry tests carried out three
times annually, a lower factor of safety is allowed -- four instead of
five. Short and storey-height walls are tested both axially and
eccentrically at the kern point (two replicates for each case) .

The Dutch, Spanish and Mexican codes (23, 18, 15) use the prism
test to obtain design stresses if there are no previous experimental
values but prisms are not used for quality control. Instead, as with
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the British (6) and Swiss (13, 19) codes, quality control is usually
carried out on the units and the mortar.

U.S. codes (5, 21) and the present Canadian code (8) specify or
recommend prisms for quality control if design stresses are based on
prisms while the Australian code (31) requires them for all sites. The
CIB draft code (20) recommends them when the design stress exceeds
3 MPa, although there is a possibility prisms may not be required if the
masonry strength is much larger than necessary.

Compressive Strength.- Most codes, especially those written in
terms of limit states philosophy, use a design prism strength which is
lower than the mean strength to allow for variability in results.
Table 2 lists the reduction factors. These reductions try to ensure
that only a small percentage of the masonry strength falls below the
design prism strength. For the Canadian and New Zealand codes (8,
25) this is 10%, for the Dutch, Spanish, Australian and CIB codes (23,
18, 31, 20) it is 5% while for the Mexican code (15) it is 2%. Many
tests using units from different consignments are necessary to be
confident that the design strength falls above the given percentages.
If the number of tests is small, the CIB and New Zealand draft codes
(20, 25) increase the reduction factor (in other words a higher prism
strength must be achieved for a given design prism strength) .

DISCUSSION

Design Compressive Strength.- The following discussion on design
stresses outlines possible approaches for achieving more reliable results.

1. The use of design stresses based on tabular values in terms of unit
strength and mortar type could be improved. In the Canadian code (8)
there are only two tables covering brick and block units; they tend
to be conservative since they cover a range of different units,
wall thicknesses and construction techniques. Additional tables
would need to be based on wall tests.

2. The present use of prism testing could be extended. Normally they
are carried out for a given building or buildings (if the same unit
is used) but to be more reliable ten or more prisms should be tested
and in some cases fairly large prisms may be needed. This can be
costly especially if the tests have to be repeated for every
building. To reduce cost, small standardized prisms, such as two
block high and four brick high, stack-bonded specimens, could be
specified but to use the results with confidence, they need to be
correlated to storey-height walls. This would need an initial
extensive test program to cover the units, mortar and types of
construction used.

3. Alternatively, to reduce duplication of testing and overall cost,
the masonry industry could commission prism and wall tests for units
and mortar used in structural masonry. The results could then be
used for all future applications with control tests on the units and
mortar to see that they conform with those used in the original tests.

Combinations of these three approaches could also be used.
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Quality Control.- Prisms are envisaged primarily as a preliminary
test to obtain design stresses and not for quality control on site as
this can be achieved by testing the individual units, the mortar compo
nents and the mortar. In contrast to in-situ concrete construction, the
major component of masonry, the unit, is prefabricated and therefore
easily checked beforehand. Assuming the mortar proportions are properly
controlled, the variation in strength for a given mortar type has little
influence on masonry strength. Another drawback to prisms on site can
be their size and weight; many are difficult to handle and thus are
easily damaged during transport from site to the test laboratory.
Workmanship is an important factor but prisms built on site do not
necessarily incorporate faults in the walls. Workmanship faults, many
of which can be checked visually, should be avoided by proper supervision.

SUMMARY

This paper has presented a short review of factors affecting prism
strength and the approach taken by a number of masonry codes. It has
shown the size and use of the prism varies and in many cases further
improvement in procedure is needed so that prism results can be used with
more confidence.

This paper is a contribution from the Division of Building Research,
National Research Council of Canada and is published with the approval of
the Director of the Division.
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Notes to Table 1:

(1)

(4)

( 5)

( 6)

(7)

(8 )

( 9)

( 10)

( 11)

Brick masonry.

Prism covered by a damp cloth.

bt > 0.04 m2 .

Up to 10 weeks allowed if a cement-lime mortar is used.

Likely to be reduced to 7 days in the next code version.

Lower temperatures are allowed but curing period is then extended.

Prism covered by vapour-proof sheet.

A lower number is allowed if this does not affect the strength.

Seven day test allowed if its relationship to the 28-day test is
established.

Four is standard; other ratios require a correction factor.

Same as concrete cylinder requirements.

Requires conformance with ASTM E447.

(13) Brick masonry: 2 to 5 (5 is standard; others require correction
factors) .
Concrete block and structural clay tile: 1.5 to 3 (2 is standard;
others require correction factors) .

(14)

( 1 5)

( 17)

( 18)

(19)

(20)

Hollow masonry units.

Solid and grouted masonry units.

90 for first 7 days only.

Mortar, plaster or sUlphur, is used in addition to fibreboard if
the prisms do not have plane surfaces (most single concrete block
and brick units have adequate surfaces).

Concrete masonry.

Two is standard; other ratios require correction factors.

BIA Tech Note 39A "Testing for Engineered Brick Masonry:
Determination of Allowable Design Stresses" recommends prisms be
built to ASTlI-! E447, Method B.
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TABLE 2. - Prism Strength Reduction Factors

Country

Spain (18)

Netherlands (23)

C1B(2) (20)

Australia (31)

New Zealand(3) (25)

Mexico (4) (15)

Canada (8)

USA

B1A (34)

NCMA (5) (22)

*Notes to Table 2:

(1) Unless otherwise stated:

*Reduction Factor(l)

1 - 1.64\! n ~ 6

1 - 1. 64\! n ~ 6

1 1.64\! \! = R/qf 5 ~ n ~ 10m
\! = s/f n > 10m

1 - O. 38R/f ~ 4/3 f . If n = 6m mln m

1 - q1 R/fm f ~ q Rm 2

1/0 + 2.5v) n ~ 9

1 - 1.5 n ~ 5

1-1.5(\!-0.1)~1 n~5

f ~ 1. 25 f . n ~ 3m mln

v = s/f
m

R = f f .max mln

where

where

s = standard deviation;

f = mean prism strength.m

f = maximum prism strength;max
f. = minimum prism strength.mln

(2) q is a coefficient which depends on the number of tests

n

q

5

2.33

6

2.53

7

2.70

8

2.85

9

2.97

10

3.08

(3) q1 and q2 are coefficients based on the number of tests.

(4) Tests from a minimun of 3 different unit consignments.

(5) 5 tests recommended.
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THE BENEFITS OF HIGH-STRENGTH MASONRY

Dean D. Froerer*

ABSTRACT

This paper presents an analysis of the Uniform Building Code, 1976 Edition,
Chapter 24, comparing the stresses allowed for conventional hollow unit
masonry and high-strength masonry complying with lCBO Research Report
Number 2730. The benefits derivable by the use of such high-strength
masonry in building designs consist of space efficiency, economy, greater
load capacity with less reinforcing steel/grout and smaller bearing areas.

Allowable axial load plots for reinforced, hollow unit masonry walls grouted
solid and ungrouted are given as a function of wall height for several thick
nesses. Allowable axial column stresses as a function of reinforcing steel
for selected slenderness ratios are also presented in a graphical manner.
Comparable data showing allowable vertical loads for unreinforced brick
masonry walls and columns is displayed similarly.

Flexural coefficients for balanced, tension-reinforced masonry rectangular
beams are plotted as a function of ultimate compressive masonry strength.
This data assumes the allowable steel stress to be 20,000 psi. In addition,
allowable flexural shear values are established for reinforced masonry beams
when the unit shearing stress is less than that allowed on the masonry and
also when shear reinforcement is required to resist all of the shear.

The allowable shear stress in walls varies and depends on the strength
of the masonry and the height-length ratios. Long, low walls have higher
allowables than short, high walls. Figures showing the interaction between
line shear, height-length ratios for shear walls with shear reinforcement
are given for several wall thicknesses. Bearing area requirements for
reinforced masonry subjected to concentrated loads are presented graphically
for two extremes of masonry strength.

Values given for four-inch thick walls are for units complying with leBO
Research Report Number 3118. It should also be noted that all of the preced
ing information is based on requiring special inspection.

*Senior Structural Engineer, KPFF Consulting Engineers, Seattle, Washington
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THE BENEFITS OF HIGH-STRENGTH MASONRY

Dean D. Froerer*

INTRODUCTI ON

An analysis of the Uniform Building Code) 1976 Edition) Chapter 24, is
presented which compares the stresses allowed for conventional hollow
unit masonry and high-strength masonry complying with ICBO Research Re
port Number 2730. The benefits derivable by the use of such high-strength
masonry in building designs consist of space efficiency, economy, greater
load capacity with less reinforcing steel/grout and smaller required bear
ing areas.

Data is presented for the following masonry elements and special inspection
is required per Chapter 24 of the Uniform Building Code (1976 Edition).

1. Wall -- Axially loaded (reinforced).
a. Hollow masonry, grouted solid.
b. Hollow masonry, not continuously grouted.

2. Columns -- Axially loaded (reinforced).
3. Walls -- Eccentrically loaded (unreinforced).
4. Columns -- Eccentrically loaded (unreinforced).
5. Flexural Members -- Bending (reinforced).
6. Flexural Members -- Shear (reinforced).

a. With no shear reinforcement.
b. With shear reinforcement.

7. Walls -- Shear (reinforced).
a. Interaction with bending and direct shear reinforcement.

8. Bearing -- Concentrated loads.

REINFORCED MASONRY WALLS - Axially Loaded
Uniform Building Code: Section 2418 (j)

liThe axial stress in reinforced masonry bearing walls shall not exceed the
value determined by the following formula:

[
h 3 J IIfm :::: 0.20 f I m 1- (40t) .

The above allowable stress when multiplied by the actual thickness for
grouted walls or by the net effective thickness for hollow walls yields
the allowable compressive line load.

Figure la presents the data for grouted walls and Figure lb the data for
hollow units. Data corresponding to two masonry strengths is shown --flm
:::: 1500 psi or 1350 psi representing conventional strength masonry according
to Section 2404 (c) 3 of the USC; f'm = 2600 psi representing high-strength
masonry according to ICBO Research Report No. 2730. It should be noted that
neither of these assumed strengths require prism tests.

*Senior Structural Engineer, KPFF Constl1~ing Engineers, Seattle, Washington
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It should also be noted that the data given for walls in Figures la and
lb are for axial loading only; however, wind loading up to 30 psf will
have no impact on the allowables due to the dominance of the axial load.

For example, from Figure la it can be seen for wall heights less than 12.5
feet, 6-inch H-S units will carry more load than 8-inch CO units. This,
of course, results in the saving of space and money.

Figure lb shows that for wall heights less than 9 feet, 4 inch H-S units
surpass 6-inch CO units in load capacity; and for wall heights less than
12.5 feet, 6-inch H-S units exceed 12-inch CO units. This results in
dramatic savings of approximately 50 percent.

REINFORCED MASONRY COLUMNS - Axially Loaded
Uniform Building Code: Section 2418 (k)

"The axiall oad on columns sha11 not exceed:

P = Ag (0.18 flm + 0.65 Pgfs ) [1-(~Ot)3 ] "

The above expression, when divided by the gross column area, depends on
the masonry strength, amount of reinforcing steel and the slenderness
ratio. The allowable steel stress has been fixed at 20,000 psi for conven
ience.

Figure 2 presents the allowable axial column stress as a function of rein~

forcing steel for three values of slenderness ratio. Identical sets of
data are given for two masonry strengths -- flm = 1500 psi, UBC Section
2404 (c) 3, and flm = 2600 psi, lCBO Report No. 2730.

From Figure 2 it can be concluded that in general the use of higher
strength masonry units result in greater load capacity with less material.

UNREINFORCED BRICK MASONRY WALLS AND COLUMNS- Eccentrically Loaded
Uniform Building Code: Section 2419 (c)

"Allowable vertical loads P on unreinforced walls and columns shall be
computed as follows:

Where the maximum virtual eccentricity e does not exceed t/3,
p = C C fm Ag"e s

Ce = Eccentricity coefficient.

Cs = Slenderness coefficient.

The above expression, when converted to axial stress and multiplied by
actual thickness of the various masonry units, determines the allowable
compressive line loads.

Figure 3 presents the data for an assumed eccentricity normal to the plane
of the wall equal to one-sixth the thickness. The same two masonry strengths
as were assumed for Figure la are considered; i.e., flm = 1500 psi and 2600
psi.
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It can be seen from Figure 3 that more load can be carried using the higher
strength masonry unit or equal load can be handled using smaller higher
strength units; e.g., 4-inch H-S in place of 6-inch CO.

Figure 4 presents the data for an assumed eccentricity normal to the plane
of the column equal to one-sixth the thickness. Masonry strengths corre
sponding to CO (flm = 1500 psi) and H-S (f' = 26000 psi) units are con-
si dered. m

Itis clear from Figure 4 that greater loads can be carried by col umns
constructed of H-S units.

Even though Section 2312 (j) 2 of the Uniform Building Code requires that
all masonry elements within structures located in Seismic Zones 2, 3 and
4 be reinforced so as to qualify as reinforced masonry, this data is pre
sented for possible application in zones of lesser seismic risk.

REINFORCED MASONRY FLEXURAL MEMBERS -- Bending Compression
Uniform Building Code: Section 2418 (e) Table No. 24-H

BAll members shall be designed to resist at all sections the maximum bending
moment and shears produced by dead load, live load, and other forces as
determined by the principle of continuity and relative eigidity."

The allowable bending compressive working stress is given by:

fm = 0.33 flm not to exceed 900 psi

The above masonry stress, combined with the allowable steel stress and
modular ratio, enable the evaluation of the flexural coefficient K.

Figure 5 presents the data for balanced, tension-reinforced rectangular
beams. The allowable steel stress has been assumed to be 20,000 psi.

From Figure 5 it can be seen that for masonry units having flm = 2600 psi
(ICBO No. 2730) the bending capacity is approximately 73 percent greater
than for masonry units with flm = 1500 psi (Section 2404 (c) of the UBC).
Thus, the use of higher-strength masonry can result in significant material
savings.

REINFORCED MASONRY FLEXURAL MEMBERS -- Shear
Uniform Building Code: Section 2418 (h) Table 24-H

liThe shearing unit stress v in reinforced masonry flexural members shall
be computed by:

which is limited to the following values:

v = l.l~ not to exceed 50 psi

with no shear reinforcement, and

v =3.0~not to exceed 150 psi

with shear reinforcement.
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The above formulae give the allowable shear on masonry flexural elements
when the unit shearing stress is less than that allowed 011 the masonry
(Figure 6a) and also when shear reinforcement is required to resist all
of the shear (Figure 6b).

The data in Figures 6a and 6b yields the allowable shear for rectangular
beams as a function of masonry strength.

The data in Figure 6a shows a 17 percent advantage of high-strength masonry
over conventional-strength masonry, whereas there is a 29 percent advantage
demonstrated in Figure 6b.

REINFORCED MASONRY SHEAR WALLS
Uniform Building Code: Section 2418 (e) Table 24-H

The allowable shear stress in walls varies and depends on the strength
of the masonry and the height/length ratios. Long, low walls have
higher allowables than short, high walls. Shear walls with shear rein
forcement are governed by the following formulae:

V = 1.Sl/f'ITlnot to exceed 75 psi
Mfor Vd values ~ 1, and

v = 2.0l/f'ITl not to exceed 120 psi
M

for Vd = O.

The above expressions for shear stress multiplied by wall thickness yield
the allowable line shear.

Figure 7 shows the interaction between line shear, height/length ratio
for two masonry strengths and several thicknesses.

It is to be noted from Figure 7 that the higher-strength masonry con
sistently provides greater line shear capacity than does the conven
tional-strength units.

BEARING ON REINFORCED MASONRY-Concentrated Loads
Uniform Building Code: Section 2417 (j) Table 24-H

The allowable stresses on masonry for bearing are higher than the allowable
axial compression stress for walls and columns. The values vary according
to bearing area as indicated:

f brg = 0.25 flm not to exceed 900 psi

on full area, and

f brg = 0.30 flm not to exceed 1200 psi

if bearing is on one-third or less of area.

The above bearing stre~cps, when divided into the concentrated load values,
determine the required bearing area necessary for those particular loads.
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Figure 8 shows that smaller bearing areas are required for the higher
strength masonry (leBO No. 2730) than for the conventional-strength
masonry (UBC Section 2404 (c) 3).

SUMMARY

The following identifies the benefits derivable by the use of high
strength masonry in building designs.

Space efficient

Economical

Greater load capacity

Less reinforcing steel

Less grout

75% greater bending capacity

17% greater shear capacity with no shear reinforcement

29% greater shear capacity with shear reinforcement

Smaller bearing areas

It should also be noted that the factor of safety with respect to masonry
crushing is greater than five when designed according to Code and, as such,
no additional reductions in allowable loads are included in this data.
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Nomenclature

Ab total direct bearing area

Ag gross cross-sectional area

b width of rectangular section

C stress reduction factor

CO conventional strength masonry

d depth from compression face of beam to centroid of longitudinal
tensile reinforcement

e eccentricity

f brg bearing unit stress

fm allowable compressive unit stress in masonry

flm ultimate compressive masonry strength

fs allowable stress in reinf0rcement

h clear unsupported distance

H-S high-strength masonry

j ratio of distance between centroid of compression and centroid of
tension to depth d

LD least dimension

M external moment

P maximum concentric column axial load

Pg ratio of area of vertical reinforcement to gross area

t least thickness

v shearing unit stress

V total shear

W width direct bearing area
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BASIC PRINCIPLES OF STRUCTURAL MECHANICS OF TALL MASONRY BUILDINGS

By P. T. Mikluchin

ABSTRACT: Uniqueness of structural performance of tall masonry
buildings is outlined. Uniform analytical approach to three
dimensional structural analysis of tall masonry bearing wall
buildings is presented. Investigation of distribution of stresses,
strains and deformations due to static loads is carried out and
used as a basic for the dynamic analysis subsequently outlined.
Static and dynamic stability problems are discussed. Dynamic
problems of stress and strain distribution in masonry structures
subjected to wind and seismic forces are outlined. Necessity of
dynamic approach to the consideration of wind-induced vibrations
is mentioned. Simultaneous occurance of axial and flexural
torsional vibrations and their interdependance are discussed.
Problems of structural integrity and progressive collapse are
considered. Possibility of limit states design approach is
discussed.
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BASIC PRINCIPLES OF STRUCTURAL
MECHANICS OF TALL MASONRY BUILDINGS

By Plato T. Mikluchin

1. INTRODUCTION

An attempt is made to present a conceptual framework, under
lying the basic principles of structural mechanics of tall
masonry buildings considered in their totalitY,together with the
outline of the structural analysis of such buildings, subjected
to the action of static and dynamic forces.

Generally, modern tall masonry bearing wall buildings are
three-dimensional, multicellular constructions, consisting,
principally, of sets of vertical thin-walled prismatic or
curvilinear shells of various geometric configurations, inter
connected with sets of horizontal slabs and behaving, in response
to the action of external forces as continuous, integral structures.

From the standpoint of structural mechanics such buildings
are vertical cantilevered three-dimensional structures, rigidly
or flexibly fixed at the bottom and free to move at the top, and
possessing well defined boundary conditions.

Complete structural continuity of all constituent elements in
three-dimensional space, if desired, can be achieved in the
construction of tall masonry buildings.

Structural framework in such buildings becomes a complete
three-dimensional continuum.

Due to this circuit continuity there are no inert or passive
structural parts in such buildings. Every point, within the
structure participates in responding effectively to any force
acting on a building.

Tall masonry bearing wall structures, properly constructed,
and, if necessary, reinforced, show a superior structural perfor
mance in resisting the effects of various combinations of static
and dynamic forces acting on such structures.

President, P.T. Mikluchin & Associates Limited, Consulting
Structural Engineers,Toronto, Ontario.
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2. BASIC ASSUMPTIONS

A series of assumptions which can be readily justified, are
introduced in this paper for the purpose of constructing a
logical framework of theory of design of tall masonry buildings.

2.1 Assumptions Concerning the Geometry of Buildings.

Vertical bearing elements (walls) can have any geometric
configuration in horizontal plane. Such walls could be in form
of vertical curvilinear shells, polygonal prismatic shells,
tubular multicellular structural elements, extending full height
of the structure, or any other combinations of vertical walls
with arbitrary arrangement in their layout.

Wall thickness can vary along the contour of the building
but should remain constant along the full height of the structure.

Horizontal elements (floors) have the same thickness.

They are equally spaced along the vertical axis of the
structure.

2.2 Assumptions Concerning the Structural Behaviour of Buildings

Vertical elements are flexible structural members, possessing
definite axial and flexural-torsional characteristics.

All horizontal elements are assumed to be infinitely rigid in
their own planes.
If the length and width of a structure, in plan, are of the same
order of magnitude, this assumption can easily be justified.
In case of long and narrow buildings, this assumption does not
introduce any considerable errors, provided the degrees of stiff
nesses of constituent bearing walls are sufficiently uniform along
principal axes of the structure.
If these stiffnesses are not distributed uniformly, the deform
ations of the floors in their planes should be taken into account.
Floor slabs are assumed to have zero rigidity in the direction
perpendicular to their planes.

2.3 Assumptions Concerning the Mechanical Properties of Building
Materials

Despite the fact that masonry materials in buildings consist
ing of masonry units and mortars sometimes combined with reinforce
ment and metal anchors, cannot be regarded, on a microscopic scale,
as elastic, isotropic and homogeneous, the assumption of
elasticity, isotropy and homogeneity, where applied to the whole
masonry structure, on microscopic scale, does not lead to any
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considerable discrepancies between the theorectical and
experimental results.

This means that the hypotheses of Theory of Elasticity
concerning the relationship between created within the structure
by the action of external forces are considered to ve valid.

If material of bearing walls in a building is not linearly
elastic, such building can be analyzed with the help of the
method outlined below, provided the nonlinearity is expressed in
precise form and the results of analysis are accordingly modified.

3.1 Types of Tall Masonry Buildings

Tall load-bearing multistory masonry buildings with various
wall layouts can be divided into the following types:-

Buildings with open multicellular wall layout.
Buildings with closed multicellular wall layout.
Buildings with mixed multicellular wall layout.

Each of these types of buildings could be subdivided into two
sub-types:

buildings of multicellular cross-sectional profile with floor
slabs acting as horizontal diaphragms, possessing infinite
rigidity in their planes and zero rigidity perpendicular to their
planes and

buildings of multicellular cross-sectional profile with floor
slabs, possessing finite rigidity in their planes and zero
rigidity perpendicular to their planes.

Majority of modern masonry bearing wall buildings belong to
either first type or third type. Buildings with closed multi
cellular wall layout are used seldom and are limited to specialized
structures.

4.1 Static Analysis of Tall Masonry Buildings

On the basis of the assumptions outlined above a comprehensive
theory of analysis of tall masonry buildings can be developed and
the general principles of practical design can be established.
The aim of such analysis is to investigate the overall structural
behaviour of tall buildings subjected to the action of external [u,.

The results of the analysis will provide the designer with
the information concerning the distribution, direction and
magnitude of internal stresses and strains within the body of the
structure and the changes in the exterior form of the structure
itself.

On the basis of this analysis a designer can design structures
possessing necessary strength, stiffness, stability and resistance
to static and dynamic forces and effects.
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4.2 Analysis of Internal Stresses and Strains Due to Action of
External Forces

In order to determine the internal stresses and strains in
any point of a structure, subjected to the action of a system of
external forces, and evaluate the deformations of such a
structure, the general theory of thin walled structures in form
of vertical curvilinear of prismatic shells (1,2) in appropriately
modified form can be used. All basic assumptions of general
theory of thin walled structures are considered to be valid.

4.3 Basic Differential Equation of Equilibrium

R=R(s)

where:

P (z,s)

¢ (z,s) 
h
z and s -

The basic eighth order differential equation, which establishes
the relationship between the external forces and internal stresses
and strains in a shp.ll can be presented in the following form:

. 12 ir~¢(z,s)
nn¢(z,s) +- . -.----- = pel,S) (1)

h3 az4 . • ••

n = ~2_ (R ~._) + _d. (1 . ~as"')
dS 2 ds2 Zh, R 'J

stress function,
thickness of the shell,
co-ordinates of a point on the middle surface of the
shell (z is directed along vertical z-axis, "s" is
directed along the contour of the shell).
a given load function, expressed through the components
PZ, Ps, Pn, of the vector of intensity of external
forces acting on the shell,
radius of the middle surface of the shell.

The stress function ¢ (z,s) which satisfies the differential
equation (1) and given boundary conditions provides the solution
of the problem. All stresses and displacements in any point of the
structure can be expressed by means of stress function ¢ (z,s).

It can be shown that differential equation (1) is equivalent
to a system of two symmetrical equations establishing direct
relationship between normal force N (z,s) and transversal bending
moment G (z,s) in the following form:

a21?£.~}h} + nG(z,s) ~ 'P(z,s)

az2

• •• (2)

12 a"2G (Z,s) _
n a (z,s) - -3 . ----;,--- - 0

h az~

(3 )
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In cases when floor slabs can be considered as absolutely
rigid diaphragms in their own planes, and, consequently profiles
of bearing walls as nondeformable, transversal bending moment
G (z,s) becomes zero.

Then from equation 3 we obtain:

no(z,s) = ~ (R a
2
o(z,s») + ~ (L .~a(z,s») :: 0

as2 as2 as R as
• •• ( 4)

and the solution of the problem can be obtained from this single
equation.

Equation (4) is the basic differential equation which could
be used for the solution of problems connected with analysis of
stress and strain distribution in vertical prismatic thin-walled
structures in form of various types of bearing walls, arranged in
any desirable combinations, and floors acting as rigid diaphragms.

Although stress function ¢ (z,s) obtained from equation (1)
gives a solution of the problem of stress and strain distribution
in the structure in a very general form, quite often the system
of equations (2,3) can provide more direct solution.

Equations (1) or (4) can be used for structural analysis of
tall buildings with bearing wall systems of arbitrary open layout
with rigid or flexible, in their own planes, horizontal floor
slabs. The theory described above can easily be modified and
applied to the design of tall buildings with semi-open or closed
layouts of bearing walls.

For this purpose, geometric factors, characterising the
flexural-torsional rigidity of the cross-section of bearing walls
have to be modified. But the general approach to the solution of
the problem of stress and strain distribution remains the same.

In case when bearing walls used in tall buildings, instead of
being curvilinear in their layout, have configurations in form of
prismatic polygonal vertical shells with finite number of vertical
shells with finite number of vertical rectangular panels, system
of equations (2,3) can be replaced with the equivalent system:

• •• (5)
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Where 6 (z,s) and G (z,s) are unknown functions, representing
longitudinal normal stresses and transverse bending moments,
acting along K-ridges of prismatic shells. Coefficients aix
bix, cix are constants expressed in terms of geometric
characteristics of the shell under consideration.

4.4 Determination of Normal stresses

Taking into consideration the fundamental equations of the
Theory of Elasticity, solution of equation (4) can be presented
in the following form:

• •• (6)

where: =funct~ons of integration
=co-ordinates of the middle

surface of bearing walls
=sectorial co-ordinate

It can be shown that functions FI, F2, F3, F4 in the equation
(6) have the following meaning:

_ P(z", \l,y) \VO \ll:l(z)
a (z,s} - -- - +_.. Yfs) + -- - x (s) + - --- - \\' (<:) ( 7 )

As Ix I
y

Iw c ,

Where: N(Z,s) total normal force parallel to z-axis
A cross-sectional area of bearing wall
Mx(z) bending moment with respect to x-axis
Ix moment of inertia with respect to x-axis
My(z) bending moment with respect to y-axis
Iy moment of inertia with respect to y-axis
MB(Z) bimoment
IW sectorial moment of inertia.

In order to determine MB(Z) it is necessary to express the
bimoment as a function of the angle of rotation, ¢ (z), related to
the flexural centre:

MB (z) = -E I w 9" (z) (8)

Value of 9" (z) may be obtained from the following equation:

E I 9 iv (z) - G I 9" (z) + m(z) = 0W P (9 )

Where: EIW
Glp 
m(z)

sectorial rigidity
torsional rigidity
external torsional moment per unit length in z
direction.
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This equation, with corresponding boundary conditions,
determines an angle of rotation, e (z), as a function of the
co-ordinate z. The general solution of equation 9 has the
following form:

• •• (10)

where: Cl, C2, C3, C4 - are constants of integration
9(z) - particular solution of the differential

equation

K =£~~~~ - flexural-torsional coefficient.

All derivatives of equation (10) may be readily obtained and
evaluated. The angle of rotation, e(z~, is related to the
flexural centre, whose co-ordinates, Xc and Yc are:

,
sIy"(s) h ds

sfx(s) II wls) ds
y = --- - -_.- ----_.__.-

sfy 2 (s) h ds

• •• (I1)

4.5 Determination of Shear Stresses

In addition to 6(z,s) it is necessary to determine the magni
tude of shear stresses ~(z,s). They can be found from the following
equation:

where: Sy(s) = fx(s) h ds
Sx(s) = fy(s) h de
sw(s) = fw(s) h ds

~''l1,~,e .... are deformations of the shell along x,y. z, - directions at
any po~nt of the shell.

Equation (12) may be presented as the following form:

r(z,s) 0:: F~(lJ + F~(z)Sy(SJ + F;<z)S/s) + F~(LJSw(S).

Where: Fl(z), F2(Z), F3(Z), F4(Z) are certain functions.

( 13)
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These functions have the following meaning:

MKCl) viz) . Viz) MW(z) ••• (14)
7(ZS):: -~- h + --- S,Cs) +---- SxCs) +-- Sw(s)

, Ip Iyh) Ixh - IWh

where: MK(Z) - torsional moment
Ip torsional moment of inertia
Vx(z) - shear force on xoz plane along x-axis
Mw(z) - warping torsional moment

The moments Mk(Z) and Mw(z) may be expressed as functions of the
angle of rotation 6:

Mk(Z) =
Mw(z) =

Total torsional

GIp 9' (z)

M'B (z) = ..,..EIw
moment MT(Z)

6"'(z)

(15)

(16)

• •• (17)

Constants of integration Cl, C2, C3, C4 can be determined con
sidering the given boundary conditions. For tall masonry
structures number of these conditions always equals four (two at
each end of the structure).

4.6 Determination of Displacements

Having determined all normal and shear stresses it is
necessary to evaluate the magnitudes of various displacements in
any given point of the structure.

These displacements can be determined by adding vectorially
the displacements resulting from external loading in two principal
directions and torsional moments. The displacement resulting
from torsional effects is obtained by multiplying the appropriate
e (z) value, by the distance from the flexural centre to the point
under consideration.

5.1 Problem of Static Stability of Tall Masonry Buildings

In general case of tall multistory masonry bearing wall
structures with thin-walled open or closed cross-sections,
phenomenon of instability can take place, due to combined action
of axial, torsional and flexural effects. [2]

Majority of modern masonry buildings, with normal dimensions
in plan posses a high degree of stability. However, if such
buildings are very high and slender, the analysis of stability
should be undertaken.
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In case of tall buildings, symmetrical in their layout with
respect to principal axes, subjected to the action of exterior
forces, such building before the loss of stability exhibit axial
and flexural deformations only.

After the loss of stability, in addition to axial and
flexural deformations, torsional deformations take place,
accompanied by the general warping of the whole cross-section of
the structure. A qualitatively new form of general deformation
of the structure takes place. If the loss of stability is
characterised by the flexural deformations only, this form of
instability if flexural form of instability.

If the loss of stability is characterised by the appearance
of flexural and torsional deformations this form of instability
is flexural-torsional form of instability.

In general case of non-symmetrical arrangements of bearing
walls this second form of instability should be investigated.
Generally, structures similar to thin-walled multistory buildings
posses seven degrees of freedom. Consequently seven types of
deformations with corresponding systems of internal stress
distributions can take place, in such structures. These deform
ations are:

a) Axial deformations parallel to z-axis
b) Shear deformations parallel to x-axis
c) Shear deformations parallel to y-axis
d) Torsional deformations about z-axis
e) Flexural deformations about x-axis
f) Flexural deformations about y-axis
g) Warping deformations of all cross-sections.

In case of structures subjected to the action of vertical
forces only, all potential energy accumulated in the structure,
before the loss of stability, would be compression energy. After
the loss of stability, this energy would be distributed among the
above mentioned seven states of deformations within this structure.
This distribution of potential energy depends mainly on the
geometric shape and dimensions of the structure. Analysis of thin
walled tall structures shows that portion of energy which is going
into creation of the state of warping, corresponding to the seventh
degree of freedom, is very substantial and cannot be neglected in
the analysis of the problem of stability.

Consequently, the classical theory of stability must be
modified accordingly by taking into account the effect of warping.
In this connection it must be pointed out that since the critical
loading, acting on the structure always consists of certain
combinations of gravity forces, the bifurcation loads could seldom
be considered as realistic criteria determining the stability
limits for tall slender bearing wall structures.
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In other words the first type of instability, when sudden
qualitatively new forms of deformations of this structure could
take place, is improbable.

The second type of instability, when no qualitatively new
form of deformations of the structure appear, but only quantit
ative changes in initially developed form of deformations continue
to take place is the realistic type of instability for tall
buildings.

5.2 Basic Differential Equations of Stability

The phenomenon of loss of stability of tall bearing wall
buildings can be analyzed by means of a system of differential
equations of stability.

Without going into the derivation of this system of
equations it can be shown that using basic system of differential
equations of equilibrium and analyzing the process of the
transition from one form of equilibrium to the other form, which,
becomes unstable, it is possible to derive a general system of
differential equations of stability of multistory bearing wall
structures, subjected to the simultaneous action of axial and
flexural forces. [1]

In these equations unknown functions are displacements
resulting from the change of flexural deformations, which take
place during the stable form of equilibrium, into flexural
torsional deformations occuring after the loss of stability.

Such system of equations describes the general case of the
loss of stability of tall masonry buildings.

5.3 Solutions of the System of Differential Equations of Stability

The exact solution of this system of equations can be obtained for
a limited number of cases. If the loads are constant, solution
can be found without difficulties. In general case, the
approximate solution based on the application of one of the
variational methods, can be obtained.

Equating the determinant of this system of equations to zero,
we obtain an equation for determination of the magnitude of
critical load. Roots of this equation give us three values of
critical loads, corresponding to three flexural-torsional forms of
loss of stability, the smallest of these three values is the
critical load. The method described above is valid for the most
general case of complex system of loads acting on a structure and
non-symmetrical, irregular plan layout of bearing walls.
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As it was mentioned earlier, the investigation of stability
is necessary only for very tall and slender buildings. In the
context of this paper, problem of stability is meant to refer
to the investigation of stability of the total structure in
three-dimensional space. This kind of stability could be defined
as overall stability. In the portions of the structure where
stresses and strains are the highest, local stability should also
be investigated. This kind of stability could be defined as
local stability. Main goal of stability analysis is the
determination of the magnitude of the critical load and the
probable deformed shape of the structure after the loss of
stability.

6.1 Problem of Dynamic Stability of Buildings

Tall slender bearing wall structures exposed to wind or
earthquake loads, experience simultaneous dynamic action 'of axial
and flexural-torsional stresses and strains, For some types of
structures with the certain degree of stiffness, frequency and
magnitude of internal dynamic stresses and strains created by
external forces, may cause a set of critical vibrations in three
dimensional space, even in cases when the stresses are below the
critical value •. In such cases the amplitude of vibrations can
reach very large values. This phenomenon is known as dynamic
instability. Differential equation of stability condition for
a structure can be derived and solved. [2J

If the analytical solution of this equation becomes unbounded
then the analyzed structure is dynamically unstable.

Usually, presence of non-linear elastic response of the
structure and soils, non-linear behaviour of wind and earthquake
forces, and non-linear damping affect over-all dynamic behaviour
of the structure and produce stabilizing effect.

7.1 Dynamic Analysis of Buildings

Dynamic behaviour of tall masonry structures is essentially
determined by the following factors:

Stiffness distribution of the structure; mass distribution
within the body of the structure; energy absorption capacity of
the strucutre.

The knowledge of dynamic characteristics of a masonry
structure is necessary for the evaluation of magnitudes of loads,
resulting from the action of wind and earthquake forces. The
fundamental natural frequency of vibrations of the structural
system is of paramount importance for the solution of dynamic
problems occurring in tall slender masonry structures.
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If the external dynamic forces acting on the structure,
posses certain frequency, it is..necessary to check it against
the natural frequencies of vibrations of the structure. If
these frequencies coincide, the phenomenon of resonance takes
place, accompanied by the rapid growth of stresses and deform
ations, which, if allowed to develop, would, ultimately lead to
the destruction of the building. In order to prevent the
occurance of the resonance, it is necessary to explore the
problem of dynamic processes governing the action of external
forces and the behaviour of the structure.

Dynamic characteristics of external forces are given or
determined on the basis of information contained in building
codes or other appropriate sources.

7.2 Differential Equations of Vibration of Tall Buildings

Dynamic characteristics of the structure under consideration
can be determined from the solution of the problem of natural
vibrations of the structure in three-dimensional space. For
the solution of this problem the well known Principle of D1Alam
bert allows us to study the dynamic problem as the static
problem provided that to the system of external static forces,
a system of intertial forces, expressed as functions of displace
ments of the structure, is added.

In expressing inertial forces through the mass and
acceleration of force of gravity we can obtain the system of four
differential equations, describing free natural vibrations of the
tall masonry structures.

It could be shown from this system of equations that first
equation describes axial vibrations of the structure along OZ axis
and in independent of other equations. Second, third and fourth
equations form a special interdependant system, describing
flexural-torsional vibrations of the whole structure. In case
of structure possessing two axis of symmetry all four equations be
come independant. In this case, first equation describes axial
vibrations along OZ axis, second and third equations describe
flexural vibrations in ZOX and ZOY planes, and fourth equation
describes torsional vibrations about the vertical axis OZ located
in the flexural center of the structure.

It means that independent flexural vibrations in ZOX and ZOY
planes and torsional vibrations about OZ axis can take place only
then, when the center of gravity of the structure coincides with
the flexural centre. In all other cases flexural and torsional
vibrations are always interdependent and should not be treated
separately.
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For dynamic analysis of the structure, three principal
frequencies, Knx, Kny, Knw are of fundamental importance. Knx,
Kny - are frequencies of flexural vibrations in Zox, ZOY planes.

Knw - is the frequency of torsional vibrations of the
structure about z-axis, going through the flexural center.

7.3 Dynamic Effects of wind Forces

Tall slender bearing wall buildings should be designed
using a dynamic approach, when considering the effects of wind
gusts. This has to be done in all those cases, when the tall
slender buildings under consideration are likely to be suscept
ible to wind-induced vibrations.

Buffetting vibrations are the most common vibrations of the
structure, subjected to the turbulent wind action, which is
created by fluctuating wind pressures, acting on the exterior
surface of the building. The effect of these vibrations should
be considered together with the effect of the static wind pressure.
The resulting stresses could be much higher than stresses due to
the mean wind pressure.

Load magnification effect created by gusts acting in
resonance with the structure oscillating at the fundamental
natural frequency, characteristic for this particular structure
should be taken into account in design of buildings.

Structural behaviour of tall slender bearing wall structures
subjected to the action of randomly fluctuating wind-forces can
be studied by considering such structures as vertical cantilevers,
whose dynamic characteristics are determined by definite natural
frequencies and corresponding damping values of buildings under
consideration.

Knowing the intensity of wind turbulence for the particular
location of the building and geometric and structural
characteristics of this building, such as height, length, width,
fundamental natural frequency of vibrations of the structure and
its damping capacity, it is possible to carry out a complete
structural analysis of the building, subjected to wind forces.
Since, in general, almost all tall slender buildings are subject
to torsional deformations due to the action of random exterior
forces, then the designer must be cognizant of the fact, that if
torsional rigidity of the building is insufficient, then in certain
cases, a phenonemon of torsional flutter of the building could take
place. If flexural rigidity of horizontal floor slabs is
insufficient then vibrations of floor slabs in their own plane
can occur, creating a complex three-dimensional vibrations of the
whole structure.
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7.4 Dynamic Effects of Seismic Forces

Dynamic analysis of tall buildings requires a general
evaluation of structural response of these buildings, subjected
to the action of earthquake forces.

An average response spectrum approach could be used for this
purpose.

The response of a structure can be obtained from the analysis
of the deformed state of the structure and by summing the
contributions of its natural modes.

The natural modes and corresponding periods of vibrations
for any tall structure can be found from the system of four
differential equations mentioned earlier.

The lateral forces Pi' acting on a tall building, for any
mode i, of vibrations an~ at any floor level j, have to be
determined.

All design lateral forces, story shears, and bending and
torsional moments and lateral displacements can be obtained,
considering the forces Pi'j from each natural mode i, as individual
loading cases.

Torsional moments MJ at any floor j, can be determined from

(18)

Where Pj - lateral force at j floor level, ed - distance from the
center of mass to the flexural center.

Total torsional moments at floor j ~ k are

K
Mk ~ Mj

j~n

(19)

The lateral displacements Di, j for any mode i, and floor level j,
can be determined.

In general, in order to determine the displacement Dk at level
j~k, it is sufficient to consider only the displacements in the
fundamental mode.

In case of tall slender masonry bearing wall buildings, it is
advisable to consider vertical displacements due to the action of
the vertical component of the seismic motion.



93-16

Some of the codes require the consideration of so called
coupled analysis, where torsional modes must be considered
coupled with translational modes if the centers of mass and
flexural center are separated more than 0, 10 Dn, where Dn is a
base dimension of structure normal to the direction of seismic
force.

If the approach described in this paper, is used, this
coupling procedure is not necessary, because the simultaneous
effects of flexural and torsional phenomena have been already
taken into account.

8.1 Problems of structural Integrity

The planning and design of tall masonry buildings shall be
governed by the general demands of the principle of structural
integrity and adequate strength and stability requirements, in
order to eliminate or minimize the probability of progressive
collapse. Progressive collapse is a phenomenon, characterized
by the propagation of the initial local failure, which could take
place in any location in the building, to the other parts of the
building, through the sequence of chain reaction failures and
leading to eventual collapse of the building or a large portion
of it.

In case of dynamic forces, acting on a building the concept
of structural integrity is of great importance.

The possibility of occurance of this phenomenon should be
constantly kept in mind during the process of design of tall
masonry buildings. Due to the increase in numbers of tall masonry
buildings, proper construction practices, adequate reinforcement
and anchorage of walls, slabs and joints are of paramount import
ance.

Strategically chosen plan layout of bearing walls containing
the favourable arrangement of longitudinal and transversal walls
should be a goal of a designer.

In addition to the proper layout of walls, the other measures
could be of value. For instance, returns on external and internal
walls contribute to strength and stability of the building.
Potential effects of arching and beam action of bearing walls are
important for beneficial three-dimensional behaviour of building.
Changes in the direction of spans in certain areas of floors are
also helpful. Other ingenious me~sures can be used for increasing
the structural integrity of the buildings.

9.1 Masonry Buildings and Limit States Design

Limit states design can be used as an alternative method to
existing procedures for static and dynamic design of tall bearing
wall structures. Such structures should be safe from collapse ~nA

be serviceable during the normal life of the building.
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Critical stages reached by the structure, during the process
of loading, and characterized by particular types of collapse
and unserviceability are called limit states. The class of limit
states related to the problem of safety of the buildings are
termed, ultimate limit states. They include the reaching of load
bearing capacity, overturning, sliding, fracture.

The class of limit states, related to the problem of service
ability are termed serviceability limit states. They include
among others, excessive deflections, cracking, vibrations.

The principal purpose of limit states design is to avoid the
reaching of limit states, in order to prevent various types of
failure.

10.1 Conclusion

Modern tall masonry buildings subjected to the action of static
and dynamic forces should be designed as three-dimensional thin
walled structures, acting as one whole complex.

Reduction of a 3 dimensional structural system to a series of
2 dimensional elements does not and cannot reflect the actual
performance and overall structural behaviour of an original space
structure.

Such an artificial operation.results in unnecessary expenditure
of structural material in a substitute system and makes it
difficult to assess the actual factor of safety of the original
structural system.

It means that no continuous space structure can be reduced to
a series of discrete plane elements, however, ingeniously chosen
without wasting additional structural material and making the 5Y5~~~

less reliable.

Design of modern tall masonry buildings is a complex process,
involving the solution of a series of problems, concerned with
creation of a continuous three-dimensional multicellular structure,
satisfying certain imposed physical space requirements, architeGtTIr~

and engineering demands and economic considerations.

Optimal arrangement of principal bearing walls is of great
importance for obtaining well functioning and structurally sound
masonry buildings.

The successful development of a well chosen topological
system of bearing walls layout requires on the part of the designer,
an intimate knowledge of architectural and engineering concepts,
creative imagination, experience, intuition and refined aesthetic
sensibilities.
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Some of the Suggested Topics for Research

1. Study of the mechanism of the failure of masonry buildings,
subjected to earthquake forces.

2. Change in patterns of absorbed strain energy distribution in
walls before and after cracking.

3. Evaluation of strength, stiffness and hysteretic character
istics of masonry structures studied on small scale models
of masonry buildings.

4. Detailed research into the influence of perforation pattern
(openings in walls) on the structural behaviour of bearing
walls.

5. Experimental study of the masonry structures - natural
periods of vibrations~modal shapes, and damping characteristics.
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PROGRESSIVE COLLAPSE OF MASONRY STRUCTURES

By James E. Amrhein, S.E.*

ABSTRACT: The possibilities of progressive collapse and catastrophic
failure has become an increasing concern to the engineer and govern
ment regulatory bodies. This paper outlines the various types of
progressive collapse that could occur and provides some of the design
parameters to be considered to prevent progressive collapse from occur
ring. It states some of the loading conditions that could be considered
as well as the possible elements of failure. General recommendations
are made for tieing the structures together.

*Masonry Institute of America, Los Angeles, California
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PROGRESSIVE COLLAPSE OF MASONRY STRUCTURES

James E. Amrhein, S.E.*

General

No owner, architect, engineer or builder wants to think that
there could be a possibility of failure or collapse of his structure.
However, under certain circumstances, either during construction or
after the construction is completed, events may take place that cause
certain elements to fail and the failure of these individual elements
will cause additional elements to fail. This failure condition proceeds
and then becomes known as a progressive collapse mechanism. Progressive
collapse can be defined as a local failure, which precipitates addition
al failures of major areas or floors or frames of a structure. Although
the initial failure may be relatively slight, the continuing or pro
gressive failure can be catastrophic, causing major elements or the
complete structure to collapse.

Figure 1. Ronan Point Apartment Building after the collapse, with a
second identical building in the background. (Courtesy of London
Express News and Feature Services)

*Masonry Institute of America - Los Angeles, California
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The classic progressive collapse which has initiated concern
in the engineering and building profession was the collapse of the 22
story precast concrete building called Ronan Point in London, England,
in 1968.

Figure 2. Ronan Point
Apartment Building showing
corner ~ollapse.

A corner section of this building was completely destroyed
when, on the 18th floor, several precast panels were blown out by a
gas explosion. As a result of this tragic event, various agencies and
engineers have been investigating the safety of buildings when certain
elements no longer provide support in the structure.
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Standards concerning progressive collapse are still in the
formation state, although the U.S. Department of Housing and Urban
Development CRUD) has proposed some initial requirements. Engineers
may develop their own assumptions and may determine what could possibly
happen to their structures if various elements no longer provided support.
This type of analysis should provide a concept of an alternate load and
stress paths that may be taken within a structure. It should cause the
engineer to consider redundant or alternate paths of load transfer.

Types of Progressive Collapse

1. Top Down. The "top down" type of progressive collapse
would occur if an upper story was severly overloaded by
stacking materials in a location that was not capable of
supporting this overload, then the floor would collapse,
dumping this extra material load onto the next floor
which, by impact, would cause the floor to fall, and so
on progress down the structure. This might also take
place if shores were removed too early from an upper
floor level and the floor had not gained sufficient
strength to support the load and thus a failure would
take place and a progressive collapse would occur.

Figure 4. Progressive collapse from top down. Skyline Plaza
collapse, Fairfax County, Virginia.
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2. Bottom Up. This type of collapse, "bottom up", took place
at Ronan Point in which support was lost when a gas explo
sion knocked out the precast wall panels, removing the
support of the upper floor panels and floor systems, and
they in turn collapsed due to lack of support. This can
take place by loss of support from the bottom by either
failure of a column, load bearing walls knocked out by
explosions, walls or vertical support elements destroyed
by means of impact such as trains, trucks or other items
running into a building and thus knocking out its support
mechanism.

Loss of
support
at bottom

Figure 5. Loss of support at bottom causes upper floor
to progressively collapse.

3. Domino Effect or Lateral Progressive Collapse. This
collapse mechanism takes place when frames or walls which
are erected collapse due to wind or seismic forces and
one frame or wall falls over, hitting the next frame or
wall, causing that frame or wall to fall over and hit the
next frame or wall. This is a "domino effect", knocking
down all the frames or walls of the structure.

Figure 6. Progressive collapse of walls or frames
by domino effect.
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Criteria for Progressive Collapse

The governing agency, the owner, architect, engineer, or a
combination of these, may have to decide to what extent progressive
collapse should be considered. What criteria should be used to resist
a progressive collapse condition. Should the failure of one column,
one wall or one corner only be considered, or should the failure of
several columns, walls or corners at the same time be considered? Pos
sibly there should be consideration for the potential risk hazard that
might occur. It would not seem reasonable that all four corners of a
structure or a number of columns of a structure would all fail at the
same time. Therefore, analyzing a structure in which many of the
columns are no longer capable of supporting the loads or number of
corners have completely given way causing the rest of the building to
be seriously unstable may be far too conservative and create excessive
cost to prevent such a collapse. Engineering judgement, along with a
risk evaluation, should be made to determine what is a reasonable
criteria for progressive collapse.

As a suggestion, perhaps one interior load bearing wall or
one corner of a building could be considered to have failed or one frame
or wall of a structure considered to have fallen over. These single
events are more realistic and the potential of this happening is more
within the realm of possibility than extrapolating this to simultaneous
multiple failures.

The federal government, and in particular the Department of
Housing and Urban Development (BUD), have considered the problems of
progressive collapse and have prepared some preliminary documentation
along these lines. They have stated that for· probable extensive
collapse, buildings shall be designed and constructed so that if any
elements essential to the stability of the building fail, structural
failure will be limited to three stories vertically and to 1,000 square
feet or 25% of the horizontal area, whichever is less, of any story
affected.

HUD further states that should any following structural
element or combination of structural elements fail or lose their abil
ity to carry load, the structure shall not collapse more than one story
above or below the element under consideration, which might be:

a) any single load bearing wall panel

b) two adjacent wall panels forming
an exterior corner of a building

c) one or more floor elements

d) one column

e) any other one element of the structural
sub system judged to be vital in the
stability of the joining structural
elements
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Methods of Analysis to Prevent Progressive Collapse

The use of reinforced masonry systems is the key to resisting
progressive collapse. In a single statement, "Tie the building together
with reinforcing steel." This means that walls to walls, walls to floor,
roof to walls, walls to foundations shall all be tied with reinforcing
steel so that they act integrally as a unit. In addition, all wall
elements should have boundary reinforcing steel across the top and bottom
and down each side so that if support is lost underneath, these elements
will act as cantilever elements pulling the load above back into other
supporting elements. Reinforcing walls and connections will create
redundant systems and multiple paths of load transfer so that in the
event of loss of support of any particular element, the load will be
moved to other systems and carried to the ground without collapse.

Diagonal strut
action in
wall panel

Tie forces
in wall

Figure 7. Tie walls and floors together to create redundant
paths of resistance to prevent progressive collapse.

The method of analysis would be to assume the loss of support
of any particular element and to then determine how the loads are trans
ferred through the rest of the structure. For the analysis of progress
ive collapse, at least a third increase on the allowable stresses should
be used. However, it is strongly recommended that yield stresses of
steel be used and that ultimate stresses be used for the masonry systems.
This concept, then, would consider yielding of the steel, catenary drap
ing of floor systems, and even major displacements and deflections of
other elements, but without collapse.
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Tie force

1""'"1
I I
I I
I

Floor sags into
a catenary
drape

of column
wall support

Tie force

Figure 8. Development of catenary support which prevents
collapse after loss of column or wall.

The Department of Housing and Urban Development recommends
that if a structural component or portion thereof fails, the remaining
structure shall support an assumed load of dead load plus one-third
live load plus one-third wind load or earthquake force to permit evac
uation, emergency operations and to allow for temporary support or
repair to be made.

In the analysis of the system, in order to establish alter
nate paths around each critical structural member, the member shall be
assumed to be removed. The remaining structure shall then be analyzed
to redistribute and carryall forces or loads to the foundation.

It is reasonable to consider that when the loss of a column
or load bearing wall occurs, the floor may develop catenary action and
redistribute the loads to columns or load bearing walls. When walls
are lost, it can be assumed that the reinforced masonry walls above
will arch or cantilever and distribute loads to other load carrying
elements.

It is necessary that the floor systems be tied to the walls
so that if a load bearing wall underneath is lost, the floor will not
drop down but will be supported by the wall above.

In the case of a frame or wall, the frames or walls must be
adequately supported by guy wires, braces or other means so that if
one falls over and hits the adjoining frame or wall, it will resist
the loads imposed upon it.

In the consideration of explosion, an over pressure of 5 psi
or 720 pounds per square foot has been used but is extremely high. It
is far better to design the system as a reinforced load bearing masonry
system of which all elements are tied -together as stated above and in
the event of loss of support from below, the elements can cantilever
or arch and redistribute the loads to other elements.
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Recommendations

In the consideration of progressive collapse, the mlnlmum
recommendation would be to adequately tie, as per UBC, all elements
together and provide periferal reinforcing at the bottom, top and each
side of the wall. This will strengthen the wall and carry the loads
back to other resisting elements. It is important to develop contin
uity of reinforcing either by adequate laps or welding, particularly
in horizontal bond beams, so that the walls themselves will act as
horizontal beam elements between points of support.

Horizontal reinforcing bars
at top and bottom of wall

Vertical reinforcing bars
at ends of walls and at

;;'·:()tU0!(}.;}:;:~}/(.;\t:);it>i::·/::::·:;::·<\;%~;mW~~<y.;:.;.::",.:.:::.:;).:::: crosswaIls

Figure 9. Minimum steel reinforcement layout to prevent
sudden failure and progressive collapse.
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ENERGY SAVINGS WITH CONCRETE MASONRY CONSTRUCTION

By Eastman, E. G., Warren Insulated Bloc

ABSTRACT: In today·s energy problems a re-evaluation of the concrete and
lightweight block production and marketing techniques must be initiated.
With federal, state and local governmental agencies combining their
efforts to limit heat loss in building walls the block producers must seek
new ways to sell and promote masonry units. An examination of the block
producers alternatives will be forthcoming from all fronts. Solar and
underground buildings will be looked at as possible alternatives along
with many other possibilities for the hollow core masonry units.
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ENERGY SAVINGS WITH CONCRETE MASONRY CONSTRUCTION

By E. Gerry Eastman1

THE JADED PAST

Not too many years ago a builder did a good job when he built a wall
with a IlU Il value of say about a .25 (R=4). Building codes and officials
were not so much interested in this design feature, energy, as they were
insuring adequate fire resistance ratings. In those days of cheap and
plentiful electricity, fuel oil and natural gas, in the United States
there was little concern to fight wastefulness. Poor roof and wall designs
gave the least possible insulation value, but it was OK as long as they
would provide the right fire resistance rating. A building code was a
document stipulating minimum construction practices for safety and the
protection of human lives, not to conserve energy. These restrictions
were to begin disappearing with the advent of the energy crunch circa
1973 which has now become a full blown crisis~

OVERKILL

At that critical point in our history the most obvious solution was
to dictate stringent thermal insulation requirements via the building
codes and standards. This would eliminate waste at least in new construc
tion and hopefully instigate reinsu1ation in existing buildings and homes.
Since residential building was one of the major, and is one of the major,
segments of construction which could be readily made to comply with regu
lations aimed at eliminating energy use and abuse it was natural for a few
of the highly regarded governmental and model code groups to attack this
segment with vigor. The results? This resulted in overshooting what is
realistically obtainable in one part of a building - the walls - without
addressing the real problem areas, doors, windows, and mechanical systems
and infiltration.

CAPACITY INSULATION

Publications published by the National Concrete Masonry Association,
Portland Cement Association, Brick Institute of America, International
Masonry Institute, International Union of Brick Layers and Allied Cr~fts-

lArchitectural Coordinator, Warren Insulated Bloc, Knoxville, TN
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men, Laborers International Union in North America and Masonry Contractors
Association of America. They were distributed to architects and engineers
after a lot of research had been done by all of these organizations in
hopes that they could talk the public into believina that masonry, be it
brick, be it block, or be it poured concrete, was a thermal storage unit.

While the U.S. Government agencies were developing irrational thermal
versions of what can be expected of building materials, the U.S. Bureau
of National Standards was exploring its own intuitions. They followed
along the same lines as expressed above, that there is more to evaluating
insulating materials than simple steady-state tests could ever demonstrate.

So the Nati ona1 Bureau of Standards bui 1t and tested masonry construc
tion ins.ide an environmental chamber, one was virtually a little house.
Subjecting it to varying cycles of temperatures enabled the investigators
to verify what had been surmized by the more astute - there was definite
advantage to increasing mass. The effects were to delay heat transfer
and to minimize temperature differentials. This is considered heat stor
age capacity, or more simply, capacity insulation as distinguished from
resistance insulation (steady-state).

ACCORDING TO NBS TESTS

Maximum rate of heat entry into exterior surfaces of a building varies
with the time of day and orientation of the building. It will occur around
1 P.M. on a south wall, at 8 to 9 A.M. on an east wall and 4 P.M. on a west
wall. The rate at which heat will continue to flow through the wall is
governed mostly by the heat-storing capacity of the material. The rate of
heat flow within the material will pulsate at varying intensities as the
air temperature fluctuates. For example, it takes approximately 8 hours
for the load received at 1 P.M. on a south wall made with 12" solid masonry
to penetrate to the interior surface. Although this property may not be
generally included in computing heat flow, it is recognized in the 1972
American Society of Heating, Refrigerating and Air Conditioning Engineers
Handbook of fundamenatals.

NBS CONCLUS IONS

Results of the tests were very interesting. As predicted by the
computer program, it was verified that placing insulat10n on the exterior
was very effective in reducing and controlling variation of the indoor
temperature. In this test series, when the indoor temperature was not
controlled, that is, when allowed to float in response to chanqes in out
door temperature, insulation placed inside compared with no insulation,
was effective in cutting indoor temperature variation in half. Indoor
temperature variation was further reduced by one-half when insulation was
placed on the outside as compared with insulation on the inside.

Steady-state maximum calculated heat flow rates were 32, 63, 69, 67
and 29 percent higher than measured rates for the five tests where inside
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temperature was controlled. The dynamic procedure predicted heat flow
rates within 8 percent of measured rates. As discussed previously, the
dynamic method takes into account the heat storage effects of the bUilding
and thus predicts maximum heating load to a more precise degree. Since
concrete masonry possesses significant heat storage capacity, excluding
this effect from the calculation, as is done with the steady-state
method, can result in considerable oversizing of equipment needed to
maintain a satisfactory indoor temperature.

The result is the mass factor we have heard so much about~ The
National Bureau of Standards, in Building Science Series 45 states that
the heat flows calculated by the steady-state methods were 29 to 69% greater
than those measured under dynamic conditions for masonry walls. Expressed
another way, massive masonry walls perform 29 to 69% better than the
steady-state values indicated by ASHRAE calculations. More research con
ducted by the Structural Clay Products Research Foundation, now a part of
the Engineering and Research Division of the Brick Institute of America,
indicates that the actual rate of heat transfer through typical building
walls may be up to 20% less for masonry walls, up to 20% greater for wood
frame walls and up to 60% greater for metal panel walls than the calculated
rate based on published ASHRAE type "U" values.

National Concrete Masonry Association also ran some computer tests on
mass vs. insulation.

COOLING LOAD VS. U-VALUES

For the first computer run, the walls of the model buildinn were
assumed to be composed of insulated wood frame walls having a weight of
8 pounds per square foot and a /lU" value of 0.10. Results of the analysis
indicated that maintaining 75·F. temperature would require air conditioning
equipment capable of handling peak load of approximately 40,500 BTU per
hour.

For the second computer run, the walls were changed from insulated
wood frame to i nsul ated concrete masonry. The "UII value for the masonry
exterior walls was the same as for the frame, 0.10, but the weight
increased to 40 pounds per square foot; masonry walls were assumed to be
of 8 inch thick hollow lightweight block composed of concrete having a
unit weight, or density equal to 100 pounds per cubic foot. The increased
wall weight resulted in peak cooling load requirements of approximately
34,000 BTU per hour. The ability of the heavier walls to store and
release heat in response to dynamic conditions accounted for a reduction
in peak hourly cooling load requirements of approximately 6,500 BTU.

Subsequent computer runs in this series examined the effect of re
duced insulation in the 40 pound per square foot block wall on peak hour
ly cooling requirements. The "U" value was increased in increments from
0.10 to a maximum of 0.38, at which value the masonry wall contained no
insulation. The required cooling equipment capacity for the heavier
masonry building is less than the insulated frame building until the
"U" value of the masonry walls approaches 0.38 (no insulation).
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COOLING LOAD VS. WEIGHT

The objective of the second series of tests was to examine in
greater detail the influence of building weight on needed size, or ca
pacity of equipment for air conditioning. As may be observed, the effect
of wall, roof and floor weight on needed equipment size is dramatic.
The masonry structure could be cooled with equipment 20 to 30% less in
size than an insulated wood frame structure.

HEATING LOAD VS. WEIGHT

To study the influence of building weight on heatinq loads, several
computer runs were made using the model building. Weight of the build
ing elements was varied from 10 to 70 pounds per square foot, and the
"U" value was held constant. There was a significant difference between
peak heating load requirements as calculated by the two different methods,
steady-state and dynamic.

NCMA CONCLUSIONS

The ability of concrete masonry walls to store heat is a definite
benefit to the owner of a concrete masonry building. The capability to
include "thermal inertia" in the heating and cooling load calculations
now exists; when it can be included in the calculations the result is
lower peak loads for heating and cooling. Peak loads determine the size
and capacity of HVAC systems needed for a particular building; there
fore selection of equipment for optimum efficiency and energy conserva
tion depends upon a thorough and accurate thermal analysis.

"M" FACTOR

So why didn1t we get the 29 to 69% credit? The "W factor is being
very much talked about by the masonry industry today and in what it will
do for us in the future. I don't quite believe much in the "W' factor.
For instance, in Knoxville, Tennessee, which has a 3,494 degree day rat
ing, if we had a "U" value requirement of .12 and we went to the mass
factor chart and looked up on the chart at our degree day, and came out
with correction factor of .8495, our resultinq "U" value would be .14.
We1ve gone from .12 to .14. -

Can we meet a .14 with a bare concrete block? I doubt it, as a
matter of fact I know we can't. The lowest any of us can go with a bare
concrete block is a .30 or so. But let's look at another factor in this
mass factor madness. Throughout Tennessee the spread of degree days is
varied. Knoxville is again 3,494 degree days, Nashville is 3,578 and
Memphis is 3,232, the warmest place of all. Even dtsrel)arding the
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elevations that exist, and the temperatures that exist across our state,
our correction mass factors are all about the same, .8495, .8515, and
.8425.

When applied to a required .12 factor, the resultant effective "U"
factor is a .14 in any of these places. Doesn't that seem strange? In
essence, this means that the same "U II value is used in Crossville, Tenn
essee where it is probably 10 degrees colder most every day of the year
and in Memphis, Tennessee where it is probably 10 degrees warmer most
every day of the year. What we have been given in this correction fac
tor is almost nil, so if we are going to depend on this to make block
producers money then we are going to have to wait a long while for it to
pan out.

ARCHITECTURAL STUDY

Richard Stein, an architect in New York City, has been working on
methods of BTU costing (energy) in construction vs. energy usage per
wall value cost. Mr. Stein's calculation on construction of the same
type office building (1) framed in steel, (2) in composite steel and
(3) in reinforced concrete would result in a 42% energy savings if
done in the concrete reinforced vs. steel frame. The steel frame build
ing had an average heat loss of 293,000 BTU's per square foot, the com
posite steel building had a heat loss of 251,000 BTU's per square foot,
and the reinforced concrete building had 172,000 BTU's per square foot
heat loss.

It is his idea, that buildings should be considered as total enerqy
depositories comprising of both the inherent energy of the structure
and the energy of operation. It is his belief that proposed architects
should evaluate on a project-by-project basis the most energy effective
building envelope dependent upon location and building programs.

He also went on to state that maybe the client will never buy all
this BTU costing, if his initial cost is higher, his mortgage payments
being more significant and his building being funnier looking than before,
but Mr. stein's point of view was given a few more years those are the
only kind of conditions under which clients will be able to afford
construction of any kind.

I think it's fairly obvious to all, that more architects are taking
this point of view and becoming more and more interested in the actual
heating, ventilation, and air conditioning of a buildinq and the amount
of energy loss that building is going to have over its life expectancy.
Any architect that is not taking this type of evaluation is not to be
considered a competent architect in this day and age of energy crisis.
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THINGS TO COME

As more or less "concrete people" we are going to have to become
more familiar with many things that in the past were just the considera
tion of the architect - things like mass factors, aggregates and their
heat loss coefficients, solar operation, insulated masonry, heat trans
fer tests, and their implications and even exterior coatings to cut down
on air through the wall's surface.

Things like these and many others will become more and more a part
of our vocabulary as the energy problem becomes more and more realized.
I would be very misleading if I did not note our industry's belief in
a promising future. There will be innovations in design, in materials
and in masonry configurations which will further aid in establishing the
concrete block as a building element for saving energy. This is the be
lief of our industry and this in my belief.

The benefits of thermal storage make masonry competitive with frame
construction when solar systems are employed, thermal resistant aggregates
will be developed and insulated masonry units of one desiqn or another
will be used a great deal throughout the country. For the past year we
have all been working on finding the best energy related buildin9 block 
energy wise, cost wise, and performance wise. What we have now is just
the beginning.

ENERGY REGULATIONS

Now let's take a quick look at the National Energy Codes now stand
ing as of September 1977. States that have adopted regulations include
California, Connecticut, Michigan, Minnesota, Nevada, Nebraska, New
Mexico, New York, North Carolina, Oregon, Virginia and Wisconsin. The
Washington State Regulation relates only to electric resistance heating.
Texas is developing recommended standards for voluntary adoption by
cities. Colorado has adopted regulations relating to manufactured
housing and multi-family dwellings in jurisdictions with no code enforce
ment.

Most states reported regulations for publicly owned buildings, some
of these regulations are extremely sophisticated. t1any states reported
that they are waiting for a nationally recognized enforcement code that
they can adopt by reference. This in essence is what Tennessee is doing.

Nevada and New Mexico have adopted a proposed Uniform Building Code,
Chapter 53, Insulation Requirements, and the anticipation that this will
become a portion of the UBC: Oregon reported that it may double its
insulation requirements over that which were adopted prior to the organ
ization of petroleum exporting companys' embargoes. Massachusetts has
the authority to write its own code, but it is awaitinq the Code Com
patible Version of ASHRAE Standard 90-75 which has now been developed by
the National Conference of States on Buildinq Codes and Standards.
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If Congress does not act, the Farmers Home Administration thermal
code~ as of March 15, 1978, will be requirin~ a .07 exterior opaque wall
IIU II factor. The Federal Housing Authority (FHA) has not at this time
followed Farmers Home's lead, but it is expected that in the near future
they will. There is no way on Godls green earth that a concrete block
by itself can be used to meet this type of "U" factor.

If concrete block were used to construct a building that had to
meet a .07 /lUll factor the building envelope would have to be wrapped
with an average of 311 of polystyrene around the perimeter of the build
ing. This done on either the interior or exterior of the concrete
block, the concrete block would then need to be covered on the interior
with a 15 minute fire barrier and on the exterior with some sort of
moisture protection and something to block the ultra-violet rays that
will be attacking the insulation. Without these types of protection
the insulatj~n would probably last less than a year.

HUD CODE DEVELOPMENT

As reported in the January 19th issue of The Engineering News Record,
HUD by 1980 will have, not only a cash budget on every job, but also an
energy budget. Buildings will have 16 classifications, 7 climatic regions
and a measured BTU consumed per square foot budget demand.

As a result of these demands, the future buildings will start having
very dramatic features~ i.e., of solar collectors, massive windowless
walls, buildings half underground and buildings all the way underground.
Some subtle features that these buildings will have to initiate are
extremely recessed windows, skylights to off-set luminars and computer
control HVAC systems. Congress has already mandated performance over
prescriptive standard in their Energy Conservation Standards for New
Buildings Act of 1976 (Title III of BL940385). Therefore, the designer
is responsible over the total thermal performance and structural perform
ance of the building.

In response to this, ASHRAE developed 90-75 which blends forms (per
formance and prescriptive) by providing prescriptive goals for components
IIwindows, doors, walls, roofs, etc." then giving a qreen light to alter
ations of these maximum prescriptive goals by designer preference for
bettering energy uses, i.e. performance. This concept was not accepted
by Congress or the AlA. The AlA claims it would stagnate design.

Joseph Sherman, Director of Hud's Division of Energy Building
Technology and Standards~ has taken the responsibilities of the code.
He states that it will be an energy budget code with the maximum usage
defined by existing federal buildings and the minimum usage established
by field trials on new buildings, buildings constructed within this year.
Tri a1 energy budgets wi 11 be set thi s summer. Sherman feels Iithi s wi 11
give me real information, not phony stuff on cost, impacts and problems
about hundreds of buil dings across the country. II

The revised energy budgets will be published in the Federal Register
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in August 1979. The final standards will be implemented by February of
1980.

BLOCK PRODUCERS ALTERNATIVES

Let's now take a look at the concrete block industry1s alternatives
to these very stringent thermal requirements placed on us:

1. To sell only foundations. With the success that we have had
through the past years in selling all types of commercial and industrial
businesses and other types of construction - to go back to just selling
foundations is not a very appealing thought.

2. After-the-fact insulation systems. These after-the-fact systems
are well known by us all. They are Perlite, Ureaformaldehyde, Zonolite
and NCMA Stud Block. Most of us are doing these now, but only with more
insulation will they meet the new thermal requirements set up by the
different government agencies.

3. Insulated block systems. Most of us have heard of different
types of insulated block systems such as the Warren Bloc System, Walton
Block, Miracle Block, Gisoton Block, Waukesha Block, Korfil Block or
the Formbloc. We have all looked at their pluses and minuses and we
know approximately what kind of cost we are talking about. But what
we don't know is whether or not they are going to meet our needs in the
future.

4. The clading systems. There are Fiberglas Clad System, Thermal
Stud, Thermal Clad, Dryvit, Backbone, etc., and others I know nothing
about.

5. To advocate and push solar concepts. The concrete block we
have is in essence a solar storage panel. It has a contact surface, air
behind that surface, and a structural form. This should be developed
by our industry a great deal more than it has been considered. Presently
The University of Tennessee, TVA, and HUD are talkinq about building a
solar block house on the same siqht now used for the Solar house and
ACES house in Knoxville, Tennessee.

6. To advocate and push underground buildings. Underground build
ings to the industry could mean a very large increase in the use of
concrete block for all buildings. The reason for this is that the block
could be poured full with grout and steel and be used as retaining walls
and exterior walls for these buildings. At the same time it could be
used for the interior wall partitions as supports of the concrete deck
that will be supporting the upper floors of these types of buildings.

All of these alternatives deserve some of our time, but I will touch
on only the ones I think most important and unknown to block producers 
Solar Concepts (Alternative #5) and Underground Buildings (Alternative #6).



100-10

ALTERNATIVE # 5 - SOLAR CONCEPTS

PASSIVE SYSTEM CHARACTERISTICS

Passive solar buildings generally utilize considerable south facinq
windows and skylights to bring in the warmth of the sun. Passive build
ings must be carefully oriented in response to the seasonal and daily
movements of the sun to maximize solar heat gain in the winter and mini
mize solar heat gain in the summer. Moveable insulation is frequently
used in passive systems to minimize heat outflow at night and on cloudy
days, and to minimize undesirable heat gain in summer. One of the most
significant characteristics of a passive solar building is the use of
thermal mass: materials which have the ability to absorb and re-radiate
large amounts of energy. Concrete masonry is an excellent material for
use as thermal mass.

Passive design measures also include use of good insulation, earth
berming, careful entrance location with regard to winter wind, use of
air-lock vestibules, careful use of colors, careful consideration of
natural ventilation and natural light, and use of natural vegetation for
shading and windbreaks. It should also be noted that passive measures
such as cross ventilation, exhaustion of hot air by convection, evap
oration, and absorption of heat by thermal mass can provide up to 100%
of the building's cooling needs in summer.

COST EFFECTIVE

Passive solar buildings have been able to provide 50 to 90% - even
100% of the building1s heating and coolinq needs in locations from New
Hampshire to Oregon to New Mexico.

Thermal mass materials in general are particularly cost effective
in that they simultaneously provide supportinq structure, definition of
spaces, acoustical separation, and thermal storaqe. What better defi
nition of a concrete block?

THE KELLBAUGH HOUSE

72% of the heating needs of the Kellbaugh house in Princeton, New
Jersey, are provided by a 15 inch thick vertical concrete wall facing
south. Kellbaugh estimates that II ••• $8,000 to $10,000 of total cost
of $45,000 can be attributed to the passive solar heating and cooling
system. II Kellbaugh also points out that 'I ••• the initial cost could
have been reduced significantly if concrete masonry block filled with
concrete were used instead of poured-in-place concrete." Kellbaugh
also developed a life cycle cost study. If natural gas escalates at
an annual rate of 5%, the amortization period will be 17 years. The
payback period will drop to 10 years if natural gas escalates at 15%.
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The most effective use of massive construction materials is to
store and re-radiate heat (or store "coolness") on the INSIDE. This
means that contrary to standard practice INSULATION should be on the
OUTSIDE. The problem of protecting exterior insulation can be easily
solved with readily available material such as a thin coat of fiberglass
reinforced stucco, vinyl, aluminum, asbestos, cement and other conven
tional siding materials.

DESIGN

There are four basic approaches for incorporating thermal mass in
building design: (1) integrated mass, (2) vertical mass, (3) roof
ponds and (4) rock storage. The first two concern the block pro
ducer most directly.

1. In this approach, thermal mass is used directly for wall, floor
and in some cases ceiling construction. This approach can maximize
performance of a passive solar system because it maximizes the surface
area to volume of mass ratio. The new Pitkin County Air Terminal is
an excellent example of this approach.

It stands at an elevation of 8,000 feet in 9,000 degree day climate.
The floor is 5 inch concrete slab with perimeter insulation. North and
east exterior walls are 8 inch concrete block; voids filled with concrete.
All walls are insulated on the outside with rigid polystyrene. There
is extensive use of berming. South facing vertical windows and sky
lights have moveable insulation. Solar energy provides 55 to 60% of the
building's heating needs.

2. A vertical mass, covered with double glazinq and painted block
on its outer surface can double as a solar collector and heat storage
container. This configuration is frequently referred to as the Trombe
wall. The name is taken from the French professor, Felix Trombe who
led studies of vertical mass walls. The Trombe wall has been used with
considerable success. The Kellbaugh house discussed previously utilizes
a lS inch thick, two story high vertical mass to achieve 72% solar
heating. The Los Alamos Scientific Laboratory has conducted extensive
tests of the vertical mass concept. They have developed a computer
model which simulates hour by hour performance of vertical mass walls
using the climate and solar data for different locations. The model IS

accuracy has been verified by actual experiments. Consider the results
of one series of tests. In these tests the parameters were mass wall
one foot thick, glass to floor area ratio of 1/2, double glazing "U"
factor of O.S, infiltration rate of one per hour, maximum allowable
temperature 7S·F. (at which time excess heat was vented to the outside)
and the minimum temperature 6S·F. (at which time auxillary heating
activated). The results are as follows:
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PERFORMANCE OF 12 IN. THICK SOLID CONCRETE MASONRY WALL

Degree
Days

Los Alamos, NM 7350

Albuquerue, NM 4269

Madison, WS 7550

Seattle, WA 5000

Fresno, Ca 2880

Bismark, ND 8220

New York, NY 4860

Solar Heating
Fraction

63%

93%

58%

67%

80%

51%

63%

Keep in mind that one square foot of unshaded single pane glass
adds about the same cooling load as 50 square feet of masonry wall.

ALTERNATIVE #6 - UNDERGROUND BUILDINGS

Many of us talk of building under9round as if it were a new idea.
We're not really being contradictory because, in a sense, it is a new
concept.

We've built human spaces under earth or rock continually since
primative times. Desire for comfort and security prompted earlier
peoples to live in caves or cliff dwellings. Settlers on the American
prairies built hillside dugouts and sod houses for shelter from blizzards
and the searing summer sun. Root and ground cellars are still in use
today to store fruits and vegetables for longer keeping in summer and
to prevent freezing in winter. Commercially steady temperature caves
and cellars are used to age cheeses and wines and to store perishables.

ENERGY BENEFITS

Underground or earth-sheltered buildings conserve energy by
utilizing the near constant temperatures of the earth a few feet below
the surface. Exterior walls above ground face wide temperature swings
from lOO·F. to -30·F. in ~1inneapolis, for example, heating and cooling
equipment inside must contend with the sprearl between desired interior
comfort levels and the outside weather. On the extreme -30·F. night,
insulation and the heating plant must fight a 100·F. difference.

However, going underground even a little bit with less than a foot
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of soil overhead, shortened day-night temperature changes have almost
no effect. And at about 20 feet underground the year around temperature
of the earth varies only slightly --- from 47·F. to 50·F. in the Minne
apolis area. That means having to deal with only about a 3·F. spread
all year.

Therefore building underground obviously means less heatina in
winter and less cooling in summer. On a fri9id -30·F. r'1innesota winter
day, for example, heat loss rate for an above ground wall with four
inches of insulation is ten times greater than for an uninsulated wall
underground. If wind chill factor is considered, the differeoceiis0eyen
greater.

By going underground, the lower heating-cooling demand makes it
feasible to design buildings that are totally independent of outside
energy sources. Underground space can hoard heat energy produced by
solar methods, for example, so that a modest sur~ace area of collectors
can provide all heating required, even where winters are severe.
Capacities of such small solar units may not be enouqh to generate summer
cooling by mechanical means, even with the lesser cooling load underground.

Such self-reliant buildings, combining energy saving efficiency of
underground placement with developing technologies for solar and other
methods of heating, cooling and electricity generation, may be common
in the future. In the meantime, present technology makes earth protected
homes, offices, schools and other buildings a practical, ready-to-go
way to save energy resources.

MEETING ENERGY NEEDS

Buildings - commercial and residential - consume 29% of all energy
in the United States. Almost half of all building space in use in 1985
will have been built since 1975. An earlier federal report suggests that
if half the new buildings built each year had energy conserving designs
which saved 40% of consumption, 15% of the present total U.S. energy con
sumed would be saved at the end of ten years. Underground buildings can
easily produce that kind of savings. Engineering studies and data from
existing project show that properly designed underground buildings may
consume only 25 to 30% of the energy consumed by equivalent above ground
spaces.

There are further advantages: underground space is quiet, even in
a dense urban setting. The earth isolates noise and vibration. Avoidance
of vibration, in fact, was what prompted the Brunson Instrument Co.,
Kansas City, to build its plant underground for manufacturing delicate
precision instruments. The 140,000 square foot plant had a total heat
and cooling bill of $3200.00 in 1973. (The building is in an excavated
limestone bluff about 100 feet below ground level.)
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OLD/NEW TECHNOLOGY

In the same way, a new look is being taken at sub-surface moisture
protection. IIIt's not necessarily a different technology, but it's a
different question, II say Ray Sterl ing of The Department of Civil and
Mineral Engineering, University of Minnesota. IIUntil recently, for
example, basement space has been a second class space and leaking and
dampness has not been considered so important. Some houses being built
s ti 11 have 1eaky basements. II

Sterling is project coordinator for the Earth Sheltered, Energy
Independent Building Design Project (ESEI), a design study being prepared
by the Civil and Mineral Engineering Department, University of Minnesota,
for the state's Energy Agency. The study, due for release this month~

is to provide practical information showing how earth-sheltered residential
structures can be virtually independent of fossil fuels for heating and
cooling.

Minnesota, incidentally, is becoming somewhat of a technology center
for earth sheltered construction. The University's Department of Civil
and Mineral Engineering has nationally recognized expertise in this area.
In 1976 the Department issued a proposal that a University Engineering
Building be designed as a demonstration underground facility. It is now
receiving serious legislative consideration. The Department has a 50 by
100 foot mined demonstration space 80 feet below a campus soccer field.
Besides showing the practicality of developing mined space in a congested
urban setting, the project is used to measure the ground movement and
roof deflection resulting from the excavation.

Minnesota's legislature has voted $500,000 for demonstration under
ground houses. These homes will be instrumented ground homes. Last fall
the legislature created a new Earth Sheltered and Underground Construction
Institute, not yet given an official name. It will be housed at The
University and serve as a technology and research clearing house.

THE UNDERGROUND MOVEMENT

Underground architecture has become a movement of sorts. Those archi
tects, builders and owners who have become involved convey an evangelist's
enthusiasm as they try to convert non-believers. Persons from a broad
range of disciplines who have a professional interest have formed the
American Underground Association to promote lIrecognition of the great
potential of underground space,1I and to encourage research and information
sharing on technical, environmental, legal, economic, social and political
problems. The group publishes a quarterly journal, Underground Space.

Several areas in the past and present have constructed underground
buildings. Some of the areas around the country are:

1. Malcolm Wells Architects Office in Cherry Hill, New Jersey.
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2. An "Ecology House" in Marston Mills, Massachusetts.

3. Air Defense Radar Facilities.

4. 83,000 feet Williamson Hall at The University of Minnesota.

5. The 1859 Cooper Union Building had a 1200 person meeting hall
underground.

6. Woolworth Building has a pool, gym and other facilities under
ground.

7. Winston House, Lyme, New Hampshire has 18 feet of earth cover.

8. Forth Worth is about to bull d its second underground school.
The first school is 12 years old and is called Lake Worth Junior High.
Built to protect it from noise of jets that fly over hourly.

9. Abo Elementary School in Artesia, New Mexico,':bui1t in 1962.

10. 39,000 square foot Student Center, Southwest Minnesota State
University, built in 1974. The average earth cover is 3 feet.

11. Proposed 50,000 square feet research and administrative facility
for historic Fort Snelling is designed to supply its own heating, cooling
and e1 ectri city.



100-16

CONCLUSION

After reflecting on these alternatives one must think of more ways
to sell and promote masonry in an energy conservative world. New avenues
must be explored and exploited to the outer limits or the block business
will meet an untimely death.
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*AVERAGE VS. PEAK THERMAL CHARACTERISTICS OF BUILDING SHELL ELEMENTS

**
By Dexter, M., Bickle, L., McNamara, J., van der Meer, W.

ABSTRACT: A thermal network computer simulation code is described which
uses first principles to calculate the thermal performance of walls under
actual weather conditions. The hour-by-hour and integrated predictions
show good comparison with experimental data. A technique is developed
which uses the validated computer results to determine the efficiency
with which a wall collects solar radiation.
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AVERAGE VS PEAK THERMAL CHARACTERISTICS
OF BUILDING SHELL ELEMENTS

By Dexter, M., Bickle, L., **
McNamara, J., van der Meer, W.

INTRODUCTION

Two problems which inevitably occur in the design of solar buildings
and systems are the necessity of calculating average loads and the need
for solar load analysis. This paper describes a technique that can be
applied to both these tasffJ The key concept is the "Effective U-Factortl

described by van der Meer • This characterizes the long-term average
heat loss rather than the peak heat loss of building shell elements.
Because it is a better indicator of average energy consumption, the
Effective U-Factor has already been incorporated a~*~ part of an effort
by The ~tate of New Mexico to implement Chapter 53 of the Uniform
Building Code (UBC). The result was a state-wide energy conservation
standard that governs average rather than peak heating loads and takes
into account both mass effects and incident solar energy.

This paper shows that the Effective U-Factor concept can be extended
by considering the building shell elements as low-efficiency solar
collectors. The theoretical computer code developed to generate Effective
U-Factors is described here and compared with experimental data. The
technique for determining the solar-collector efficiency of a wall from the
Effective U-Factor data is described.

* This work supported by the New Mexico Energy Resources Board in
cooperation with the New Mexico Energy Institute at the University
of New Mexico.

** Dexter, M., Staff engineer Bickle Division/eM, Inc.
Bickle, L., President Bickle Division/CM, Inc.
McNamara, J., Research Assistant University of New Mexico
van der Meer, W., Professor of Architecture University of New

Mexico.

*** Based on ASHRAE Standard 90-75
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THEORY

Effective U-Factors

A one dimensional computer program was written to simulate the thermal
performance of walls under actual weather conditions. The wall is modeled
as shown in Figure 1. It is divided into a nodal network, and the finite
difference forms of the governing equations are written and solved in
implicit form on an hour-by-hour basis. The radiant heat transfer at the
inside wall surface is modeled as a "gray" wall surface interacting with a
"black" room (a deep cavity.) This heat transfer path is in paralle~ with
natural convection from the inside air to the vertical wall surface,

Nu 0.516' (Gr Pr) 0.25 , (1)

is the Grashof number, and
the outside surface are
body at a temperature
The ground temperature is
temperature (T k ) is

s Y

Where Nu is the average Nusselt number, Gr
Pr is the Prandtl number. Radiation losses from
modeled as a "gray" wall surrounded by a "black"
equal to the average of the sky and the ground.
taken to

3
be that of the ambient air, and the sky

given by

T
sky

0.0411
T1. 5

outside •
air

~ [TSkY] (OR) (2)

This radiation path is in parallel with a convection loss term for
combined free and forced air flow. It is assumed that, in the absence of
forced convection, natural convection will provide a heat transfer 2
coefficient of 1.0. The velocity corresponding to this natural flow is
vectorially added to the measured wind speed to determine the speed of the
air flow over the wall. The convective heat transfer coefficient for
combined

2
flow is determined from this speed using the modified Reynolds

analogy. Finally, an internal air space within the wall is modeled as a
parallel radiation and convection path with the radiation interchange
between two infinite, parallel, diffuse, gr~y bodies with uniform surface
temperatures. The convection is modeled as

Nu

C

m
C (Gr Pr) ,where

1.0, m = 0.0 For Gr < 2100
(3)

C 0.13, m 0.33 For Gr > 2100

Solar radiation incident on the outside surface of the wall is
determined from measured total horizontal and direct normal solar radiation
corrected to the orientation of the wall surface using the procedure in
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Chapter 59 of the ASHRAE 1974 Applications Handbook.

The actual measured weather data is used as an input to the model on
an hour-by-hour basis. The governing equations and boundary conditions
are written into a single matrix equatio~, which is solved, using a
modified Gauss-Jordan solution technique for diagonally dominant
tridiagonal matrices. The calculations are performed for a period of
representative winter weather conditions (usually one to two weeks.)
Each hour the net heat loss across the inside surface of the wall is
summed, as is the inside-outside air temperature difference. At the
end of the period of calculation, an Effective U-Factor (UE) is determined
by taking the ratio of the summed heat loss to the summed ~emperature

difference,

(4)

Thus, the Effective U-Factor is related to the average rather than
the peak heat loss of a wall section. As such, it should be used in
energy studies and for predicting long-term average energy consumption,
but not for sizing HVAC equipment which must meet peak loads.

Using the above analysis, Effective U-Factors were determined for 25
different wall configurations typical of construction in New Mexico. For
each wall, calculations were made for four orientations (North, East,
South, and West), three colors (solar absorptivity = 0.2, 0.5, and 0.8),
and eleven climatic regions throughout New Mexico. The results were
presented in tabular form conv~nient for use by building inspectors
checking for compliance with Chapter 53, UBC. Two examples of these
Tables are shown in Figure 2 and 3.

An Extension to Solar

The above data can be used to determine the solar performance of a
wall as follows: It is hypothesized that the average heat loss of a wall
(q) can be given by a steady state loss term and a correction for solar
gain,

q U !:::.T
ss

n q •
s

(5)

Here U is the steady-state U-value,!:::.T is the average inside-outside
air temperaiUre difference, q is the average solar flux incident on the
wall and n is the wall solar s"collector" efficiency. Combining equations
4 and 5, the wall efficiency (n) as a solar collector is:

n=(U
ss

!:::.T/q •
s

(6)
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DECO "I
" UNM

INSIDE

U=J--sll
LIGHT WT. BLOCK

PAINT--"1--J~~ ( UNF1LLED)

OUTSIDE

BSHRBE STEADY
STf1 TE U-URLUf 0 314 BTU

WBLL TYPE 9
F-HR-OF

EFFECTIUf "U"-URLUE CLQ: HEBTlnG
n.m. WflLL OR IEnTAT Ion

CLlmflT I C nORTH EflST SOUTH WEST
REGiOn *L m 0 L m 0 L m 0 L m 0

I .290 .234 .175 .277 .202 119 .264 .158 !. 052 .279 .201 .124
2 .223 l179

I

.275 .245 .214 .266 .255 .194 1.133 .268 .226 .185
3 i .272 .247 .223 .263 .226 190 .252 .198 1.145 .265 1.231 I .197

4 .270 .250 .232 .260 .226 195 .246 .. 195 .143 .262 .233 i .204

5 .270 .251 .232 .259 .225 193 I. 245 .191 1.137 .2621.232 I .203
6 .270 .251 .232 .258 .222 188 i. 243 1.185 .125 .262 .230 1.199
7 .272 .251 .231 .258 .219 181 .241 .176 : .109 .262 .228 1.193
8 .274 .250 .227 .2581.212 168 .238 I. 162 i. 083 .263 .222 .181

9 .278 .249 221 .259 .204 150 .236 .145 1.049 .264 .215 .165
10 .284 .247 210 .260 .190 119 .232 1.115 -008 .267 .203 .136

II .284 .245 201 .262 .181 097 .231 .096 -047 .269 .194 .117

·WflLL COLORS: L=llGHT
m·mEDlum
D=DfHH,

rIOTE: ALL ErITRIES 1fl THE TABLE ARE
PRECEDEO BY "0". THAT IS:
.122 =0.122; -122 =-0.122

FIGURE 2
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DECol1
UNM

...... . -.. -- .....

OUTSIDE INSIDE
."

IO"ADOBE

.1/2
11

PLASTER

-ASHRRf STfADY
5TATf U-URLUf 0263 BTU

WRLL TYPE--,--_
.

F-HR-oF

fFFECTIUE "U"-URLUE (U~: HEf1TlnG
n.m. WALL OR IEnTA TIon

ClImfH1C nORTti fAST SOUH1 WEST
REGiOn *"L m 0 L m 0 L I miD Lim D.

I .260 .225 .191 252 .205 .160 .2441.188 ; .1381. 254' .210 :.168

2 I
.219 .200 .205 1.179 I .2251 189 155i .211' ?OA l'Ad: .237 231

3 , .232 .218 .203 227 .204 .1?2 I .2201.187 ; .156\ .228' .208 '.187

4 : :230 .218 .207 224 .203 1.183 ! .215 1.181 '.149 .225 .206.188

5 !I.230 .219 .207 l223 .202 .182 .214 1.179 ,.145 .225 .206.187

6 I .231 .220 • 208 ~ 224 \.202 L179 L214,i.176 ".139 .226 ".206 ". 186

7 .234 .221 .209 t225 .201 .176 11.2141.172 .131 .227 •.205 :.183

8 .238 .224 .209 228 !.199 171 ~.215!.).66 .119 .231! .205 !.179

9 .244 .227 .209 232 .198 L164 ~ .217 1.160 .105 .235 1 .204 1.174

10 .255 .232 .209 240 1.195 ~ 152 ii .221 i.150 ! .082 .243: .204 165

II .262 .235 .208 245 • 194 ~ 144 .224/.143 !.067 .249 i. 203 159

·WALL COLOR S: L=lIGHT
m-mEDlum
O=DARi)

"OTE: ALL ENTRIES IN THIS TABLE ARE
PRECEDED BY "0". TIIAT IS:
.122 = 0.122; -122 = -0.~22

FIGURE 3
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Theoretical Results

Using equation 6, the solar collector efficiency was determined for
various typical wall sections from the Effective U-Factor project. Typical
results are given in Figures 4 and 5. These results are for the two wall
sections shown in Figures 2 and 3. The four wall orientations and the
three surface colors are listed along the top. Three New Mexico locations
are listed on the left side. The solar collector efficiency is listed for
the two walls for each color and orientation.

From Figures 4 and 5, it is seen that the solar collector efficiency
depends on construction and color of the wall, however, it is independent
of wall orientation and of climate. These results hold for the different
climates within the State of New Mexico. It is not currently known whether
this independence with climate will hold for a climatic region radically
different from New Mexico (such as Seattle, Washington). The results show
quite clearly that the efficiency is a strong, linear function of the solar
absorptivity of the wall. In many cases, average heat loss from a wall
could be substantially reduced by simply making the outside surface a
darker color. These savings in energy are often greater than the savings
which would occur by adding a reasonable amount of extra insulation. Thus,
substantial improvements in average thermal performance can be realized by
simply making the wall a better solar collector.

The concept of a wall as a solar collector is important. In many ways,
the collector efficiency (n), is a "correlation" factor, analogous to the
mass factor. For light mass walls a "solar" factor can be developed.
Unfortunately, solar effects and mass effects are closely coupled in
masonry walls. Thus, the Effective U-Factor, which includes both effects,
should be used for accurate estimates of long-term energy consumption.
Masonry walls should still be treated as solar collectors and their
collection efficiency maximized or minimized depending on whether heating
or cooling is required.

Because of the potential implications of these results on the building
code and because the magnitude of the results was somewhat unexpected, it
was decided that an experimental verification project should be run to
insure the validity of these results
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D

Los Alamos 2.2 5.0 7.7 2.2 5.1 8.0 2.0 5.0 8.1 2.0 4.8 7.8

Albuquerque 1.9 4.7 7.4 2.0 4.9 7.6 1.9 4.7 7.6 1.8 4.6 7.3

Las Cruces 1.7 4.8 7.5 2.0 5.2 8.1 2.1 5.1 8.2 1.9 4.8 7.7

FIGURE 4 solar collector efficiency for 8" C.M.U. WALL

NORTH EAST SOUTH WEST

LOCATION L M D L M D L M D L M D

Los Alamos 0.9 2.6 4.4 1.1 3.0 4.7 1.2 2.9 4.7 1.1 2.8 4.5

Albuquerque 1.1 2.7 4.5 1.2 3.0 4.7 1.2 3.0 4.7 1.1 2.8 4.6

Las Cruces 1.1 2.9 4.6 1.2 3.2 5.1 1.3 3.3 5.2 1.2 3.1 4.9

FIGURE 5 solar collector efficiency for 10" ADOBE WALL

NOTE: L,M,D = Color of outside wall surface
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EXPERIMENTAL SETUP

An experimental program was begun with the intention of measuring all
data necessary to do a detailed verification of the theoretical computer
code. A test plan was formulated involving tests on twelve separate wall
sections. In each case t the information recorded included: outside
ambient air temperature t inside air temperature t wind speed) total
horizontal solar radiationt direct normal solar radiation) heat loss
across the wall which is being tested t and in most cases t the solar
insolation directly incident on the outside surface of the wall being
tested. Data was taken every half hour, using the following sensors
(Figure 6). Temperature measurements were made with type K thermocouples.
Ambient wind speed was measured using a Kurz Model 435 temperature
compensated, hot probe anemomenter. Direct normal solar radiation was
measured with an Eppley Model PSP Pytranometer. Heat flux across the
inside surface of the wall was measured with a Hy/Cal Model BI-7x-K
Bi-Directional thermopile-type heat flux sensor. The output of these
sensors was scanned by an Acurex Autodata-9 Data Logger with an averaging
option. The data taken were then stored on a TI Model 733-ASR stand-alone
computer terminal for cassette storage of data in local mode. The sensors
were scanned twenty times per minute by the Data Logger, and thirty minute
running averages were made for all channels. At the end of each thirty
minute period, the average value for each channel was written onto the
TI Cassette Tape. Data was taken at each site for a period of five to
six days. After this it was read into an IBM 360-67 Computer. All
necessary data reduction for comparison with predictions of the computer
code was done on a time-sharing system. This was done for data taken at
ten separate houses with tests on twelve different walls selected to test
the limits of the code with respect to mass, color, orientation, thermal
insulation, and climatic region. Some typical results are given below.

EXPERIMENTAL RESULTS AND CORRELATION WITH THEORY

To verify the theoretical computer code, the experimental readings
were compared with the theoretical predictions on an hourly basis as well
as on an average basis. The computer code was run with the weather data
measured at each site. Using this data the code determined the theoretical
heat loss across the inside surface of the wall) and it determined the
inside wall surface temperature. The calculated results were then plotted
on an hourly basis against the measured values in each case. Two examples
of results are given here.

The first example to be considered is a South-facing dark-colored
light weight C.M.U. wall as shown in Figure 2. For this wall, the graph
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in Figure 7 gives the heat flux across the inside surface on the vertical
axis with heat loss from the room as positive and heat gain into the room
from the wall shown as negative. The horizontal axis gives the Julian Day
with labels at the beginning of each day (hour Zero). The dots, which
represent experimental data, show that generally a loss occurs at night
with a sharp heat gain into the room during the day. Superimposed on the
experimental data is the theoretical predicton of heat flux across the
wall. It is seen that the correlation is quite close in magnitude to the
measured data.

For this same wall configuration, the experimental and theoretical
inside wall surface temperatures are plotted on Figure 7. The correlation
is seen to be excellent.

A light-colored, North-facing, ten inch adobe as shown i~ Figure 3,
was also tested. For this wall, the theoretical and experimental data of
flux and temperature across the inside surface are shown in Figure 8.
Again, agreement is quite good.

In addition to these, ten other walls were tested and the results were
compared with theoretical predictions for each particular test. Hour-by
hour comparisons of theoretical and experimental data were plotted in each
case and the results indicated good success from slightly better to
slightly worse than the comparisons presented here. In all cases, it was
determined that the computer code adequately described the physical system,
and thus the validity of the hourly results of the theoretical program was
established.

With the validity of the program established on an hourly basis, the
measured and theoretical Effective U-Values were compared for each of the
experimental sites to assure the accuracy of the integrated results. The
differences in experimental and theoretical solar collector efficiency as
defined in equation 6 above ranged from 2-9% for the wall sections studied.
This is within the range of normal engineering accuracy for solar design
and average load calculations. So, the validity of the code for estimating
the solar collector efficiency of the wall has been demonstrated at the
limits of the conditions likely to be encountered in normal construction.
Therefore, the results of the theoretical computer code can be used to
predict the solar performance of most walls encountered in normal
construction.



Site: _G _

Channel (s) : ~l1;;;...;...;FL;.;.;.UX.:...S;,;;:Ef;.;.;;~S..:.;.OR.:...B~ _

Descript ion :--:;:.8·-:::.:.CM~U:.-, ~SO~U..:.:.TH:...W:.:.:.;A:.;.:LL::...:.:.::HO:..;:LL::.::::O.:.:..W -:.,PA:.:.:T..:.:,H__

101-13

y max. 10 BTU/HR-SF

Y min. -10 BTU/HR-SF

I I I I

. ' ;'

I I (\
1; i.

" I

70

. ,
I

, I,

, ~

69

; I,

,
~H-r-

,::. ~-

68

" '

,
I'

, i, .

• I

, ,
I

67

Day

! I !' t

, ,

i I ;
,I,

. ,

....

66
Julian

I: I

, '

, '
• I i

, ,
" .

65

, '

, ,

; ,

64
I

, ,
I, ,

I

63

, "
I' ,

, I

I

, ,, ,
, I

" ,,

" I
: i'

10

8

6

U-.
4c.n

I
0::='- 2::::>
f-
CQ

>< 0=>
-..J
u...
f- -2
od:
l..1.J=

-4

-6
, '

-8
,

-10

max.. 90 F

min. 40 F
y
y

, .-j-

.-i·~~ .-~:.
.\--------------

-:-=--+

1 I

, : :------ f--1'c ,!
:-: -.---:1--:\:4=:_iJ:,,\-ti:- -l----------+--

,~t+-==- f=:\=~- :
i....o

~--

L.

Site: _G _

Channei{s) : ~22;...T....;".;..;C._I:.:.:.N....;,F..::.:LU:.:.:.X_S.::.;,E[~.-SO:....R_A _

Description :~SU:.:.:.RF~A~CE~TE;;:.:M.:..:PE~RA:.:.:T.;;:;UR:.:.::E:...,;S::.::;O.:::.;UT~H...:.W;;.:;A=.::LL,--__

l ,

~. - --\-~

-+-!--~ '~'-- --H- - t------" +-\ 'f---------...L.--. . i
~e---~\---I'-. I A:'- ,- fi-,-. -~;----~

• I ~ ~

~_~ _~ !.. i:,~' ---::r--
+-=-'-'- - i-- r\=:J.--~ ~'----i -

-~ -- +------,
-t+----!-~+

-A+~i-' I I __ "
---+- ; ---=::::- -+--------j--

+-- -t--- --+ --,-t-··_-- r- ~: r-' .,
--,- - l--.-- . - '-1 - ---- f-,--- +-- - -~ , ", -' ~ -----'-

45 J--i-+--T:-::-:--r r-:::-: - --::-::--T~-~: :--=-_J:~ 'i--~-~:j::---t:=-=::t=---=:;:::;==+----==i===1
40 F=;P-+:-:~t-:-=~~-=-~£=~f===+ :::::£==::=-~-E=~~-=A

,

60 }------

55 ~
\==tt=

50 I ;

75

30..,-

85

LL. 70
l..1.J

§3 65
f
<:::
0::
w
0
::E:
l..1.J
f-

63 64 65 66
Julian

67

Day
58 69 70

"r



101-14
Site: D------------
Channel (5) : _l_O_F_LU_X_S_E,~_SO_R_A _

De5cr ipt ion :---.;i~~O.;.;;RT;.;.;.H...:.A:.::.DO;::B.::.E ..;.;.\vA:.:.::L::;.LJ~LI:.;;GH~·T.-;C;.;:.O:::.:LO;.;.:..R __

y max. 20 BTU/HR-SF
Y mim. -5 BTU/HR-SF

Site: D

Channel (5) • 22 T.C. IiI FLUX A Y max. 90 F
•

Description: SURFACE TEi1P. l'lORTH ADOBE WALL Y mim. 40 F
90 II

, I

85 ' I

,
I'

<30
-..;. I---":...L;

75
, I

, I
I I I ,

, I

u.. 70
w

11
I

cr:: 65=> 1,

I- ... +~~-+ f4<r: , I
cr:: , ; ,T
w 60Cl..
:E:
W
l- +-55 1 I

-:
50

,
t--t-F : , '+7-' -:

q+ +, "'~-! ~...J-_

45 ' ,

t·1 --+ !
:-.,. .

40 \-

24 25 26 27 28 29 30 31
Julian Day

FIGURE 8



101-15

CONCLUSIONS

As a result of the theoretical computer code and the experimental
field verification of this code, it was determined that a single number,
the Effective U-Factor, can be used to describe the average thermal
performance of a wall section. From this Effective U-Factor, the
passive solar collector efficiency can be determined for a wall section.
It was found that this collector efficiency is independent of wall
orientation; is constant throughout New Mexico (and hopefully other
climates); is linear with solar absorbtivity; and is different for
different wall types. The solar collector efficiency can be used to
predict the long-term thermal performance of a wall section.

These results are important because they show that the long-term
average thermal performance of building shell elements can be significantly
better than is predicted by steady-state analysis techniques. The
Effective U-Factor concept provides a simple method of including both mass
and solar effects in building energy conservation codes such as ASHRAE
90-75.
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ENERGY CONSERVATION IN THE MANUFACTURE AND USE OF BRICKS

By West, H.W.H. and Ford, R.W.

ABSTRACT: The conservation of energy has been a major recent
concern both in the manufacture of bricks and in the use of
brickwork. Energy audits have been carried out by BCRA on
selected works and proposals made to minimise fuel usage in
industry-wide surveys. A new method of building has been
developed which enables masonry structures to be erected more
economically and provides for greatly increased thermal
insulation tailored to particular local or statutory require
ments.
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ENERGY CONSERVATION IN THE HANUFACTURE AND

USE OF BRICKS

by

H.l~.H. WEST* AND R.t\'. FORD+

1. INTRODUCTION

The current so-called energy "crisis", that is expensive
oil, followed more than a decade of cheap fuel in which prices for
all energy sources had to be fixed in relation to the low prices
obtaining for oil. What is now forgotten is that this was
essentially an interlude, quite untypica1 of the trend of history
which has inevitably meant the exploitation of progressively more
difficult sources of fuel and hence progressively more expensive
ones, until now we are faced - Middle East apart - with boring the
sea-bed at depth under disturbingly hazardous conditions.

Much, therefore, of what needs to be done to conserve
energy is already known from earlier times and particularly from
the years of World War II when the whole of Europe at least was
expert in the subject! Application of principles enunciated then
and good management, together with relatively minor investment in
instrumentption and insulation can lead to substantial savings.

2. FUEL SURVEYS

Recent British experience in this field goes back to 1942
when the fuel situation was becoming serious because of the demands
of industry and reduced output from the coal mines. A fuel saving
campaign was started and individual trade associations were
encouraged to set up their own Fuel Efficiency CommitLees. For the
refractories and heavy clay industries the British Refractories
Research Association (the predecessor of BCRA) collected data on
fuel consumption and production and made inspections of, and offered
advice to, individual works, especially those which the returns showed
had high fuel consumption.

*

+

Head of the Heavy Clay Division and Officer-in-Charge
of the Mellor-Creen Laboratory.

Principal Scientific Officer
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For the first time manufacturers had the yardstick of the
industry average against which to measure their performance and what
had previously been one of the costs which appeared in the accounts
but about which little was done, nolV assum~d a competitive
importance especially when it was found that intermittent kilns
used more than twice as much fuel as continuous ones. It is
significant that these surveys ended in 1965 when the cheap fuel boom
was well established.

During that twenty years the whole nature of the British
brick industry had changed considerably. Works had been modernised,
closed down, amalgamated, and new ones built. The use of boilers
for steam and power production had given way to electricity and
waste heat dryers had replaced steam-heated hot floors. Tunnel
kilns were the preferred method of firing, chiefly to give improved
working conditions and a higher proportion of first quality ware.

In the winter of 1973-74, however, a real fuel crisis
occurred-and BCRA again started a survey of the brick industry to
provide basic data in communications with Government and to
provide a start point for investigations to reduce. fuel
consumption. The data relate to 1973 and the following year the
survey was repeated. Not all works were included but sufficient
data are given in Table 2 to establish the important factors in
process and product and to make comparison with the wartime surveys.

In 1942 the survey covered 326 works in refractories and
all heavy clay products, - bricks, roofing tiles, land drains, floor
quarries and clay sewer pipes. In recent surveys about 80% of the
total productive capacity of the country has been covered. Fewer
kilns were surveyed in 1974 when the total annual U.K. production
had fallen from 6315 million clay bricks to 4975 million. The
somewhat improved thermal input found no doubt owed a good deal to
the closure of the more fuel intensive plants.

The enormous range of fuel consumption shown in Table 2
includes products as different as Fletton commons or Scottish
composition bricks, both of which contain considerable inherent
carbon, and Staffordshire blues fired under reducing conditions in
intermittent kilns at a temperature more than 100 deg.C higher, but
even within the same product and process differences can be found.
The range of electricity consumption is also shown and these figures
are net. If the electrical energy is recalculated to the basis of
heat in fuel at the power station they need to be muJtiplied by a
factor of approximately 4 to allow for the efficiency of generation.
On transposing to thermal equivalents a factor of 0.143Th/kWh has
been used.
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In Table 3 the same data are considered from the point of
view of the raw material, account having been taken of inherent and
added carbonaceous content. The importance of carbonaceous material,
occurring in unique and readily available dispersed form in the Lower
Oxford Clay, and, less helpfully, often as discrete pieces of coal,
in the Carboniferous, i~ clearly seen. It is particularly interesting
to note that a much lower percentage of ~his latter fuel form can be
tolerated in facing and engineering bricks than is possible in black
hearted commons.

Some explanation should be given for the term "stock bricks".
These are characterised by the high proportion of low grade fuel, coke
breeze, coal slurry, to\m refuse etc. added to the bricks to give a
distinctive appearance when fired in either continuous kilns or clamps.
"London Stocks" also have a high proportion of chalk added in the form
of a~slu:rry. Stoeks are made by the soft mud or hand-made process.
Heat must be applied to a clamp to raise the temperature of the bricks
sufficiently for the contained fuel to ignite. Traditionally this
was accomplished by layers of large coke in the base, but of the 13
clamps in the 1974 survey, 2 are fired by oil and 5 by gas.

3. ENERGY AUDITS

The data given in these tables are useful and may seem
extensive, but a much more intensive survey has been carried out by
BCRA on behalf of the British Government on three building brick and
four refractory works. These "energy a·.ldits" are carried out
according to conventions agreed by the International Federation of
Institutes of Advanced Study, and in essence require the calculation
of all the energy which has gone into the product, including the raw
materials, the energy cost of the metals in the machinery, even the
energy cost of the bricks and mortar in the factory buildings!
Strictly, the calculation of energy requirements should be taken right
back to the point at which all the resources are in their natural
state, but in this case information was only required back to the
origin in U.K.

The results in Figures 1 and 2 show the importance of the
energy content of the raw materials in the manufacture of some
refractories and the over-riding importance of the firing process
in building bricks. The Figures also show the primary fuel
consumption expressed as a percentage of the total energy require
ment. The primary fuel consumption includes the purchased
electrical energy after allowing for the efficiency of generation
(23.85%) and all other purchased fuels after correcting for the
efficiency of the energy industries viz:-

North Sea Gas 90%

Oil

Coal

88.21%

96%
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The electrical energy (again after allowing for the
efficiency of generation) is expressed as a percentage of the
gross energy requirement (GER) of the product.

4. ECONOMY IN PRODUCTION

The detailed breakdown of the data in energy audits
enables management to minimise their energy costs at the various
points of the process in exactly the same way as a breakdown of
process costs enables money to be saved. At the more practical
level the Department of Industry in U.K. has commissioned "Thrift"
schemes in which consultants spend one day visiting a plant and
making on the spot recommendations for economy. No measurements
are taken, but it is surprising how many companies are wasting
energy in ways which can be detected simply by inspection.
Typically, the areas concerned are lighting, space heating, poorly
insulated ducts and inefficiently operated boilers and compressors.
In all 107. saving of energy is not unusual~

Less obvious energy wastage is detected only by more
sophisticated and lengthy attention. BCRA provide a monitoring
service for some of their member companies, by which regular visits
are made to works and recommendations for improved operation made
as a result of both observation and measurement. On subsequent
visits the recommendations are checked to ensure that they have
been implemented and the gain has been achieved. At one works,
slight chauges in the operation of an apparently efficient tunnel
kiln and dryer resulted in a reduction of fuel consumption of over
10% and this has been maintained. Nevertheless, even on this works
where monthly visits are made, the same failures to maintain plant,
especially sand seals, are seen from time to time, and this emphasises
that fuel economy is a management, not strictly a technical, problem.

One of the legacies of cheap fuel is that most works have
inadequate instrumentation to monitor its use. Thus multiple kiln
plants rarely have individual fuel meters on each kiln and it is
instructive to see how much attention has been paid to this recently
in U.S.A. Similarly, insulation is frequently neglected or
inadequate, particularly on hot air ducts transferring waste heat from
kilns to dryers. Without individual meters and instrumentation the
effect of changes in firing methods cannot be measured and the value
of the change in terms of overall cost determined. Sad to say, when
new, and often patented, developments in burners or per.haps automatic
re-circulation and fan control are carefully examined it is not
infrequent to find that the claims are not borne out by objective
data, and without such data, of course, the manager who ordered the
new development is subjectively very prOTIC to consider it a SUCCp.ss .
and say so loudly~
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In any drying and firing operation some thermal losses are
inevitable, but changes in the method of firing and type.6f kiln
may enable quite startling improvements to be made. When clay
sewer pipes were coal-fired in intermittent kilns and salt-glazed,
as recently as 1961 they required 138Th/t for firing alone. When
the change was made to unglazed pipes fired by oil or gas in tunnel
kilns fuel consumption was reduced to less than 40Th/t for the
process as a whole. This is higher than building bricks because
of the typically higher firing temperatures and lower setting
densities for pipes.

Similarly the choice of fuel itself is important. Oil
and gas are "convenience fuels". Any change in fuel requires that
the operation of the kiln should be reconsidered and this is to be
expected to give improved thermal efficiency. In addition~

however, greater control can be achieved with oil, and even more
with gas, and more sophisticated automatic control systems may be
used. Certainly the capital costs of the changeover would not
have been accepted but for the lower labour charges and generally
better quality ware leading to lower overall costs.

Increased outputs of up to one-third have been obtained at
some works because gas enables stable flames to be achieved i~ the
preheat section of the kiln at lower temperatures than is possible
with coal or oil and this clearly has a big effect on profitability.
Fuel consumptions are sometimes up to 10% higher and sometimes lower
on changing to gas from solid or liquid fuel. Interestingly enough~

General Shale Products Corporation in Tennessee report that changing
their side-fired tunnel kilns from gas to powdered coal has resulted
in a general reduction in fuel consumption.

This change, however, is very recent and the move away from
solid fuel in Great Britain at least is shown in Figure 3. In
Figure 4 the steady decline in total fuel consumption is directly
related to the reduction in -the number of intermittent kilns,
especially coal-fired ones. In fact it is only the building brick
industry in which coal has a major share of the total fuel used
(43% in 1973), and this is because of the large number of Hoffmann
and transverse arch kilns in use.

Clearly then all possible steps must be taken to minimise
fuel consumption. The maximum use should be made of "waste" heal
and BCRA are currently measuring the effect of thermal wheels
installed to extract heat from exhaust gases, and also the direct
use of exhaust gases for drying without affecting the colour of
the goods by scumming.
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5. SINGLE LEAF MASONRY

Besides fuel economy on the works forms of construction
which provide a good thermal environment are to be encouraged,
so that heating and cooling requirements are minimized.

In the United Kingdom the cavity wall is well established
as the traditional method of meeting the requirements of external
walling in dwellings. Originally in U.K. walls were solid brick
work, and in Scotland they still are - usually 215mm thick and rendered
on the outside to resist rain. The possibility of replacing cavity
construction by a superior form of wall using through the wall
(T.T.W.) units is well known and various aspects have been discussed
by Butterworth et al. l leading up to the concept of the V-brick. This
was unfortunately not economically successful and any marketable_ form
will have to use the superior properties of the product rather than
rely.upon thickness.

The simplest form of T.T.W. unit is the 'SCR brick' developed
by the Structural Clay Products Research Foundation in Illinois2 •
This was approximately 292 x 140 x 56 mrn laid with 12 mID joints \Yith
the interior finish attached to furring on galvanized clips. T.T.W.
units have been produced in Canada and a number of fine blocks of
apartments can be seen constructed in this manner with insulation on
the inside.

This single lead masonry is not a new concept, but there are
certain new elements in the BCRA programme:-

(i) It is intended to be a coherent method of building
but based on a design manual which clearly states
the rules on which it is based.

(ii) It uses the minimum thickness of brickwork required
to guarantee the structural performance with a
rudimentary cavity combined with proper d.p.c.
details.

(iii) When complete it will be a tested method in which
by means of both laboratory and site tests the
performance is known and the consequences of
modification in plan form or details ca.C be
assessed.

(iv) It is intended to be a brick method of construction,
using the aesthetic excellence of facing bricks as
well as their structural competence.

The concept optimises the use of clay products and completely
eliminates concrete blocks from the periphery walls while permitting
the maximum flexibility in providing enhanced thermal insulation at
any desired level by the mere alteration of the thickness of the
insulation m~terial. In the st2ndard fnrm the wall is thus 102.5 mm
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of facing brick, 50mm of Styrofoam insulation and 12lmm of plaster
board and finish. It gives a U value of 0.5 W/m2/oC well within
the present Building Regulations and better than the likely future
modification to 0.6 W/m2/ oC. In fact it is the aspect of
resistance to rain penetration that most people find immediately
suspect in SLM and this was one compelling reason for building a
real structure for occupation to demonstrate this and to enable
measurements of thermal comfort and lack of condensation to be
made. Before this, however, extensive laboratory testing had been
carried out using the B.S. rain penetration apparatus which subjects
the wall to a 64 mph gale of wind while saturating it from the top
with 1 gal. of water every half an hour - a total rainfall of 2!
inches every 24 hours or 17~ inches over the 7 days of the test.

In brief single leaf walls with the inner face lined with
dab-fixed boards of Styrofoam remained impermeable to water even
after periods of testing of up to 14 days. Wall/floor, wall/wall and
window/wall junctions have been successfully tested and specific
designs for these details have been formulated. Similarly the effect
of weepholes at ground and first floor level and the effect of fixing
devices penetrating the brick leaf hav~ all been tested and found
satisfactory. Finally the single storey extension at Alsager has
been tested insitu and the details proved successful.

In the single storey extension, apart from a small section
of wall built as a thermal comparison in standard cavity construction
with Thermalite block inner leaf, all external walls were constructed
in 102.5 mm SLM using a 14 hole perforat~d wirecut-facing brick.
While calculations were provided for one wall there was no structural
problem which could not be solved by existing design rules.

During construction thermocouples were inserted into the
walls at various positions around the perimeter to measure the
internal and external air and surface temperature and the temperature
of the-internal surface of the brickwork. Additional measurements
of the effect of direct heat from the sun are made. All the data
is recorded' automatically at appropriate regular intervals on a data
logger and processed by computer.

A demountable partition enables the test structure to be
isolated from the main dwelling. Good agreement has been obtained
between the calculated and actual heat requirements during winter.
The application of thermal insulant on the inside surface of a
single leaf of brickwork means that SLM behaves as a thermally light
structure. It is generally believed that such structures are more
economical to heat intermittently in winter but are more prone to
summer overheating. Mathematical modelling assuming typical U.K.
weather conditions has confirmed this 3• Comparative analyses made
on SLM structures with the thermal insulant applied either on the
inside (lightweight) or on the outside (heavy weight) have indicated
that heating requirements in the light weight house would be about
10% less in January if daytime heating only was used. Temperatures
in excess of 25°C could occur during periods of high solar gain in
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Summer in both types of structure, this effect being worse in the
lightweight house. Under U.K. conditions this overheating problem
can be largely overcome by increasing ventilation rates. In
situations where air-conditioning was being used, the lightweight
structure would make greater demands on the plant.

Practical tests have shown that under the rapid conditions
of heating typical of switching on central heating in the evening
there is little chance of condensation on the internal surface of
the SLM wall, and under steady state conditions there is none.
Similarly only under extreme conditions could condensation occur
within the wall structure and then only at the brickwork/Styrofoam
junction so that very little effect would be noted. Tests on an
internal/external wall junction have indicated very little cold
bridge effect in terms of surface condensation.

No special difficulties were found in fixing tbe radiators
etc. in the single storey building, but loading tests have been
carried out in the laboratory on Styrofoam/plasterboard assemlies with
shelves and cupboards fixed in different ways. Various adhesives
have been tested and with the best of these failure occurred at the
umbrella type fixing rather than at the Styrofoam/plasterboard
junction. A new type of fixing was developed but has now been
superseded by a Fischer fixing which has been tested to sustain
loads in excess of 300 kg. when supported at 4 points.

6. CONCLUSIONS

The most important aspect of economy in energy usage is:
still good management. Managers need to check regularly that the
measures they have adopted are the most efficient, and periodic
visits by outsiders seem to be worthwhile in bringing to attention
obvious areas of economy that tend to be overlooked. Proper
metering of fuel and instrumentation of plant is essential, as is
the accurate recording of data and the use of that data for control
and as an input to future decision making on company fuel policy.

It may be necessary to revert to coal eventually with all
the problems both in the works and in the wider environment that
that entails: At least let that day be postponed for as long as
possible by the sensible and effective use of the convenience fuels
still available and by the construction of dwellings that minimize
the need for space heating and air conditioning.
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EXPERIMENTAL AND THEORETICAL STUDY OF ENERGY CONSUMPTION
IN BUILDINGS

By Dr. Jay L. McGrew,l George P. Yeagle,2
and David P. McGrew3

ABSTRACT: Heat transfer experiments were conducted over the period
March 28, 1978 through March 31, 1978 in the Chehalem Elementary
School in Portland, Oregon. Heat flows, temperatures, sun flux, and
wind speed were measured. The data was analyzed and monthly and
yearly energy use projections were made.

Projections show that the addition of an additional pane of glass
to the windows reduces heat flow through the windows and appears to be
cost effective, but the actual projected yearly savings is only approx
imately $200.00 per year at todays fuel costs.

The addition of insulation to the uninsulated brick walls will re
duce heat flow through the walls over the year and results in a pro
jected annual cost savings between $400.00 and $775.00 per year at
current fuel costs. The cost of such additional insulation is esti
mated to be $20,500.00 for the 11,752 square feet of wall. The annual
rate of return on the investment is between 2.0% and 3.8%. The invest
ment in insulation is thus not justified with current or any foreseeable
future fuel costs.

Certain problems in the heating/air conditioning system were dis
covered. These problems will be corrected in a future project, and a
significant savings in energy use and costs should be achieved.

lpresident, Applied Science and Engineering, Morrison, Colorado

2Research Scientist, Applied Science and Engineering, Morrison,
Colorado

3Research Scientist, Applied Science and Engineering, Morrison,
Colorado



103-2

EXPERIMENTAL AND THEORET ICAL STUDY
OF ENERGY CONSUMPTION IN BUILDINGS

By Dr. Jay L. McGrew,l George P. Yeagle,2
and David P. McGrew3

1. INTRODUCTION

The Beaverton School District accomplished a study of energy use
in their 28 elementary schools, 6 intermediate schools, 3 high schools,
and 3 support buildings for the period from July, 1976 through June,
1977. They found that energy use varied greatly between the various
buildings and no clear reason for the variations could be established.
One school, for example, used over three times the energy consumed in
another school of similiar size. It was decided to accomplish a de
tailed experimental study in one of the schools to determine the rea
sons for high energy consumption. Chehalem Elementary School was
selected for the detailed experimental study since it was one of the
highest consumers of both natural gas and electricity.

The objective of this phase of the study was to determine the
yearly heat flow through the walls, ceiling, and windows, to identify
major energy use problems in the school, and to determine the cost
effectiveness of additional insulation and double glaze window treat
ments.

In this report we discuss the experimental apparatus and techni
ques used and present the results obtained in the tests, and also
present analytical projections of the results to show monthly and
yearly energy uses. We also present computed data on heat flow
through north, south, east, and west facing windows using the ASE
Window Computer Program. It should be noted that the window data
presented is strictly computed and is not, based upon actual measure
ments in the Chehalem School. The window computer program was devel
oped by ASE in previous research and has been correlated with experi
mental data. The computer model considers Sun positions and atmos
pheric absorption at each compute time (each hour), diffuse radiation
due to earth and atmosphere, cloud cover, air temperature, and witd
speed based on actual weather data in the Portland, Oregon area. The
computer model calculates sun flux into the room through the window,
and heat flow through the window due to long wave length radiation
and convection mechanisms at each one hour time step. The daily total
gain or loss through the window is computed and summed for each month.

lpresident, Applied Science and Engineering, Morrison, Colorado

2Research Scientist, Applied Science and Engineering, Morrison,
Colorado

3Research Scientist, Applied Science and Engineering, Morrison,
Colorado
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Finally the total heat flow through the window is computed for the so
called f'Winter ll period. "Winter'f is defined as that portion of the
year during which significant space heating is used in the school.

Heat loss due to intentional air make-ups and unintentional in
filtration was not measured in this study even though it is recognized
that this is a major heat loss mechanism in the school.

With the data obtained we can compute the yearly cost due to heat
flow through opaque walls, windows, and ceilings, and can then accur
ately estimate the potential annual energy and fuel cost savings by
use of additional insulation and double panes.

II. EXPERIMENTAL TECHNIQUES AND APPARATUS

One section of the school was instrumented to determine heat flow
through each of the four walls, heat flow through the ceiling, temper
atures on the inside and outside surface of each wall, and ceiling and
"atticll temperatures. In addition, inside and outside air temperatures
were measured, as were Sun flux and wind speed. The lights were in
strumented to determine on and off periods, and the heating and air
conditioning system was monitored to determine operating times.

Iron-constantan thermocouples were used to measure all tempera
tures. A pyranometer and precision cup anemometer were used for solar
flux and wind speed respectively. Heat flows were measured by the use
of heat meter calorimeters.

All data was recorded using a prec1s10n digital data logger with
recording accuracies of 1 micro-volt on millivolt channels, and O.loF
on temperature channels. Overall accuracy of the temperature measure
ments is approximately ±0.5 0 F while relative accuracies between any
set of temperature channels is ±O.loF. The calorimeters are cali
brated and overall recorded accuracy is ±0.25BTU

2
ft. hr.

It is noted that the instrumentation errors in the calorimeters is
much smaller than the heat flow variations from point to point on the
ceiling or a wall, and is also much smaller than the reproductibility
of thermal conditions. The anemometer has a threshold wind speed of
approximately 1/10 mph, and an accuracy of ±.17 mph.

Wall heat flows and temperatures were measured at approximately
the vertical mid point since this location would tend to yield
average values which would then project to more realistic monthly
and yearly heat flow values.
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The list of instrumentation points is given below:

RECORDER
CHANNEL iff

60

61

62

63

64

65

66

67

68

69

71

72

73

80

81

82

83

84

90

91

MEASUREMENT

outside air temperature

inside air temperature

attic air temperature

ceiling temperature

outside surface temperature north wall

inside surface temperature north wall

outside surface temperature south wall

inside surface temperature south wall

outside surface temperature east wall

inside surface temperature east wall

inside surface temperature west wall

lights on/off

heating/air conditioner on/off

north wall heat flow

south wall heat flow

east wall heat flow

west wall heat flow

ceiling heat flow

solar flux

wind speed

III. BUILDING DESCRIPTION

The Chehalem Elementary School is located at l5555.SW Davis Road
in Beaverton, Oregon which is a suburb of Portland. It is located on
a 10 acre site and consists of 42,500 square feet on one level with
18 classrooms. The capacity of the school is 432 pupils.

The walls are uninsulated 8" through wall SCR treated brick of
a light buff (tan) color. Total brick in the exterior walls is
11,700 square feet. The roof is 2 inch decking with rigid insulation
and fire retardant gravel. The ceiling is "drop" construction with
32" space between roof and ceiling.

All windows are single glaze with opening sash in most areas.
The total window area is 2,050 square feet.
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One of the unusual features of the building is the use of a six
foot eve overhang on all building faces except the gymnasium.

The building is heated and air conditioned with 6 roof mounted
combination units. Heating is gas fired with multizone control in
each unit. The total building light load during normal school hours
is 74.6 KW fluorescent.

The floor plan for the school is shown in the accompanying dia
grams. The northern segment of the building was used in the experi
ments and is shown in the accompanying photo.

This segment contains 6 classrooms and the library and is identi
cal in construction and layout to the southern classrooms area but is
only half the floor area. The north, east, and west walls are brick,
but the west wall, adjacent to the covered play area is insulated
frame with wood exterior covering. Wall heat flow and temperature
sensors were placed on the walls in C-14, C-17, and on the west wall
adjacent to the library. The photo of this north building segment
was taken at approximately 7:00 a.m. on April 11, 1978, and shows the
6' eve overhang. The south facing wall receives no direct sunlight
during the day at this time of year due to the overhang.

NORTH BUILDING SEGMENT
VIEW FROM SOUTH-EAST
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IV. EXPERIMENTAL RESULTS

The energy use experiments were conducted in the Chehalem Elemen
tary School building over the period March 28) 1978 through March 31,
1978. Measured wall and ceiling heat flow rates, lights, solar flux,
wind speed, and selected temperatures are shown on the accompanying
sheets. Much of the temperature data obtained is not plotted in
order to improve the clarity of the more significant data. As a
reference, heat loss is computed using the 'R' value method and actual
measured inside and outside temperatures for 3/28 and 3/29. The
daily heat loss computed by the 'R' value method is approximately
100% higher than the actual daily measured heat flow.

V. ANALYSES OF RESULTS

The data obtained in the previously discussed experiments has
been analyzed to determine actual "in-situ" effective conductance and
heat flow through the walls of the building. Fortunately, the north
section of the school had three uninsulated brick walls and one in
sulated frame wall so a direct comparison of relative heat flow can
be made.

1. Wall Heat Flow

The data obtained on March 29, 1978 is used for projection pur
poses since the overcast conditions, outside air temperatures, and
wind closely approximate the long time average winter conditions in
Portland. While not essential to our projection technique such close
comparison between test and average winter conditioning is obviously
desirable. The average outside temperature on March 29, 1978 was
52.20 F, while the long term October to May average Portland tempera
ture is 46.7°F. It should be noted that our recorded outside tempera
ture is measured near the outside building wall and thus tends to be
from 20 to 60 warmer than the air as measured by a weather station.
The integrated daily flux as measured by the pyranometer is 760 BTU/ft. 2
on the overcast March 29, 1978 test day. Over the heating period from
October through May, more sun warming effect on the east and south
walls would occur in an average year than is computed by projecting
the March 29, 1978 test day sun effect, thus actual yearly heat flow
through the south and east walls would be somewhat less than projected
here. Unfortunately, our projection technique, which is based upon
measuring the effective daily heat flow and projecting monthly and
yearly flow with only outside average monthly temperatures are not
capable of considering varying sun and wind effect. But since the
sun flux and wind were representative of long term average winter
conditions, the projected monthly and yearly heat flow values shown
below are felt to be very representative of the actual values, though
slight ly high.
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CHEHALEM SCHOOL

WALLS
MONTHLY HEAT FLOW* - BTU/MONTH

SOUTH EAST WEST NORTH
& WEST ALL

(BRICK) (BRICK) (FRAME) (BRICK) WALLS
MONTH 2 4,670 FT. 2 734 FT. 2 2 11,752 FT. 23,250 FT. 3,100 FT.

OCT. 5.94 6.76 .35 4.13 17.18

NOV. 18.48 21.03 1.08 12.84 53.43

DEC. 22.23 25.30 1.29 15.44 64.26

JAN. 24.41 27.78 1.42 16.96 70.57

FEB. 18.60 21.17 1.08 12.94 53.79

MAR. 18.28 20.80 1.06 12.71 52.85

APR. 14.12 16.07 .82 9.81 40.82

MAY 9.96 11.33 .58 6.91 28.78

TOTAL
YEARLY 132.0 150.0 7.09 91.0 381.0

AVERAGE
BTU/FT. 2 40,615 32,120 9,659 29,354

of~ ALL HEAT FLOWS ARE MILLIONS OF BTU'S

As can be seen the projected yearly average heat flow through the
south wall is considerably larger than the heat flow through the east/
west and north brick walls. This effect is due to the fact that the
south classrooms are consistently used since they tend to be brighter
and more cheery, and the students have a very significant heating
effect. The south classroom tended to run in excess of 76°F during
the day and also hotter at night than the other classrooms. The
south classrooms are located i~~ediately adjacent to the roof mounted
furnace while the north classrooms have approximately 100 feet of air
duct leading from the furnace. The furnace system has certain pro
blems which are not delved into in this report, but which are the sub
ject of future studies. The furnace system's problems result in the
building undergoing heating at approximately 2:00 a.m. independent of
the night set back time clock. This night-time heating problem re
sults in a higher heat flow from the walls than would occur if the
overheating did not persist.

With the data obtained for brick and insulated walls we can now
directly project a potential energy and dollar savings by use of insu
lation as opposed to uninsulated brick in the exterior walls of the
Chehalem School.
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34,030 BTU

ft.~ Year

= 9,659 BTU
2

ft.- Year

= 24,371 BTU
2

ft.- Year

Yearly heat flow difference

Savings with insulation:
Yearly average heat flow (all brick walls)

Yearly average heat flow (insulated frame)

At a current gas cost of 27¢ per therm (100,000 BTU) the maxi
mum possible yearly savings by insulating the brick is:

24,371
100 000 X 27¢ = 6.58¢ per square foot-year and 6.58¢ x 11,752,

$773.30 savings for the
entire building per year

The cost of insulating the brick including studs, insulation,
wall board, and paint is estimated to be $1.75 per square foot at
current costs, or $20,566 for all school walls. The return on invest
ment is 3.8%. If the price of natural gas were to double to 54¢ per
therm the return on investment would become 7.6% which would be a
break even investment at 7.6% interest rate.

It should be pointed out that the actual savings to be achieved
would be somewhat less than the projected savings because of the
various factors previously discussed which tend to overstate poten
tial savings.

In addition, we have assumed here that all heat loss through the
walls is produced by the furnace and thus is a direct cost. In actu
ality much of the measured heat flow through the walls results from
the students and teachers in the building, and overhead lights. Look
ing again at the wall heat flow data it is seen that each day the
maximum heat flow rates and inside air temperatures occur during the
occupied periods. The furnace system is off during this time since
air temperature exceeds the thermostat temperature and no heat is
called for.

A further factor to consider in properly evaluating the potential
savings due to insulating the brick walls is the fact that less than
half of the brick is actually exposed to the room, while more than
half of the brick is covered with cabinets, closets, and other items.

Considering all factors, we estimate that the actual savings to
be anticipated by use of insulation would be approximately half of
projected maximum possible savings of $773.30 at todays gas price, or
approximately $400.00 per year.

2. Window Heat Flow

The ASE window computer analysis was used to compute net heat
flow (sun in and loss out) through the Chehalem School windows. The
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analysis considers window orientation and size, eve overhang, geogra
phical location, actual outside temperature and wind, and solar flux.
As an example, computed heat flow through the south, east, west, and
north windows have been plotted for one and two panes for the 24 hour
day commencing at 12:00 midnight on January 1. Consider, for example,
the south facing case. At midnight each window (lor 2 panes) is
undergoing a heat loss. At approximately 8:00 a.m., after sun up,
net heat actually flows into the building, and continues to do so un
til about 4:00 p.m., at which time the windows again experience net
heat loss. Over the 24 hour day the single pane window experiences a
net daily loss of 136 BTU/ft. 2 , while the double pane case actually
experiences a net 78 BTU/ft. 2 gain. Heat flows are similiarly com
puted on an hourly basis for the rest of the heating season and are
plotted by month as shown. Heat flow in BTU per square foot of window
is plotted versus month for north, south, east, and west cases. The
net heat flows through east and west oriented windows are nearly iden
tical and are plotted as one curve. Over the heating period for the
school, the south window experiences a small net heat gain by the
room, while the north, east, and west windows result in heat loss.



103-20

Monthly and seasonal heat flow through all school windows and
window areas are listed below.

WINDOWS
MONTHLY HEAT FLOW* - (l00 BTU/MONTH)

SOUTH EAST AND NORTH TOTAL ALL
WEST

MONTH 414 Sq. Ft. 1,440 Sq. Ft. 192 Sq. Ft. 2,046 Sq. Ft.

OCT. +3.28 - 2.25 -1. 41 - 0.36

NOV. + .08 -13.90 -2.70 -16.52

DEC. -2.25 -21. 00 -3.39 -26.64

JAN. -2.07 -21.17 -3.46 -26.70

FEB. - .77 -16.92 -3.23 -20.92

MAR. + .66 - 9.40 -2.61 -11.35

APR. +1.01 + 1. 22 -1. 48 + .75

MAY +1.33 +12.23 + .15 +13.71

YEARLY +1. 27 -71.19 -18.13 -88.05

AVERAGE
BTU/FT2 +3,068 -49,437 -94,427

*all heat flows are millions of BTU's
+indica.tes room gains heat
-indicates room loses heat

The effect of double pane window treatment is to increase gain
through the south facing windows, and to reduce the loss through
the east, west, and north facing windows.

HEATING SEASON LOSS THROUGH ONE SQUARE FOOT OF WINDOW

NORTH EAST AND
ORIENTATION WEST

1 pane 94,427 49,400

2 panes 33,179 7,900

Season energy
Savings 61,248 BTU/FT2 41,500 BTU/FT2

@ 23¢/therm 16.5¢ 11. 2¢

All units are BTU/FT2 year.
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As can be seen, the yearly cost savings are l6.5¢/ft. 2 year and
11.2¢/ft. 2 year respectively for north and east/west windows. The
double pane window treatment is cost effective on both north and
east/west windows but unfortunately the absolute cost savings is
rather small as follows:

YEARLY COST SAVINGS DUE TO DOUBLE PANE

ORIENTATION

NORTH

EAST/WEST

SAVINGS
PER FT. 2 YEAR

l6.5¢

l1.2¢

WINDOW
AREA

192 sq. ft.

1,440 sq. ft.

YEARLY
COST SAVINGS

31.68

161.28

TOTAL YEARLY SAVINGS $192.96

A few additional cases were run to examine the effect of remov
ing the overhang. The effect of the 6' overhang is drastic on the
south, east, and west windows, and as might be anticipated is much
less significant on the north windows. Without the overhang the
single pane south window has a net heat gain on the first of January
and a substantial heat gain over the year. The east and west windows
lose heat on January 1, but about break even over the heating season,
and the north window still loses heat each month and over the winter.

3. Ceiling Heat Flow

The space between the drop ceiling and the insulated roofing
(attic) consistently ran at high temperatures. When the lights are
on the "attic" ran in excess of 85 0 F and heat flowed into the room
area below. At night the lIattic" also ran warm due to the furnace
system problems mentioned earlier. As a result of these problems
the effect of roof insulation cannot be evaluated adequately at this
point since a slight net heat gain by the room occurs over the day.

The effect of roof insulation can be further evaluated after the
heating system problems are corrected.

4. Total Building Energy Use

Using the data presented earlier, the fluorescent light electri
cal load, and the utility bills for a one year period, we now compute
monthly energy use. The following figure shows gas and electricity
consumed and the electrical energy used by the lights each month.
Wall and window heat flows are also plotted. As can be seen the elec
trical energy use is a good deal higher than that consumed by the
lights which are the only significant electrical energy consumers
other than the air conditioning system. The lights consume 37.2% of
the electricity consumed.

Gas consumption is extremely high as compared to heat flow through
walls, windows, and ceiling. Heat flow through the walls is 7.1% of
the total energy used, while window heat flow is 2.4% of the total
energy consumed.
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The combined furnace capacity is 22,320 therms per month which is
greatly oversized for the maximum building heat load which is conserva
tively estimated to be 2,000 therms per month under the most extreme
conditions.

VI. SUMMARY AND CONCLUS IONS

Summary - Heat transfer experiments were conducted over the
period March 28, 1978 through March 31, 1978 in the Chehalem Elemen
tary School in Portland, Oregon. Heat flows, temperatures, sun flux,
and wind speed were measured. The data was analyzed and monthly and
yearly energy use projections were made.

Projections show that the addition of an additional pane of glass
to the windows reduces heat flow through the windows and appears to be
cost effective, but the actual projected yearly savings is only approx
imately $200.00 per year at todays fuel costs.

The addition of insulation to the uninsulated brick walls will re
duce heat flow through the walls over the year and results in a pro
jected annual cost savings between $400.00 and $775.00 per year at
current fuel costs. The cost of such additional insulation is esti
mated to be $20,500.00 for the 11,752 square feet of wall. The annual
rate of return on the investment is between 2.0% and 3.8%. The invest
ment in insulation is thus not justified with current or any foreseeable
future fuel costs.

Certain problems in the heating/air conditioning system were dis
covered. These problems will be corrected in a future project, and a
significant savings in energy use and costs should be achieved.

Conclusions - The following conclusions are drawn based upon the
experimental data obtained and the results of the various theoretical
efforts.

1) A problem exists with the heating/air conditioning system.
The heating system is approximately 10 times oversized for the maxi
mum anticipated building heat load and also appears to have serious
contro~ problems.

2) Heat flow through the uninsulated brick walls can be reduced
significantly by the addition of insulation. A potential fuel cost
savings between $400.00 and $775.00 per year can be achieved by the
addition of insulation to the brick walls at todays fuel price. At
an estimated $20,500 labor and material cost (also today's prices)
the return on investment is between 2% and 3.8% yearly and is thus not
a valid expenditure.

3) Heat flow through windows can be reduced by use of double pane
glass. A reasonable return on investment is achieved by use of double
pane window treatment, but the total yearly savings of approximately
$200.00 at today's fuel costs is rather insignificant.
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EXTERNALLY INSULATED MASONRY CONSTRUCTION CASE STUDY

By William C. Dries and Lawrence A. Soltis

ABSTRACT: The paper describes a case study of an energy efficient
building constructed with a sprayed-on urethane insulation coated with
a modified cement plaster.

Materials, insulating values, cost and payback time, and archi
tectural and construction considerations are discussed.
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EXTERNALLY INSULATED MASONRY CONSTRUCTION CASE STUDY

1 2By William C. Dties and Lawrence A. Soltis

IN.TRODUCTION

Energy problems dictate new construction to be well insulated and
otherwise energy efficient. Building codes are adopting various energy
requirements; the Wisconsin Building Code requires heat loss calculations
to ensure the heat loss not to exceed 13 Btu per square foot of building
envelope (excluding infiltration and ventilation). It is difficult to
obtain this through only filling masonry voids with insulating material.
Thus additional insulation may be required on either the interior or
exterior of the wall.

This paper describes a case study of insulating a 64000 square foot
existing building and 24000 square foot addition using an externally
sprayed-on urethane insulation coated with a modified cement plaster.
Materials, specifications, insulating values, cost, payback time,
architectural considerations, and construction problems will be
discussed.

PROJECT DESCRIPTION

The existing building is a 64000 square foot one story (22'_011 high)
steel framed manufacturing building with non-insulated precast wall
panels and conventional built-up roofing with one inch rigid insulation.
The 24000 square foot addition is steel framed with eight inch concrete
block masonry walls and built-up roof.

Both existing building and new addition were coated with a two
inch thick sprayed on urethane insulation and a modified cement plaster.
Roof insulation for the new addition is two inch rigid.

The walls for the new addition are constructed of 8 x 8 x 16
hollow concrete masonry units conforming to ASTM C-90 with truss type
wall reinforcement spaced sixteen inches on center vertically. Mortar
was type M or S conforming to ASTM C-270. Walls were laterally sup
ported at midheight and at top by the steel framing system.

The wall reinforcement had width to match ten inch wall thickness
so as to project 1 3/4 in~hes on the exterior side of the wall to anchor
the sprayed-on insulation. Mechanical fasteners (metal drive pins)
spaced two foot on center vertically and horizontally were installed
on the existing wall panels for insulation anchorage.

Ipresident, Dries, Jacques Associates, Inc., ~liddleton, Wisconsin

2Associate Professor, Department of Engineering, University of
Wisconsin-Extension, Madison, Wisconsin
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The existing precast wall was primed prior to spraying operations;
the masonry wall was not primed. A two inch thick urethane foam insu
lation with in-place density of two pounds per cubic foot was sprayed
on with a tolerance range of minus zero to plus one half inch. A 3 x 5
foot test panel was specified to establish the required texture and
surface.

A proprietary modified white cement plaster finish coat three
eights inch thick was sprayed on the insulation.

Masonry wall expansion joints were required by Code at thirty to
forty foot intervals. Corresponding metal joints in the cement finish
were specified. With externally applied insulation, the value of the
expansion joints and spacing is questionable; however, no code variance
was requested.

The insulation and cement finish cost about two dollars per square
foot. The payback period, dependent on future utility cost assumptions,
varies from four to eight years.

INSULATION AND MOISTURE PROTECTION

Thermal resistance (R) and transmittance CU) factors are shown in
table I for insulated and non-insulated existing precast concrete walls
and for concrete masonry walls.

TABLE 1 THERMAL RESISTANCE AND TRANSMITTANCE

Existing Precast Walls
Before Insulation

Insulated Existing
Precast Wall

0.17
0.10

12.5
0.66
0.68

14.11
0.071

Resistance

R ==
U ==

Component

Outside Film
Cement Finish
2 inch Urethane
6 inch Precast
Inside Film

Resistance

0.17
0.66
0.68

R = 1.51
U = 0.66

Component

Outside Film
6' inch Precast
Inside Film

Non-Insulated Masonry Walls Insulated Masonry Walls

Component

Outside Film
8 inch Concrete

Block
Inside Film

Resistance

0.17
1.04

0.68

R 1.89
U == 0.53

Component

Outside Film
Cement Finish
2 inch Urethane
8 inch Concrete

Block
Inside Film

R
U

Resistance

b~17

0.10
12.50
1.04

0.68

14.49
0.069



104-4

As shown the U-factor is reduced from 0.66 for the existing precast
wall and 0.53 for the concrete masonry wall to 0.071 and 0.069
respectively.

Condensation control is no problem. The insulation does not
allow·the inside surface to be cooled below its dew point. The urethane
is essentially a vapor barrier, thus no condensation occurs within the
insulation.

ARCHITECTURAL AND CONSTRUCTION CONSIDERATIONS

Several problems regarding the architectural finish occurred during
construction. The cement plaster finish is too thin to transmit move-
ment to joints thirty to forty feet apart. Thus random
cracking due to shrinkage/temperature effects occurs. Joints should
either be more closely spaced or eliminated and the random cracks
accepted.

The urethane and cement plaster finish were applied in accordance
with manufacturers recommendations. It is difficult to achieve a
completely smooth surface when spraying on the urethane. This uneven
ness is noticeable and cannot be corrected by varying the thickness of
the cement plaster finish. This unev~ssis not noticeable on a three
by five foot test panel. Larger test panels would be desirable so that
all parties can agree on the quality required of the finished wall.

Horizontal line discolorations sixteen inch on center corresponding
to the extension of the wall reinforcement are noticeable.

Other areas of discoloration also occurred but their cause could not
be ascertained. Possibilities include application of the cement plaster
finish below 40

0
(F) producing improper curing; faulty materials; or

improper mixing and application.

SUMMARY

An energy efficient building can be economically constructed by
applying an external shell of urethane insulation and cement plaster
finish to a concrete masonry building. Although some esthetic tradeoff
is required, this is considered a good solution, particularly for
industrial buildings, to our energy dilemma in building construction.
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THE LOW-ENERGY FULL-BRICK HOUSE

by Cumming, S., and McNeilly, T.

ABSTRACT: The thermal performance of a test house, designed with due
regard to thermal principles, is examined using a computer simulation
technique based on real Melbourne climatic data. The performances of the
house, when constructed with different walland floor types, are simulat
ed for both summer and winter seasons and the total energy requirements
and temperature levels are compared. The benefit of massive construction
is shown and the inadequacy is highlighted of an approach to the thermal
performance of construction that is based on consideration of U-values
alone.



105-2

THE LOW-ENERGY FULL-BRICK HOUSE

By Susan Cumming l and Tom McNeilly2

INTRODUCTION

This paper examines some aspects of the thermal performance of
various typical Australian forms of construction used for the building
of dwellings. Emphasis is placed on the comparative thermal performan
ces of different brick and timber wall types.

A computer simulation technique is employed. It is based on actual
climatic data for a typical Melbourne year and comparisons between
constructions are made on the basis of the performances of a test house
of these constructions over the entire year. Each such comparison is
made in one of the following ways, depending on which is relevant to
the situation:

(1) by comparing the "comfort" levels achieved in the two houses when
no heating or cooling is employed;

(ii) by comparing the energy and plant requirements needed to achieve
comfort conditions; or,

(iii) by comparing the energy and plant requirements of the house in one
construction with those needed to achieve the same level of comfort
as prevails in the unconditioned house of the other construction.

TESTS AND FINDINGS

A. THE BDRI TEST HOUSE.

For the purpose of the tests a simple, conventional, rectangular
model house was designed with its long axis running east to west. The
house was divided into two zones and the adopted zone names are used
throughout the paper; they are:

(i) Living Zone. The living zone includes the living-room, kitchen
and family-room, all of which were grouped to face north (the
sunny aspect in Australia). Glazing of the north wall is 50%
of "the total wall area and it was provided with a controlled sun
shading device. This sunshade takes the form of a timber pergola
with a deciduous vine with sufficiently dense foliage, e.g.
c~ines~ gooseberry, to provide shade to the glass in summer, but
glve Ilttle obstruction to incident solar radiation in the winter.

lTutor in Architecture, University of Newcastle, N.S.W., Australia.
2Director, Brick Development Research Institute, Melbourne,Victoria,

Australia.
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(ii) Sleeping Zone. The sleeping zone includes the three bedrooms,
plus entry, passage, laundry, bathroom and WC.

The test house is illustrated in Fig. 1.

The various construction methods for the house were as follows:

Floor

Roof

Ceiling

External Walls

Internal Walls

concrete slab-on-ground or suspended timber (carpeted
except for kitchen and bathroom).

terra-cotta tiles with or without reflective foil
sarking.

12 rom plasterboard with or without 50 rom bulk
insulation.

specified for each test case.

12 rom plasterboard on studs for brick-veneer or
weatherboard;
unplasteredwalls of approximate brick type for
full-brick construction.

The basic wall constructions used in the tests (namely brick-cavity,
brick-veneer and weatherboard) are detailed in Table I below.

., ,
INbUJ,..ATEl? WN.J-6 'u'UNfN=-U~TEI? WAI-J-:;' U

~ ~ 110 .a.><t'I"Uded bric.k ~ICK ~"i'~1<0 ""'"'""'" bra~ICK so.611 r£.p3Ce ;':';, 70 u ....e<'l fcr'Wl21ldehte. ·38CAVITY 110eXTo'tAded Ior-ick 1'cP'7 CAVITY :f,:: 110 e",rn-<01 eel loric.
'~:::'

~l
~ 110extruded Iorick ~ ~I<1' _r~ded ",fd<

l!5jZ.JCK
. SO.,lIr:;pae-e
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l3OA~ 12. f'1~el"boad ""fleclive fu,l

1;1. pl:astxz,t'looard

TABLE I BASIC TEST WALL CONSTRUCTIONS & CORRESPONDING U-VALUES

U-values and other necessary thermal properties of brick building
elements were calculated using the computer program "Heatran",
developed by A.B. Coldicutt, with properties of bricks obtained
from Handisyde et al(4). Properties of all other building elements
were taken from Coldicutt(3).

For comparative purposes the three insulated walls were especially
devised so that they would all have the same U-values. In order to
achieve this value in the brick-veneer house it was assumed that normal
Australian building practise was improved to give a still air-space in
the cavity between the timber frame and the brick skin. It is therefore
a better insulated wall than is normally provided.
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B. THE SIMULATION METHODS.

The analysis technique involved use of the Tempal computer package
developed by Coldicutt l2 ) which gives predictions of the internal envir
onment of the test building. Heat transfer through building elements
is predicted by the advancing mean technique (developed by A.B. Cold
icutt). This method has the following advantages over other modelling
methods:

i) it permits modelling of changes in air film and air space resist
ances and in infiltration and ventilation rates and it allows for
the effect of the use of variable internal and external sun
controls, such as blinds and the like; and,

ii) it takes account of changes in shading throughout the year.

Runs of the program were made for 14-day periods, series of such
periods or for a full year. When a full year run was made the year was,
for convenience in assessment, divided into two distinct periods:

(i) a 5 month "summer" period from November to March with the option
of providing or not providing cooling; and,

(ii) a 7 month "winter" (Le. heating) period from April to October.

The user of the package specifies the test building and construction,
the dates and city to which the climatic data is applicable, the vent
ilation conditions prevailing, the provisions for sun control and
finally the heating or cooling requirements for the two separate zones,
if any.

The output is given separately for the two zones of the house and
those parts of it that are relevant to the present study are as follows.
For unconditioned cases it is in the form of the hourly frequency of
occurrence of specified ranges of interval environmental temperatures,*
the frequency of these within specified hours and the number of days and
hours when temperatures were above and below specified limits. In addit
ion, when heating and cooling is specified, output is in the form of
energy consumed (daily, fortnight periods and cumulative totals) and the
hourly frequency of occurrence of loads required to maintain specified
comfort conditions.

c. TESTS PERFORMED.

All tests employed recorded climatic data for Melbourne (lat.37°
49'S) for the year 1968 which was selected as a "typical" year. Average
climatic data for Melbourne is given in Table 2.

* The internal environmental temperature is an effective air temperature,
which expresses the combined effects of air temperature in a space and
radiation from surfaces.
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TABLE 2. MEANS OF CLIMATIC ELEMENTS: MELBOURNE

Sprincr Summer Autumn Winter
Meteorological Elements Sept-Nov Dec-Feb March-May June-Aug

Atmospheric pressure
(millibars) 1014.8 1013.2 1018.3 1018.7

Daily maximum
0temperature ( C)

Mean 19.5 25.5 20.5 14.3
86 Percentile 25.1 33.7 25.3 16.7
14 Percentile 15.1 19.5 16.4 11.9

Daily minimum
0temperature ( C)

Mean 9.8 14.5 11.1 7.0
86 Percentile 12.7 17.5 14.3 9.5
14 Percentile 6.8 11.5 8.0 3.7

Relative humidity 9 a.m.
(Saturation = 100) 64 61 72 81

Global radiation
(M.J/m2

• day) 18.1 23.0 12.3 10.4

Daily amount of cloudin-
ess (scale 0 to 8) 4.8 4.2 4.7 5.1

Daily hours of sunshine 6.0 8.0 5.2 3.9

Notes to Table 2.

1) Daily maximum and ~n1mum temperatures calculated from Table 086071,
Climatic Averages Australia, Metric Edition. Department of Science
and Consumer Affairs, Bureau of Meteorology. Aust. Govt. Publishing
Service, Canberra, 1975.

2) Global radiation figures from Met. Bureau maps of average monthly
global radiation.

3) All other figures from Victorian Year Book 1973. Commonwealth
Bureau of Census and Statistics, p. 767.

A series of preliminary 14-day runs was first performed involving
changes in various parameters. The results of these runs showed certain
trends, some of which were further investigated in a second set of runs,
over an entire year.

The details of these tests and of their outcomes will next be
described.
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i) l4-day preliminary Runs

Various constructions were tested for three l4-day periods, of which
one was a severe summer perioQ, the second a severe winter, and the third
a sunny winter fortnight.

Results of the summer run, in which no air-conditioning was used,
indicated that significantly lower temperatures are maintained in the
house of heavyweight construction (brick cavity) than in those of light
weight construction (brick-veneer or weatherboard), whether or not the
latter constructions incorporated insulation. It appeared that insulat
ion had little effect on the temperatures.

When brick types were compared, little difference was found between
performances of brick cavity walls of perforated extruded or solid
pressed bricks of the same thickness (i.e. 110 rom), but somewhat higher
temperatures occurred when the brick cavity wall comprised narrower
perforated extruded bricks of 76 rom thickness. The 76 rom brick is not
in regular use in Australia and its effects were not studied beyond
this preliminary stage. Roof and ceiling insulation did not appear to
greatly affect summer temperatures, while floor type was seen to have a
real effect, with higher temperatures occurring in the timber-floor house
than the concrete-floor house. The use of an attic fan was examined
which would provide a high ventilation rate when the internal temperat
ure exceeded the external. It was found that, in the circumstances
where the occupier of the house sensibly opens and closes windows, the
installation of such a fan would result in temperatures which were only
slightly lower than would be the case without the fan.

For the severe winter period heating was employed intermittently
in both the day-time and the night-time zones. It was found that wall
insulation reduced the required heating energy and that wall and ceil
ing insulation very greatly reduced such energy. Brick construction,
using solid pressed bricks, appeared to require slightly more energy
than did that of perforated extruded bricks. Regarding wall and floor
type; the heavier-weight constructions required more heating energy
than the lightweight, presumably because a greater mass was being heated
daily, owing to the intermittent nature of the heating regime employed.
This situation regarding the relative performances of the different wall
types was reversed in the sunny winter period, with the brick cavity
requiring slightly less energy than either of the two lightweight
constructions. During this period the house was receiving substantial
solar heat through the north glazing and the brick cavity construction
was able to store much of this heat and re-radiate it later, thereby
requiring less heating energy than the brick-veneer or weatherboard
constructions which do not have nearly as great a heat storage capacity.
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The results of these test runs raised a number of questions regard
ing the relative performances of the various walls. In a typical Melb
ourne winter, would solar radiation be such that the heavyweight constr
uction would require less heating energy than the lightweight over the
entire heating season? Over a full summer period, how great would be
the difference in the frequency of occurrence of extreme temperatures
in the heavyweight and lightweight unconditioned houses and would the
provision of insulation in the walls have a significant effect on internal
temperatures? Accordingly, full year runs were made.

ii) Full Year Runs

The continuous runs were made for the year April 1968 to March 1969,
and will be described for the summer and winter periods separately.

(a) Summer Runs.

A series of summer runs was made using the basic wall types (brick
cavity, brick-veneer and weatherboard), both insulated and uninsulated
and with first timber and secondly concrete floors.

Additional relevant data:

(i) Sun control. The dense foliage of the vine on the pergola provided
shading of the north glass during the hottest periods. Further,
at internal environmental temperatures greater than 2SoC, but subject
to the condition that transmitted radiation exceeds 100 watt/m2 , the
user was assumed to draw white holland blinds.

(ii) Natural cooling. As air-conditioning was not used, the occupant was
assumed to have taken advantage of ventilation by opening windows
when internal temperatures exceeded 23

0
C, provided conditions were

favourable; i.e. external air temperatures not less than l8oC, but
less than internal and wind speeds not greater than 4 m/s. At all
other times the low ventilation rate resulting from good workmanship
and well fitted closed windows and doors was assumed.

Results of these unconditioned cases are considered in terms of the
internal environmental temperatures which occurred and the relationship
of these to the temperature intervals suggested for comfort. The part
icular comfort intervals used are those described by Williamson et aleS).
They have been determined on the basis of several relevant parameters and,
for summer in Melbourne, range from 200 C to 270 C in the living areas and
from l30 C to 240 C in the sleeping quarters.

Details of the relative performances of the various methods of
construction are given in histogram form in Figures 2 and 3. Figure 2
indicates the total number of days in the summer season on which temper
atures in the particular zones exceeded the chosen comfort levels and the
total number of hours of the occurrence of such temperatures is shown in
Figure 3.



LtV/HG ZONE
No. of-d~IjS or teMps> Z:n:,

S

:31

10

33

49

CON?~uc.nOH

e.te.le.-!<
CAvrrY
1!!!o~IC.K

VEt-IEE.~

WE'ATHE)e
15oAJe.t:?

t!>JE:ICK
CAl'\V'ITY

~1<1c.K
VENe:e:IE:.

WEAI1-f~1fl:

I!:O~\?

r20KICK
~vlTY

~)e.JC,I<

VEHE'l=I:e

WEATl-tJ::.t:e
~,AIe.t::>

~JeICl<

CAVITY

~~lC.K

V~HEEIe

WEA".,e.~

Io!OAJe.l:?

105-9

?l-EEJe7IHG ZONE
No. of d30::J6 of t'eWl)"'O >2.4·c

12

33

53

58

FIG.2 INCIDENCE (NOV-MAR) OF DAYS OF EXTREME TEMPERATURES (NO AIR-COND.)

LJv/NG ZONE
lOY~1 1'\0. ofhol.ln; of t"eWlp5 >Z.7°c

19

170

175

185

107

~19

COH~Uc;rIOI-l

6KIc.K
CAVITY

~-RICK
VEHeE~

WE'ATHJ:I<::
~t:::'

I!SIeICK
CAvrTY
~1C.K
VEH~lIe

W!=ATHER
~17

~Je:ICK
CAvrrv
!!*:ICK
VENEt::JE:
WE:ATH~
l!>O~

6J:<:ICK
CAVIT'(

~Ie
~EIe
~lel:/

5-LESOIHG ZON~
lOt: ....0· hour? (~pJo>1->IO~Wl)of-teWlF>2.4°C

7

110

43

1~

118

72.

1'=>7

110

2.07

FIG.3 INCIDENCE (NOV-MAR) OF HOURS OF EXTREME TEMPERATURES (NO AIR-COND.)



105-10

Both measures of performance indicate the similarity of all the light
weight constructions and show the far greater occurrence of extreme temp
eratures in them than in the heavyweight brick cavity construction. The
total number of days on which extreme temperatures occurred in the
lightweight cases is from 2.3 to 5.7 times greater than that for the
heavyweight construction of equivalent floor type, insulation, zone, etc.,
while the total number of hours of excessive temperatures in the brick
veneer or weatherboard house exceeds that of the equivalent brick cavity
house by a factor of from 2.5 to 14.3. For the brick cavity construction
with a concrete floor, particularly when it included insulation, it is
interesting to note the small total numbers of houses of extreme and of
days in which they occur in the two zones (19 hours total in the living
zone and 7 night-time hours in the sleeping zone over the whole five month
summer period) •
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FIGURE 4 DISTRIBUTION OF PERIODS OF EXTREME TEMPS. (NOV-MAR).
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The distribution of such hours of extreme temperatures should also
be considered. Do they occur in long stretches, or are they sparsely
scattered? Histograms showing the number of days on which extreme periods
of various durations occurred are shown in Figure 4. It may be observed
that such periods of discomfort tend to be not only fewer, but also far
shorter in duration in the heavyweight construction than in the light
weight. Also relevant to the present discussion is the fact that, in the
brick cavity house with concrete floor (whether the walls were insulated
or uninsulated), the maximum temperature of the relevant comfort zone
was never exceeded by more than 30 C (i.e. temperatures greater than 300 C
in the living zone and 270 C in the sleeping zone did not occur), where-
as in the houses of lightweight construction such excesses, shown in
Figure 5, were found to occur. Temperatures which exceeded even 330 C
were recorded in the living zone of some of such cases.

With respect to the comparison between the summer performances of the
house when unconditioned, it may be concluded that, when outside air
temperatures are high, lower temperatures are maintained in the heavy
weight than in the lightweight constructions. This is a direct result
of the fact that the brick cavity wall has a far greater heat capacity
than either the brick-veneer or the weatnerboard. Since the specific
heat capacity of an element is the quantity of heat required to raise
the temperature of a ~nit area of that element by a unit temperature
increment, then a given heat input from outside a wall will cause a
greater rise in temperature of this wall if it is of lightweight
construction than if it is of heavyweight and hence give rise to higher
internal air temperatures as the wall radiates heat. It was found (see
Figure 5) that not only were excessively high temperatures less
prevalent in the heavyweight construction but so also were those fall
ing below the comfort levels; in other words, the mass has a stabiliz
ing influence. The graphs of hourly temperatures for a three-day heat
wave period in February illustrate the points which have been made
(Figure 6).

In considering the effect of insulation in walls on temperatures in
summer, Figure 3, which shows total number of hours of extreme temper
atures, may again be referred to. It is clear that in all the brick
cavity cases insulation proved to be beneficial in that it caused a
reduction in this number. However, for the brick-veneer and weather
board cases the insulation in some instances gave rise to a greater
occurrence of uncomfortably high temperatures, presumably because the
large north glass area permitted solar heat gains and the insulation
caused heat to be trapped. Evidently, the effect of wall insulation
on comfort conditions in the unconditioned house in summer is minor
in comparison to that of the mass of construction.

As the comfort conditions prevailing in the heavyweight and lightweight
constructions were vastly different when no air-conditioning was employ-
ed, it was considered valid to compare the two forms of construction
by looking at the plant and energy required by the brick-veneer and
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weatherboard houses to produce the comfort levels which occurred in the
brick cavity house. Accordingly, runs of the computer program were
made for some of the lightweight cases using the following cooling
regime:

Living Zone
Sleeping Zone

cooled to 26
0

C (+ 1 or - 2
o

C)
cooled to 22

0
C (+ 1 or - 2

o
C)

from 7 a.m. to 11 p.m.
from 7 p.m. to 6 a.m.

The results, in terms of cooling energy for the entire season and plant
capacity required, are shown in Figure 7. The significant cost is that
of the plant and its maintenance, the quantity of energy used being
small.
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FIG. 7 SUMMER (NOV-MAR) COOLING ENERGY & PLANT CAPACITY REQUIRED BY
LIGHTWEIGHT CONSTRUCTIONS FOR COMFORT LEVELS EQUIVALENT TO
THOSE MAINTAINED IN THE UNCONDITIONED BRICK CAVITY HOUSE

Some concluding remarks concerning the outcomes of the full series of

summer runs follow. Now, regarding performance of the various construct
ions, one cannot make an absolute statement of the acceptable frequency
of occurrence of temperatures in excess of the comfort levels, as this
is a subjective matter. One can simply say that if the levels in the
brick cavity house are deemed acceptable (which is likely to be the
case, especially for the insulated house with concrete floor), then
cooling is not required in such a house, while to achieve equivalent
comfort conditions in the brick-veneer or weatherboard house, a full
air-conditioning system would be needed. On this basis of comparison
the heavyweight construction is clearly far superior to the lightweight,
as air-conditioning systems not only have high initial costs, but may
also give rise to problems of maintenance, noise pollution, etc. If,
however, the levels of extreme temperatures in the brick cavity house
are deemed unacceptable (an unlikely conclusion) and cooling is insisted
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upon to alleviate the total of 19 hours of extreme temperatures in the
living zone and 7 night-time hour~ in the sleeping zone over the entire
season (for the insulated c~se with concrete floor), then the inherent
advantage of heavyweight construction over lightweight disappears.

The set of runs performed for the April to October (winter) period will
now be considered.

(b) Winter Runs.

Two series of winter runs were carried out. Both zones were
heated intermittently in one series and continuously in the other.

The heating regimes were as follows:

Intermittent Heating:

Living Zone heated to 21
0

C (+ 2 or - lOC) from 7 a.m. to 11 p.m.
Sleeping Zone: heated to ISoC (+ 2 or - IOC) from 9 p.m. to 6 a.m.

Continuous Heating:

Living Zone heated to 2loC (+ 2 or - IOC) for 24 hours each day
Sleeping Zone: heated to lSoC (+ 2 or - lOC) for 24 hours each day

Regarding sun control, the deciduous nature of the vine growing on
the pergola meant that it caused minimal obstruction to the entry of
solar radiation through the north glass during the winter season under
consideration. An air infiltration rate was assumed that was consist
ent with closed windows except for those periods when, due to the entry
of winter sun through the north facing glass, this would give rise to
overheating of the space. At these times a higher rate was employed
that was appropriate to open windows.

Results of the runs, in terms of total annual heating energy and
required plant capacity, are shown in Figure 8. In fact some heating
is needed during part of the sunnner period (November to March) in
Melbourne and this portion of the total was estimated from the obtained
April and October heating energies on the basis of the reasonable
approximation that heating energy is proportional to number of heating
degree days.

For the series of runs employing intermittent heating, the same
heating energy was required for the three different wall types when
they were insulated to the same degree. However, wall insulation
caused a significant reduction in the quantity of energy used. Because
of the greater mass which had to be heated up at the beginning of each
heating period, the brick cavity house required a plant of slightly
greater capacity than did the brick-veneer or weatherboard house.
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For the cases in which the heating was run continuously in both
zones, the brick cavity house required less energy than did either
of the comparative lightweight constructions. Heat gained by means
of the north glazing was being stored in the massive walls and re
radiated at a cooler time, thereby reducing the heat input required
from the supplementary heating system. While this effect was also
present in the runs using intermittent heating, it was cancelled out by
the additional heating energy required each day to heat up the heavy
weight walls from an unheated state.
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While the mass of construction was seen to affect performance,
U-value and hence insulation level, proved to be the dominant factor
for the winter period. This contrasts with the summer period where
the reverse situation is found to apply.

With regard to plant capacity required to heat the cavity-brick
houses, it should be remembered that the test house had only 50% of
its north wall area composed of glass. Coldicutt(l) has shown that in
such a house, north facing glass can be substantially increased above
this level and that this increase will be accompanied by a reduction
in the mechanical heating load. To this extent the full potential
brick-cavity construction could have for winter performance is not
realised in this study.

CONCLUSIONS

Results of the tests described clearly show that an exclusive
reliance in U-values is wrong and that the mass of construction is a
highly significant factor regulating the thermal performance of a
building. Considering the performance of the test building over the
full year, the heavyweight (brick-cavity) construction was found to
be superior to the lightweight (brick-veneer or weatherboard) construct
ion, primarily in that an occupant would be highly likely to regard
air-conditioning as unnecessary in the former but at least highly
desirable in the latter. It must also be recognised that the heavy
weight construction showed slightly superior performance in winter in
some instances and it has been shown that this performance would have
been improved had more glass been provided on the north wall.

It is recognised that the particular set of results described
in this paper apply only to the specific set of conditions employed
(weather pattern with high diurnal fluctuations, configuration of house,
etc.), however, the value of heavyweight construction for its effect on
thermal performance over the full year has been clearly shown.
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DEVELOPMENT OF SAND-LIME UNITS WITH HIGH THERMAL INSULATION

BY K. Wesch~ and P. Schubert2

ABSTRACT: The considerable increase in energy cost in recent
years has led to more severe requirements for a thermal nrotec
tion of external units. These requirements can be generally met
by masonry of lightweight units (for instance POROTO~J), of
lightweight concrete blocks (with lightweight aggregates like
natural pumice or expanded clay), and aerated concrete blocks
at a justifiable wall thickness. Sand-lime units have, however,
due to the composition and manufacturing process, a dense ma
terial of high thermal conductivity, that means, their thermal
insulation is low. For this reason, possibilities have been
studied to increase the nroperties of thermal insulation of
sand-lime units. In general the following methods may be taken
into consideration:
(a) increasing the hollow parts in the stone,
(b) reduction of the bulk density of the material,
(c) a combination of (a) and (b).
Due to the present manufacturing processes, the bulk density of
the material cannot be reduced or only in a small extent since
a high comnressive stress by the hydraulic press (generally
> 15 M~/m2) is necessary for compacting the fresh unit for an
immediate transport to ~he autoclave. Thereby, the holes in the
stone will be limited to a maximum of about 50 % and the stone
bulk density to a minimum of about 1000 kg/m3. For this bulk
density the calculated value of the thermal conductivity of
sand-lime masonry amounts to 0.50 H/(K.m), whereas that of other
masonry up to about 0.25 W/CK.m) only.
A considerable improvement of the thermal insulation of sand-
lime units can only be achieved by a distinctly less bulk den
sity of the material. Owing to ~he porosity connected with this
fact, the compressive stress must be reduced considerably, that
~eans, the transport stability of the fresh unit must be obtain
ed exclusively or partly by other methods. This problem has be~n

solved by an early strength development due to chemical nroces
ses, e.i. by using special binders and admixtures. Thereby, the
raw material can be compacted a~ a very low stress (generally
< 1 XN/~2). Units with a bulk density up to about 600 kg/m 3 at
a minim~m compressive strencth of about 2.5 N/mm2 can be pro
duced, the thermal conductivity of which being below 0.25 W/(K.m).

l prof . ~r.-Ing. ,Director of the Institut fUr Bauforschung der
Rheinisch-Westf~lischenTechnischen Hochschule Aachen.

2Assistent of the Institut fur Bauforschung der Rheinisch
westf~lischen Technischen Hochschule Aachen.
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DEVELOPMENT OF SAND-LIME UNITS WITH HIGH THERMAL INSULATION

by K. Wesche 1and P. Schubert2

1. INTRODUCTION AND FORMULATION OF PROBLEM

The extreme increase in energy costs in recent years has
commanded severe requirements for thermal insulation of the ex
ternal components in the Federal Republic of Germany. Accord
ing to the thermal insulation regulation which became effective
in November 1, 1977, different requirements for the thermal in
sulation are established according to the type of buildings and
to the ratio building surface to buildine volume. The heat
transfer coefficient k in W/(K.m2 ) is the characteristic value.
It is required for the external wall surface (wa) including
windows (wi) a mean value of k . ~ 1.85 W/(K.m 2 ) result-
ing from properties of thermalm,wa+wl insulation of windows and
walls and of their surface ratio. Thus, for the external wall
section without windows it is deduced for common relations in
the building of dwellinEs a k-value of about ~ 1.2 W/(K.m 2 ).
k-values between 0.9 and 0.7 W/(K.m 2 ) are desirable. This re
sults for a one-leaf external wall, being the most economic ex
ternal wall construction, according to the wall thickness dW
(without plaster) in a calculated maximum "admi.ssible" value of
thermal conductivity of AR in W/(K.m) which may be taken from
Fig. 1. Thus, a AR-value of 0.20 up to 0.40 W/(K.m) is desir
able for this wall construction at a justifiable wall thickness.
This value may be complied with lightweight and aerated con
crete blocks as well as with lightwei~ht fired clay units. For
sand-lime units, however, the lowest AR-value is· 0.50 W/(K.m).
The ~-value of 0.9 W/CK.m) is satisfied only with an external
wall of 490 mm thickness.

Sand-lime units, belonging together with the aerated con
crete blocks to the group of calcium silicate nroducts, have
many excellent properties as, for instance, hiGh accuracy to
size, high strength, a good weather resistance and a good acous
tic insulation. Moreover, they are nreferred as external wall
material for architectural reasons, and they can be manufact~r

ed economically and energy-savinG. In the first half year 1977,
sand-lime units with a demand of ahout 40 % accounted to, the
most sold wall units in the Federal RepUblic of Germany. There
fore, it was only reasonable to comply with the limitations in

l prof . Dr.-Ing. ,Director of the Institut far Bauforschung der
Rheinisch-Westfalischen Technischen Hochschule Aachen.

2Assistent of the Institut fur Bauforschung der Rheinisch
Westfalischen Technischen Hochschule Aachen.
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the application of severe regulations for the thermal insula
tion by a corresponding improvement of the properties which was
the purpose of the investigations described below.

2. POSSIBLE IMPROVEMENT OF THE THERMAL INSULATION PROPERTIES

Of decisive influence on the thermal conductivity of the mason
ry unit is the thermal conductivity of the solid. It is with
anorganic materials, in particular with crystals, on account of
their atomic grid structure higher than with organic materials.
According to J.S. Cammerer, the following A-values in W/(K.m)
may be taken for the various material groups:

Anorganic building materials
in general

Anorganic building materials
of amorphic character

Anorganic building materials
of larger crystals, for instance,
of quartz sand

Organic building materials

about 2.3 to 4.1

about 0.9

about 5.8 to 7
about 0.3 to 0.4

This list makes it clear that the sand-lime unit has most
unfavourable properties of thermal insulation caused by the
high proportion of quartz sand (about 90 % by volume).

The following three methods offer a key for their improve
ment:

(a) Arrangement of as much holes as possible in the units,

(b) Modified composition of the material, and

(c) A combination of (a) and (b).

The present manUfacturing process has been developed out of
former requirements giving priority to the highest possible
compressive strength of the unit. The moulding was in agreement
with these requirements by the application of mechanical and
hydraulical presses by which the raw material in the steel
mould has ~een formed by compaction under high pressure - usual
ly 15 MN/m - to the fresh unit. By the high pressures it was
possible on the one hand, to transport the fresh unit immediate
ly to the autoclave and, on the other hand, to obtain due to its
compacted structure a higher compressive strength after steam
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curing in the autoclave. The thus produced solid unit had a
AR-value of about 1.1 W/(K.m).

It has been tried several years ago to improve the therm
al insulation according to the above mentioned methods (a) and
(b). Since air with A ~ 0.02 W/(K.m) is a poor heat conductor,
holes in the unit by positionin~ steel cores on the pressure
plate were arranged to compensate the good heat conduction of
the material of the sand-lime unit. For technical reasons,
usually only large circular holes could be made. This was dis
advantageous in so far as a relatively high percentage of the
heat was transferred by radiation and convection which disap
pear completely only with air voids of < 0.1 mm diameter. Only
then, heat is completely transferred by the thermal conductivi
ty of the air molecules. Slit-resembling cores lengthening the
heat path, which are advantageous to thermal protection, could
be manufactured only during the two last years, however, by
sacrifizing considerable costs: The slender cores had to sus
tain considerably higher stresses, the raw materials needed a
special composition and the compaction had to be intensified
so that the relatively small spaces between the holes would be
SUfficiently stable after pressing.

According to this method a unit bulk density of 1000 kg/m 3
can be obtained corresponding to a relatively high AR-value of
0.50 W/(K.m). In part, it is possible to produce units of
900 kg/m3. Since 50 %of the unit are holes and, thus, the cri
tical thickness of the space between the holes is reached,
these bulk densities of the unit must be regarded as limit
values for this method. A considerable improvement of the AR
value can, therefore, not be expected.

But also the method (b) was not successful. The attemD
to exchange quartz sand at least in part by other materials
having a better thermal protection failed due to the unecono
mical process and because this would have provided a slight
improvement only, or the use of lightweight aggregate did not
allow the necessary high amount of pressure to be applied to
the fres~ unit for a certain stability during transport to the
autoclave since most of the light weight aggregates were des
troyed and, thus, without any effect.,

The experiments made so far, did not reveal an improvement
of the properties for a thermal insulation of the sand-lime
units. It can only consist in a considerable reduction of the
bulk density of the fresh unit in combination with a high per
centage of the holes. The reduction of the bulk density of the
fresh unit is, however, opposed by the high amount of pres
sure applied to the unit which is required for an sufficient
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stability of the fresh unit only. The aspect of a high com
pressive strength of the finished products is of minor import
ance here. A successful solution of the problem can only be
obtained by. a transport stability of the fresh unit without
any remarkable mechanical effect.

3. DEVELOPED METHOD

The basic concept of the new method consists in the addi
tion of an active component insurin~ the necessary early
strength development of the fresh unit by a chemical process.
For this purpose, a regulated-set-cement has been found aDplic
able which has been developed in USA and which is also produc
ed in the Federal Republique of Germany, for about five years.
It is characterized by the klinker phase C11 A7 Ca F2 and has
an initial setting time of approximately5 to 10 min Ill. Thus,
it was possible to reduce considerably the amount of pressure
applied from about 15 MN/m 2 to below 1 MN/m2 . That resulted in
a completely new forming process, that is vibration.

On account of the very low mechanical stress of the raw
material in the mould, practically any measureq for a reduction
of the bulk density can be applied. For economic reasons and
for a thermal protection, the artificial production of a great
number of small air voids proved to be most favourable. For
this purpose, foam-forming admixtu~es were used being on the
market in the Federal Republic of Germany for about five years.
They are manufactured synthetically on the fatty alkyl sulfates
base and produce stable micropores, usually 50 % by volume.
Foam-forming may be carried out in a special device, the so
called foaming gun. Then, the " pre f2.bricated ll foam is
mixed together with the raw material.Or foam-forming is effect
ed in the raw material directly by pouring out the foam-forming
admixture into the high-speed mixer where it is foam-forming.
For the here developed process, the latter method has been
adopted at first, in order to eliminate difficulties arising
in proportioning for laboratory tests. The conditions for the
effectiveness of the foam-formin£ admixture is not too stiff
consistency of the raw material which should, preferabl~, be
betwee~ soft and viscous so that by the proportions of fcam
forming admixture and water content of the raw mixture a bulk
density of the raw material up to about 1000 kg 1m3 can be ob
tained. To guarantee this very low bulk density, any compact
ing must be avoided, that means, the raw material only should
be distributed uniformly in the mould, for instance, by a
short vibration. This forming has also an important additional
advantage: it allows a maximum of holes in the unit thus pro-
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curing in the autoclave. The thus produced solid unit had a
AR-value of about 1.1 W/(K.m).

It has been tried several years ago to imDrove the therm
al insulation according to the above mentioned methods (a) and
(b). Since air with A ~ 0.02 W/(K.m) is a poor heat conductor,
holes in the unit by positioning steel cores on the pressure
plate were arranged to compensate the ~ood heat conduction of'
the material of the sand-lime unit. For technical reasons,
usually only large circular holes could be made. This was dis
advantageous in so far as a relatively high percentage of the
heat was transferred by radiation and convection which disap
pear completely only with air voids of < 0.1 mm diameter. Only
then, heat is completely transferred by the thermal conductivi
ty of the air molecules. Slit-resembling cores lengthening the
heat path, which are advantageous to thermal protection, could
be manufactured only durine the two last years, however, by
sacrifizing considerable costs: The slender cores had to sus
tain considerably higher stresses, the raw materials needed a
special composition and the compaction had to be intensified
so that the relatively small spaces between the holes would be
sufficiently stable after pressing.

According to this method a unit bulk density of 1000 kg/m3

can be obtained corresponding to a relatively high AR-value of
0.50 W/(K.m). In part, it is possible to produce units of
900 kg/m3. Since 50 %of the unit are holes and, thus, the cri
tical thickness of the space between the holes is reached,
these bulk densities of the unit must be regarded as limit
values for this method. A considerable improvement of the AR
value can, therefore, not be expected.

But also the method (b) was not successful. The attemD
to exchange quartz sand at least in part by other materials
having a better thermal protection failed due to the unecono
mical process and because this would have provided a slight
improvement only, or the use of lightweight aggregate did not
allow the necessary high amount of pressure to be aDDlied to
the fresh unit for a certain stability durin~ transport to the
autoclave since most of the light weight aggregates were des
troyed and, thus, without any effect.

The experiments made so far, did not reveal an improvement
of the properties for a thermal insulation of the sand-lime
units. It can only consist in a considerable reduction of the
bulk density of the fresh unit in combination with a high per
centage of the holes. The reduction of the bulk density of the
fresh unit is, however, opposed by the high amount of pres
sure applied to the unit which is required for an sufficient
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viding high thermal protection without any special technical
problems and without any stresses of the cores.

Though the problem of a sufficient stability of the fresh
unit is principally solved by the addition of a regulated-set
cement, there are, however, for the raw mixtures adjusted fro~

soft to viscous states, too long waitin~ times of about 5 to
10 min with a proportion of regulated-set-cement in the mould
which cannot be increased for economic reasons. The settinr of
this cement type had to be accelerated by additional measures
in order to obtain economically interesting production cycles.
This was achieved by the addition of a chloride-free accelera
tor for hardening, known for concrete, and/or by heating the
mould walls and the cores.

The developed production method is shown in Fig. 2. Only
the processing phases 5 and 6 had been modified compared with
the hitherto existing method.

4. ADVANTAGES OF THE METHOD AND PROPERTIES

OF THE DEVELOPED SICAPOR-SAND-LIME UNIT

4.1. Advantages of the method

By the developed method, the hitherto possible range of
the bulk density of the unit

3
from 1000 up to 2000 kg/m3 is ex

tended from 600 to 2000 kg/m . The method provides the follow
ing decisive advantages:

(a) Considerably improved thermal insulation property compared
with other wall building materials at a sufficient compres
sive strength.

(b) Due to the very low bulk density of the unit it is possible
to use large units which results in considerable savings of
wages at the construction site.

(c) High reduction of capital costs for the forming machines
(about 50 %), and lower wear costs at only unimportant
higher material costs (10 to 20 %).

4.2. Properties of SICAPOR

In Fig. 3 results of the thermal conductivity measure~ents

carried out on completely dry aerated concrete and sand-lime
units obtained by Cammerer /2/ are represented. Test results
from SICAPOR - determined on solid units - are entered into
this figure. The comparison shows that the SICAPOR values are
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equal to those of aerated concrete, they are, partly, even
better. It is obvious that the expensive replacement of sand
by lightweight aggregates (here expanded fly ash, FLUASINT)
does not provide an improvement, this means, that the follow
ed path of an artificial increasing by porosity for foam
forming admixtures has proved to be the right one.

In Fig. 4 the expected calculated values of the thermal
conductivity AR of SICAPOR derived from available test results
are compared with the available lowest AR-values of other
types of masonry units and the presently manufactured sand
lime units. It is clearly noted the favourable behaviour of
SICAPOR units which achieve approximately the AR-values of the
aerated concrete blocks and that they decrease considerably
those of the other masonry units. The improvement compared
with the hitherto used sand-lime units is also significant.
It may be due, besides the porosity of the solid material, to
the best formed hole structure.

Fig. 5 shows the relation between bulk density of the ma
terial and the compressive strength of the material plotted
according to the available test results of SICAPOR. The test
values including all investiEated sUbstantial mix combinations
prove so conclusively the amnle adjustment range of bulk densi
ty and strength. Thereupon it will be possible'to manufacture
also units of the bulk density class of 600 kg/m3 having a com
pressive strength of 2.5 N/mm 2 which will be sufficient in the
main field of application for dwellin~s up to four storeys.
For bulk density classes of 700 and 800 kC/m3, the compressive
strength will be 2.5 to 5.0 N/mm 2 , and 7.5 N/mm 2 respectively.

Preliminary tests on SICAPOR have shown that other pro
perties as frost resistance, shrinkage behaviour and weather
resistance are, at least equal to those of the hitherto used
sand-lime units.

Patents have been applied for the new method in 32 coun
tries.

Fig. 6 shows a SICAPOR unit type 3DF having the dimen
sions of 240 rom • 175 mm . 113 mm.
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5. SUMMARY

It is reported on a new method by which sand-lime units
of a high thermal insulation can be manufactured. The method
consists in that the required transport stability of the fresh
units after demouldin~ is achieved by the addition of a rapid
ly hardening agent in combination with a setting accelerator
and/or by heated moulds. Thus, the hitherto required high
amount of pressure is no longer requested. This allows a high
porosity of the material by foam-formin~ admixtures and, with
regard to the thermal insulation, the best arrangement and
forming of the holes in the unit. ThUS, bulk densities of the
units of about 600 kg/m3 at calculated thermal conductivity
values below 0.25 W/~K.m) and of a sufficient comnressive
strength of 2.5 N/mm may be obtained. The already good thermal
insulation of other types of masonry units is, in part, exceed
ed by these values. Patents have been applied for this economic
al method in 32 countries.
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MODERN LOADBEARING MASONRY CONSTRUCTION IN THE WESTERN
UNITED STATES

By John R. Mock, Hendrick and Mock Architects, San Diego, CA

ABSTRACT: Explanation of the Concept and Development of the
Use Standards Reinforced Concrete Masonry (Concrete block)
in Modern Construction. Examples of construction projects
in the western United States are used to illustrate the Basic
Concepts of this new use of masonry. The paper reinforces
the advantages of the system, which includes:

1. Quality control methods.

2. Speed and economy of construction.

3. High efficiency through repetitious construction
and steady work.

4. Integral sound control and fireproofing.

5. Energy conservation in the combination of masonry
with limited glass that together reduce the cost of
building utility operations.

6. A real breakthrough for construction of most types to
buildings in the four to seventeen story height range.
(The current bUilding codes limit height to 160 feet.)
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MODERN LOADBEARING MASONRY CONSTRUCTION
IN THE WESTERN UNITED STATES

BY: John R. Mock, Architect l

INTRODUCTION

The system of construction and case studies to be discussed
represent only a few of the projects that have been constructed
using reinforced loadbearing masonry walls since our firm,
Hendrick and Mock Architects, designed the 8-story Hanalei
Hotel in 1966. (This was the first application of this system
over three stories in height in the United States).

In the time since the Hanalei construction was started 12
years ago, this system has become standard for military barracks
and has remained the most economical for hotel construction.
With the use of prestressed concrete planks or slabs, it has
also been successfully adapted to apartment and condominium
construction. Given a start and good promotion by the masonry
industry the system is ready for competitive use for medium
rise office buildings. Briefly, the possibilities of the system
to be discussed are:

1. Quality control methods.

2. Speed and economy of construction.

3. High efficiency through repetitious construction and
steady work.

4. Integral sound control and fireproofing.

5. Energy conservation in the combination of masonry
with limited glass that together reduce the cost of
building utility operations.

6. A real breakthrough for construction of most types
of buildings in the four to seventeen story height
range. (The current building codes limit height to 160
~.)

NEW CONCEPT

The concept of a 8 inch thick concrete block walls holding
up a building 12 stories high or even higher is quite an
innovation that isn't easy to comprehend. As a comparison,
the Swiss, Who have been pioneers in loadbearing masonry
construction, have built apartments with 15-1/4" thick outside
walls to heights of 18 stories (way back in 1957).

lJohn R. Mock, President of Hendrick and Mock Architects,
San Diego, California
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In "modern masonry" the structural frame is eliminated
completely and all structural loads are carried by the reinforced
concrete block or brick masonry bearing walls and precast or
cast-in-place concrete slabs. The masonry stiffens the steel
and protects it from fire, while the steel adds resilience and
toughness to the wall.

In concrete block construction, vertical steel is placed
inside certain hollow cells of hi-stress concrete block and
these cells are then filled with a rich soupy grout mixture
of cement, sand and pea gravel. Horizontal steel is grouted
in bond beams, which are masonry units depressed on the top to
form a horizontal channel in the wall.

In areas of the country outside major seismic or earthquake
zones, where wind loads govern design, the only difference in
application would be to install steel of smaller diameter,
further apart within cells of standard block to achieve
the same structural results as we get in California, Hawaii
and other seismic areas. Comparative costs also are less, due
to lower labor factors and less reinforcing. This use of
modern masonry has expanded rapidly since the first application
in multi-story buildings by Hendrick and Mock. There are
~ main reasons for this popularity; the first being economy.
The Hanalei was built at a cost of $11.44 per square foot
including elevators and 4-pipe air conditioning. This proved
to be 20% less than similar projects employing other types
of construction.

In recent projects the total cost per square foot has
risen, due mainly to higher labor and material costs, but the
relative economies remain. Even with overtime work authorized
in the early stanges of construction of the 10-story Town &
Country Hotel Addition, and an expensive foundation using
clusters of 60 ft. long piles, the cost was only $16.30 per
square foot. This was about equal to the cost of the average
custom horne build in California and far less than other Class A
Structures. The Convention Center Ramada Inn l2-story hotel
tower, which was completed in 1972 in Dallas, Texas, cost
$14.73 per square foot. This cost included a complete restau
rant and meeting room complex on the top floor. For total
project preliminary design budgets, we are currently using 30
to 32 dollars/square foot in California and 28 to 30 dollars/
square foot in the southwest (Texas). East coast costs should
run close to California and the mid-west should be slightly
higher than the southwest.

The second reason is savings in construction time. The
erection time for all walls, floors and the roof of the 207
room Hanalei, was 8 weeks. The total construction time from
the start on February 11th, until the hotel was ready for
occupancy four months later, was 141 days. The 324 room
Town & Country Hotel which was completed in stages, took 208
total days for all work, not quite 7 months. Floor and roof
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slabs for both projects were job cast on the ground and lifted
into place by use of a truck crane.

In Texas we have been achieving similar results using
flying forms since large truck cranes capable of lifting floor
slabs that could weigh from 9 to 14 tons are not as available
as climbing tower cranes and our sites have been quite tight.
Construction of the l2-story Ramada Inn Convention Center
Hotel in Dallas, was commenced on June 4, 1971. The hotel was
substantially complete and opened for business on June 19, 1972.
Masonry work began in October, 1971 and was complete on
February 9, 1972. Total time for masonry work on the l2-story,
162,000 square foot hotel tower was just 64 working days:
(18 Days were lost to bad weather and holidays).

To illustrate what an early opening means to a OWner, just
consider the revenue produced by the advance opening of the 194
room center wing of the 324 room Town & Country in 148 days.
The wing had a 100% occupancy during high tourist season from
July 4th, until the 60 room west wing was opened August 29th,
(after 208 days). This created 10,864 room day rentals at $19.40
average per occupied room which is equal to $215,107.00 or about
$40,000 plus gross profit. Obviously the 100% rental only
occurs in the summer tourist season, but even maintaining
occupancy on a 70% average for this period certainly wouldn't
be hard to take.

INTRODUCTION TO CASE STUDIES

Although the case studies to be presented are constructed in
Hawaii, California and Texas, the buildings actually represent
enough variations to indicate what to expect of the system in
any region of the country. All major building code requirements
are quite similar regarding this type of construction.

First of all, California and Hawaii are located in earthquake
country. This state and Hawaii and the other western states,
to a lesser degree, represent the most-restrictive structural
requirements possible. This area also maintains a very high
construction cost index. However, labor is quote productive
and contractor's are quite competitive. They also are receptive
to new systems. Hawaii is a special problem unto itself, but
the relative cost savings still exist.

The Dallas-Fort Worth and Austin, Texas regions are represen
tative of the growing south and southwestern parts of the country.
Physically these areas look much like the mid-west and certain
areas of the east.

Buildings must be designed for extreme temperature differences
and rainfall is substantial. It is relatively hot much of the
year, but snow and freezing also occur during the winter months.
Actually a bUilding designed for these parts of Texas could be
relocated in anyone of the more severe hot or cold weather
climates of the country with few changes.
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As with any area, most bUildings and their Owner's require
ments are also different.

With this, or any other building system, a little common
sense goes a long way. Therefore, the information presented in
the case studies should service as a starting point for designing
and construction of this system.
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Structural details of the masonry high rise Hanalei Hotel project.
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HANALEI HOTEL, SAN DIEGO, CALIFOfu~IA

The Hanalei Hotel is roughly L-shaped with all rooms over
looking the central patio. The exterior is painted 8 x 8 x 16
concrete block scored to form a square grid pattern. Walls in
motel units facing beds and patio are also concrete grid block,
to create a warm interesting interior, something often lacking
in many other high-rise structures. All block was manufactured
by Hazard Products.

The use of 8 inch reinforced concrete block walls in the
8-story Hanalei project became possible because of major changes
in the building codes. The 1964 Uniform Building Code permitted
higher design stresses (over twice as high) in masonry than were
previously allowed when the strength selected by the structural
engineer is established by preliminary tests of masonry
assemblies and the work is supervised by an inspector licensed
by the City. This code change contributed savings in construction
costs to the Owner, but more as a bonus, since both Owner and
Architect were convinced that the use of masonry bearing walls
combined with job cast pick-up concrete slabs was the most
appropriate system of construction, even if lower floor walls
might have to be of 12 inch block as required by previous codes.
This conclusion came from previous design and cost studies for
the Mission Valley Hills Complex of 3, 4, 6 and 12-story
apartment buildings of masonry construction conducted for the
Owner during 1965.

Manufacturers had long been able to make stronger blocks but
prior to multi-story applications, there has never been any
incentive.

Tests at the Hanalei Hotel showed that the lightweight ex
panded shale blocks average 3825 psi on the net section compared
to the 3000 psi design stress required. All mortar and grout had
a compressive strength of 3000 psi minimum. Blocks average 2000
psi on the gross area which would designate high stress block
and at the time they were the first manufactured in the United
States. All block used in the western states for high-rise
construction is hi-stress, but this has proven unnecessary
for other areas, such as Texas.

The first 3 weeks of construction were devoted to preparation
of the mat foundation and the pouring and finishing of floor
and roof slabs in piles adjacent to the building. The site
areas used for casting beds and circulation of equipment was
actually more area than all the hotel floors combined. The
slabs were cast in stacks 8 to 11 high, with a maximum height
of 5 feet. The last slab cast was the first slab placed.

The masonry contractor (Quality masonry and F.B. McCauley
Joint Venture) started work on the 25th of February; from then
on, the job proceeeded at the rate of one floor finished each week



Progress pictures taken each
Friday afternoon show the
crane in approximately the
same spot week after week,
setting the precast floor slab.

One architectural advan~age

of using precast flab slabs is
reduced floor to floor heights.
In the Hanalei, we saved the
cost of one story of concrete
block by using 8'-8" floor to
floor heights, eliminating
suspended ceilings in motel
rooms and applying ceiling
finishes directly to the slab
bottoms. We have continued
to apply this method on subsequent
projects. We have varied heights
from 8 feet to as high as 9 1 -2"
for 2nd floors and above and
up to 13'-2" for first floors
with public facilities.
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SAN DIEGO HILTON ADDITION

The 8-story hotel addition to existing facilities is located
on a 17 acre bench front site, contains 74,516 SF and 127 rooms
with private balconies.

The structural system is similar to the Hanalei Hotel in
that they both rest on a thick mat foundation over recompacted
soil, due to poor soil conditions. All floor and roof slabs
were job cast and lifted in place by use of a truck crane. The
similarities end at that point of reference. The Hilton Inn has
a double loaded corridor and a very tight site for casting beds.
These two conditions and some rain during soils compaction
operations and crane movement times added unexpected construction
time. However, the block work progressed beautifully.

The double loaded corridor necessitated crane movement to
two sides of the building to lift job-cast concrete slabs in
place on masonry walls; where in the single loaded Hanalei
the crane worked one side of the building between stacked
concrete slabs, and each slab could be placed in less than 1
hour. Each room size slab varied in weight from 9 to 14 tons,
sizes varied from 29'-1" by 20'4~" to 331-8~" by 14'-1".
Since all slabs were cast on one side of the building, some
close and some in an adjacent parking area, many had to be moved
twice' - once onto a flat bed truck, and then from the truck by
the crane into place. The double movement also was caused by the
poor soils condition around the building. When the ground was
dry the truck crane could pick up slabs and move them to required
position with no trouble. After the rain the poor soil could
not take the load of both a moving crane and a 14 ton slab.

Site tightness also made the spread out casting, so
successful in the Hanalei, impossible. Since slabs can't be
cast higher than the workman can easily place concrete in
layers, some casting beds were also used twice. That is, after
the original 8 to 10 slabs were placed, more were cast on the
same bed. Due to these job conditions the construction time
ran 216 calendar day time from gound breaking to first customer.

Production of "high stress" concrete block for the Hilton
was relatively an easy and routine job for the block producers,
Modern Block of Oceanside. Most of their regular production
averages 2800 psi, so it was decided a unit that averaged 3600
to 3900 psi would be advisable to produce prisms of the required
3000 psi.

The use of texture (4" high split face) block on the exterior
and regular 8" high precision block on the interior, created
some material handling problems at the plant because of the 53
different sizes and shapes involved. To compound this, the
mason contractor had found in their previous high rise construc
tion experience that it was expedient to cut job labor by
having pre-packaged material with all sizes and shapes to coin
cide with each individual wall section. Each floor required
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16,053 concrete block units that were broken down into 79
packages which resulted in 153 cubes of block. The building was
then divided into four quadrants and block was delivered with
the appropriate number of packages for each section. This
saved valuable space on an already limited job site. It
enabled material to be placed close to the building, thus,
saving rehandling on the part of the mason contractor (Custom
Masonry) and it saved the manufacturer the pressure of delivering
12 loads of block at one time.

The a.story San Diego Hilton which utilized 53 different sizes and
shapes of concrete masonry units.
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BARRACKS P-005, NAVAL AMPHIBIOUS BASE, CORONADO, CALIFORNIA

The barracks complex in Coronado, California, consists of
four identical L-shaped four story towers, clustered around a
landscaped central core area consisting of a one story central
lounge building, mechanical equipment building and overhead
pipe chase. The complex accommodates 1050 enlisted men in two
and four men rooms.

Concrete blocks used in the wall system were high stress
4 x 8 x 16 units laid in common bond, (350,000 units were used).
Floor slabs were precast on the site and then lifted into place
as the masonry walls were laid up. This system of construction
was adopted for the following reasons:

a) Proven economy of construction.

b) Proven ease of construction.

c) Short construction period before occupancy for intended
use.

d) It provides an indigenous fireproofing system due to its
noncombustible construction characteristics.

e) Durable system for buildings, such as barracks, which
are subject to constant use.

f) Minimum maintenance even with considerable abuse.

The anticipated tenure of usage far exceeds the twenty-five
year requirements of all government buildings with low maintenance
costs during its life span. All interior and exterior masonry
walls were left exposed with a paint finish.

Barracks, Naval Amphibious Base, Coronado, Calif.

The P·005, Naval Amphilbious Base, Coronado, California
modates 1,050 enlisted personnel.

ac:c:om·
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ROADWAY INN, SAN DIEGO, CALIFORNIA

In loadbearing structures, the logical and most economical
design solution is to carryall wall loads directly to the
ground, without parking under the building. This observation
also applies to other types of high rise construction.
Structural spacings of columns for parking is never well suited
to the column spacings necessary, or desirable, for tower
type structures.

Total cost of construction in a combined parking and hotel
building, for example, will increase. Naturally, when parking
is necessary for the project and the site is small, the mix
of tower and underground parking result. The car is king, and
all tower walls or column spacings must work to drive aisle
spaces, parking widths and ramp locations: or somewhere
between the 1st or 2nd floor and the basement, large spandrel
girders and beams of steel or concrete, must be used to carry
the loads from bearing walls above to widely spaced columns
below.

For example, the San Diego Roadway Inn was constructed on
an approximately 200 foot square site, over a parking garage
and an open first floor that contained lobby, restaurant and
other public space. The fact that the garage was placed under
the building, doubled the garage cost but provided the only
parking solution. The concrete tower pQers are spaced on a
three car module of 27'-4" that is equal to the two room modules
above. They support five stories of block bearing walls
(80,000 units), from the 2nd through 6th floors, by extending
from the basement to the underside of the 2nd floor slab.

At this point, concrete beams and slabs over the piers
cantilever seven feet from each pier on two sides. Tower
floors and roof, as well as all parking garage construction,
were poured-in-place concrete due to the tight site. No real
efficiences resulted due to all the necessary forming. The
only economies resulted from the use of masonry.
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TOWN & COUNTRY HOTEL, SAN DIEGO, CALIFORNIA

The ten story, 324 room tower
masonry building ever constructed
over 20,000 square feet in area.
and roof slab system is identical
special balcony edge treatment.

is the largest
in California.
The use of the
to the Hanalei

single concrete
Each floor is

pick-up floor
except for the

The following points should be considered when designing for
this pick-up type of slab construction:

1) Sufficient spaces for casting beds.

2) Sufficient areas and access to the building for erection
of slabs.

3) Repetition of units so that economical precasting of units
can be made.

4) Availability of handling equipment.

5) Simple connections.

6) Sufficient slab thickness to control deflections.

7) Supervision, inspection and testing of all structural
materials.

The tower contains 234,000 concrete blocks, mostly 8 x 8 x 16,
but including several special shapes and textures manufactured
for the first time. The 8 inch high combed face block used on
the exterior and exposed on one wall in each hotel room was
manUfactured special for the project.

The block is now offered as a standard by Hazard Products.
The combed face masonry units were designed to give the building
a rich texture and contrast effectively with the smooth white
finish of the precast concrete roof fascia and clean cut lines
of the balcony slabs. A special hexagonal shaped concrete block
(actually more shapes like a keyhole), is used as an architectural
design element at the end of all balcony walls. It is also
used for closely spaced columns at open walkways and at stair
towers to provide both a visual and safety barrier for guests.

The building is one unit deep with an exterior corridor
which gave rise to problems of height to width ratio, and in
turn created critical stresses in the loadbearing block walls.
The use of these decorative hexagonal pilaster and columns also
allowed the structural engineer to increase the amount of grouted
steel incorporated into the structure without bulky and unattrac
tive square or rectangular projections within the bearing walls.
When the hotel won a Bortland Cement Association Desing Award
in 1970, it was the only privately funded project out of 10
winners. It also was the least expensive.



TOWN AND COUNTRY HOTEL - SAN DIEGO, CALIFORNIA

TOWN AND COUNTRY HOTEL, San Diego.

The IO-story Town & Country Hotel viewed from the swimming pool
area.
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RAMADA INN CONVENTION CENTER HOTEL, DALLAS, TEXAS

The hotel is located in downtown Dallas, just 223 steps
away from the Convention Center. The most dramatic part of the
facility is the roof-top restaurant, club and meeting rooms
for which the entire skyline of downtown Dallas provides
the setting.

The structural system consists of reinforced concrete block
loadbearing walls and concrete floor slabs poured in place
using flying forms.

Comparing earthquake (seismic) design requirements to those
found in other parts of the country where wind governs, I can
best illustrate the differences by comparing the masonry
requirements we had in the Ramada Inn, to those of the west
coast. In Texas, as in most of the country, high stress block
units are not required. Grade A, standard 8 inch lightweight
concrete pliaster block normally produced in Dallas carry
the loads for 12 stories. These average 2000 psi on the net
section. In California these units could be used to 5 stories
only. However, preliminary tests of prisms and prism tests as
the building progressed were made for quality control purposes.
Continuous special inspection and individual tests of 2000 psi
grout, mortar and the block, were also made in accordance with
the Dallas Code (1968UBC).

Only part of the reduced requirements for higher stresses can
be attributed to building shape, the rest by lighter loads due
to wind. If one compares floor plans of the Town & Country and
the Convention Center Ramada Inn, it can be seen that the
Ramada Inn has a modified square plan, with rooms on each side
of a. central core and that the Ramada has three times the
building depth in plan than the one room wide Town & Country.
This produces a considerable amount of walls that serve to
brace the building against the wind. Hotel room end walls of
the Ramada are completely glass enclosed, which is quite a
daring trick in California, although this type of plan is most
conducive to this openness.

Other major differences in this and our other Texas projects
are the exterior treatment, due to weather conditions, and the
requirements for slight modification of normal Texas units to
accommodate the reinforcing steel.

The standard 8 x 8 x 16 unit manufactured in California is
even different~ it is a square edge closed end one with two cells.
This block has been used for years in California, rather than one
with a slight recess on the ends (called Engineered Block), due
to the steel and grouting required for seismic considerations.
Also,Engineered Block cells do not line up vertically thus making
it difficult to grout. To assume proper vertical joints and
grouting continually, we used standard pilaster blocks in Dallas
at no additional costs.
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Other modifications were to have l~ inch depressions at
the top of cells and ends to receive horizontal steel. We
also have open end blocks (1 end open), double open end (H-block)
and sometimes use U-blocks for exterior corners, in standard and
bond beam shapes, developed so the mason can just slip the block
around the vertical steel. In California these are all standard
shapes. In Texas some of the units were manufactured for the
job and others saw cut on the job by the mason. Holes for
electrical outlets are either saw cut on the job or manufacturers
make electircal units with blockouts to receive J-boxes.
Where 3 hour walls are required, a thicker fact shell was
manufactured.

To make it clear to the mason and block manufacturer,
we provided isometrics of the block on the structural drawings
as well as specified the shapes and standards for manufacture
in order to make construction easier.

After much discussion with masons, manufacturers and observa
tion of local projects, it was decided to have all exterior con
crete block walls veneered with face brick as they are laid
up, to act as waterproofing, decoration and added insulation.
In Southern California and Hawaii we use a single wall of 8
inch thick concrete block exposed at exterior and interior
sindes in most projects due to the mild climate. southern
California has about 70% less rain than Dallas or Fort Worth,
and then, only during one three month period.

The true fact is that when comparing California construction
we have been talking about a structural system, that had to
overcome the very high stresses that make up the seismic
provisions of building codes and have been succeeding economically,
whereas the system is actually more economically suited to other
areas of the country.

Ramada Inn Convention Center Hotel, Dallas, Texas

Reinforced concrete block load bearing walls and concrete floor slabs
provide the structural system for the Ramada Inn Convention Center
Hotel.
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KAHANA BEACH RESORT CONDOMINIUMS, l"..AUI, HAWAII

Located on the west coast of the scenic island of Maui,
Hawaii, this l2-story condominium features 72 studio units as
well as 12 one bedroom units, all with balconies affording
breathtaking views of the Pacific Ocean and the beautiful
Hawaiian scenery.

The loadbearing concrete block walls are combed face high
stress units. Basic wall reinforcing is closely related to
California construction. Few special shapes were manufactured
due to the limited capacity of the local Maui block plant.
However, the mason (Ken Suda) proved most resourceful on this
first loadbearing project in the Islands.

Due to the extremely tight site all floors were cast-in
place concrete using standard forming systems. Since the
allowable building area was controlled by the site area a
double stair system was incorporated into the single stair
tower in order to conserve valuable space and contribute to
construction cost savings.

Kahana Beach Resort Condominiums, Maui, Hawaii

The first high-rise load bearing structure in Hawaii, the Ka~·K.

Beach Condominiums, Maui.
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FORT WORTH, TEXAS, HILTON INN

Downtown Fort worth, Texas is the site of the l2-story
convention-oriented Hilton Inn. The 2 acre private redevelopment
project is just one block from the Tarrant County Convention
Center and overlooking the Fort Worth Water Garden.

The project features a l2-story brick-faced loadbearing
concrete masonry hotel tower with 275 guest rooms. Attached is
a 2-story masonry and steel frame dining and convention facility
which include the main hotel lobby, specialty shops, food and
beverage facilities, and two story skylite atrium.

Although the building tower shape is quite different, the
basic Texas system developed by the Convention Center Ramada
Inn construction was followed. The basic masonry unit used
was 8 x 8 x 16 "pilaster block" manufactured by Trinity Division,
General Portland Cement Company of Dallas. Special shapes for
the project were also manufactured by Trinity. Floors were
cast-in-place using two sets of flying forms to maintain the
floor a week construction schedule. Quality control was also
maintained by bi-weekly thereafter above the 6th floor where
wind and bearing stresses were lighter. The concrete block
structure was veneered with denton (Texas) autumn gold blend
brick, manufactured by Acme Brick Company, at the building
exterior and interior. Mortar was made using natural warm tone
cement found in the area. The brick facing added beauty and
waterproofing.

The Fort Worth Hilton complex which includes a 2-story dining and convention facility.
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AUSTIN, TEXAS, HILTON INN

The project attempts to bring back the historic charm of
Austin at the turn of the century, and features decor reminiscent
of Austin's heritage and old fashioned hospitality. This
was accomplished by the extensive use of antique modular clay
brick veneer manufactured in Mineral Wells, Texas, as the major
exposed material of the 9 story tower.

The tower plan and construction is similar to the Ramada
Inn in Dallas, except for the following:

1) The contractor chose to use a conventional poured in place
concrete floor system, using four pours per floor, since
this method was as fast as flying forms due to the lower
tower height, and its open courtyard within. Concrete and
other materials were lifted in place by a truck crane.

2) The tower floor plan is rectangular with recessed
balconies except at end units, rather than pin wheeled
like the Ramada. The 22 rooms surround a central core
containing stairs, services, elevators and a 3-story
open atrium for each group of three floors. The elevator
lobby extends under the atrium on the 1st, 4th and 7th
floors while the upper 2 floors bridge the opening and
one wall enhanced with historic artifacts extend 3-stories
to an artificial skylite. The tower was constructed
a floor each week and a half and was completed prior
to delivery of steel which ordered for the long span
meeting room space, prior to start of masonry construction.

The Highland Mall Hilton Inn, Austin. Texas.
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CONCLUSION

This is what each of these loadbearing masonry projects have
in common:

Based upon an average floor area of 10 to 12,000 square
feet, about 90% of the building walls and floors were erected
without scaffolding more than 4 feet high or minimum shoring
during each 5 to 6 work day period.

No other structural system can match this accomplishment~

The actual appearance during construction was of buildings being
assembled or manufactured in place rather than merely constructed.
Most savings of time were directly related to the mason and his
construction. Electrical conduits rose vertically with the walls.
As each floor is placed, it serves as an instant work platform
for all trades without down time for work stoppage. With this
team work effort the lion and off ll problem is eliminated, contrac
tors profits increase and owners can occupy the buildings sooner.
Each construction step was programmed in advance by the general
contractor using controlled scheduling methods with the building
team being lead by the general contractor and the mason contractor.
When a trade starts on this type of project, it works steadily
until its work is finished. Efficiency increases as the building
moves to higher floors thus contributing to economy of
construction.

After observing almost 100 stories of construction, refining
our methods with practical experience, contractors suggestions,
analyzing the production costs and efficiencies, as well as
considering Owner's requirements we have concluded that IIModern
Masonry" is a real breakthrough for construction of most type of
buildings in the four to seventeen story height range. As
lumber prices continue to,rise, we also could include low rise
structures if they have near to 80,000 square feet of total
floor area.
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A NONFERROUS REINFORCED CONCRETE

MASONRY STRUCTURE

Allan W. Flandro*

ABSTRACT: An investigation into the use of nonferrous al
ternate materials in lieu of conventional steel reinforcing
bars in structural concrete masonry walls.

Materials studied were aluminum, copper, and fiber
glass-resin rods.

Parameters considered were strengths, coefficients of
expansion, resistances to alkalinity, availabilities, bond
ing characteristics, and costs.

Fiber glass-resin rods were selected as meeting all
parameters satisfactorily and most parameters excellently.
Adequate bonding to concrete was deemed questionable but
placing a light sand upon the rod during fabrication while
the resin is still wet was accepted to be an excellent
method of producing a good bonding characteristic.

It was concluded that the use of fiber glass-resin
rods will provide adequate reinforcing in concrete masonry
walls at reasonable cost.

*Executive SecretarY,Concrete Manufacturers Association
of Utah, 2155 Regent Street #10, Salt Lake City, Utah
84115.
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A NONFERROUS REINFORCED CONCRETE

MASONRY STRUCTURE

Introduction

The Hill Air Force Base near Ogden, Utah, has as its
prime function the maintenance and support of the F-4 and
F-16 fighter planes. In accomplishing this mission one of
its responsibilities is to rebuild and recalibrate com
passes. The engineering division at the base now plans
to construct a single story building for this specific pur
pose and wants to have it built without any ferrous metal
being used, an understandable requirement. All buildings
at this base are designed under the supervision of the
Sacramento District Corps of Engineers office which has a
severe reinforcement requirement to meet possible wind and
seismic stresses.

Definition of the Problem

The problem, then, was to find a satisfactory alterna
tive to conventional steel reinforcement which would be
nonferrous.

Analysis of the Problem

Early in the planning it was elected to use concrete
masonry for the exterior and some interior walls, rising
directly off the footings which will be placed 30 inches
below grade so as to be unaffected by the frost. The roof
is to be anchored to the bond beam at the top of the ex
terior walls and constructed of plywood sheathing on wooden
trusses, all fastened together with nonferrous nails, either
copper or aluminum.

Heating of the structure will be accomplished by forc
ing hot air from a remote heat source through plastic pipes
under the concrete floor on grade to plastic heat registers.
All electrical service will be provided with copper or
aluminum wire to plastic fixtures. Such water as will be
required will be piped through plastic and copper to por
celain or plastic fixtures and waste will be removed via
plastic or clay pipe.

In reviewing the material requirements one sees that
nearly all items, though not necessarily usual or common,
are available at general building materials suppliers. The
one item not falling in this category is an alternate for
reinforcing steel and this was the problem presented to us
by the in-house architect at Hill Air Force Base.
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Fig. 1. Schematic plan, compass repair and
calibration building.

A study was made of copper, aluminum, and fiber glass
resin rods or wire. Table 1 lists the physical character
istics and cost of each as well as those of steel for com
parison. Note that aluminum has a high coefficient of gx
pansion compared to that of concrete which is 5.5 x 10
in./in. Also the stock lengths of 12' would result in ex
cessive waste and increased labor costs. Copper has a
rather high coefficient of expansion, a "poor" rating of
resistance to alkalinity, a high cost related to strength,
and, as aluminum, comes in stock 12' lengths.

Fiber glass-resin rods present an interesting alterna
tive. The coefficient of expansion at 3.5 x 10-6 in./in.,
though less than concrete, is close enough that no signifi
cant stresses should be produced in this structure due to
temperature changes. Its cost when related to strength is
about 1.6 times that of steel, it has a "fair" rating of
resistance to alkalinity, and is furnished in continuous
rolls.

All of these three alternates, being fabricated with a
smooth surface, probably will have a poor bond with con
crete. In the case of the fiber glass-resin rod two methods
are suggested which should provide adequate bonding. First,
the rods could be coated at the factory or at the construc
tion site with polyester resin and while still wet have a
thin layer of fine sand sprinkled on. The manufacturer
advises that this procedure can be done at the factory at
a very nominal cost. The extra coating of resin and sand
would provide additional protection for the fibers against
alkali attack. The second method would be to wind fiber
glass roving around the rods at all intersections of the
reinforcing and then swab the roving with polyester resin.

The first method would provide a more continuous type
of anchorage similar to the conventional deformations on
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reinforcing bars and would probably be less expensive. The
second would provide a spot or local bond. Since the rods
would have to be held in place and steel tie wire would not
be allowed it may be that both methods would be used which
should provide excellent bond.

Another problem is the alkalinity rating of "fair" for
fiber glass-resin rods. The Owens-Corning authorities state
that AR (alkali-resistaut) fibers should be used, and a
resin-rich surface be specified. If these two restrictions
are followed no alkalinity problem should result. Those
who are acquainted with the concrete masonry industry know
that fiber glass fibers are used in concrete masonry sur
face bonding mixes that place the fibers in immediate con
tact with the alkalies of cement and lime, and when AR
fibers are used no deleterious effect is experienced.

Some significant advantages of using fiber glass-resin
over copper or aluminum are:

1. Its ultimate tensile strength is far in excess of
either copper or aluminum and even steel, and its yield
point strength is over three times that of any of the three
because it is virtually the same as its ultimate strength.

2. It may be shipped in coils thus reducing splicing.

3. It weighs only about one-fourth as much as steel,
reducing shipping costs and making it easy to handle.

4. It is more easily cut to length with a hacksaw or
bolt cutter than steel.

In view of the above, fiber glass-resin rods were con
sidered most advantageous and selected for further analysis.
The structural strength integrity of fiber glass resin rods,
when used as reinforcement in concrete, is confirmed in the
experimental study made by Nawy, Neuwerth, and Phillips,
"Behavior of Fiber Glass Reinforced Concrete Beams." They
tested ten fiber glass reinforced beams and five steel
reinforced beams. The report shows that the yield point
is very close to the ultimate strength of fiber glass, the
concrete failed before the fiber glass ruptured, the bond
between concrete and fiber glass was not a cause of fail
ure, and the product performed well in every respect. Al
though at ultimate loadings the deflections of fiber glass
reinforced beams were three times as great as the comparable
steel reinforced beams, at working loadings the deflections
of steel reinforced and fiber glass reinforced beams were
quite favorable, and upon release of the load all cracks
were closed.
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Full reinforcement design, as specified by the Sacra
mento District Corps of Engineers office would require two
No. 4 steel bars running continuously in the footing, two
No. 4 steel bars running continuously in each of three bond
beams, and one No. 6 steel bar placed vertically from the
footing to the top bond beam at 48" on centers. Also the
concrete slab on grade would be reinforced with a 6" x 6"
#10/#10 mesh for temperature stresses.

Calculation of the amount of fiber glass-resin rod
replacement needed was made on the basis of comparative
ultimate strengths. This is a more conservative approach
than using yield strengths, and since fiber glass-resin
rods are not commonly used as concrete reinforcement no
working strength criteria are available.

Comparison of Strengths

Conventional
reinforcing
steel bars:

114

116

1110 wire

Fiber glass
resin rods:

DIAMETER
in.

.50

.75

AREA
sq. in.

.196

.442

.014

ULTIMATE STRENGTH
p.s .i.

70,000

70,000

70,000

CAPACITY
lbs.

13,720

30,940

980

1/4"

3/8"

17 /32"

9/16"

.250 .049 128,000 6,272

.375 .110 128,000 14,137

.531 .222 128,000 28,416

.563 .249 128,000 31,808
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Four standard sizes of fiber glass-resin rods were
selected for this study--l/4", 3/8", 17/32", and 9/16".
A comparison of their strengths and those of steel bars
is shown in Table 2. It is quickly apparent that #4 steel
bars may be replaced by 3/8" fiber glass-resin rods; #6
bars by 9/16" rods; and #10 wire by 1/4" rods at a ratio
of 6 to 1. In other words, two 3/8" rods would be re
quired in the footings running continuously, two 3/8" rods
would be placed in each bond beam running continuously, and
a 9/16" rod would run vertically from the footing to the
top beam on 48" centers.

One-fourth-inch rods would be placed in the floor slab
at 36" on center running both ways to provide temperature
reinforcement. To make a good connection the rods should
be extended beyond the perimeter of the floor into the
masonry wall.

The arrangements of steel bar and fiber glass-resin
reinforcement are shown in Figure 2. The fiber glass-resin
reinforcement provides 3% greater strength than the steel
based upon ultimate strength figures. If yield point
strengths had been used the fiber glass-resin reinforcement
would provide 78% more strength.

8" X 8" X 16" e/M

2 - #4 bars horiz.
in each bond
beam

1 - #6 bar @ 48"
O.c.

.-o
I

""0

~~

1=, - I ~ i- --- I 6" x 6"-10/10
~ .. .JL•• J..2"

c---__->- _ -- 1-T--c- - --- - f mesh

-1- \~\ t
====-::J_'("1,---. [--~~_] ...... -- 2 - 114 bars con' t.

1 - 1/4" r/J fiber glass-
resin rod each way
@ 36" o.c.

2 - 3/8" '/1 fiber glass-
resin rods con't.

8" X 8" X 16" e/M-

2 - 3/8" r/J fiber glass
resin rod @ 48" O.c.
in each bond beam

1 - 9/16" r/J fiber glass
resin rod @ 48" o. c.\

Fiber glass
Resin Rein

forced

Steel
Rein
forced

Fig. 2. Typical wall sections.
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The entire fiber glass-resin reinforcement requirement
could be shipped from the supplier to the job site in three
coils, one for each size of rod, of about 8' in diameter
and weighing a total of approximately 700 pounds. At
$8.19/cwt. the transportation cost would be $56.00

A comparative cost of the two systems is shown below;
materials only:

Cost of Steel REdriforcement Materials:

Footing 900' #4 bar @ lO¢ $ 90

Bond beams 2700' 114 bar @ 10¢ 270

Vertical bar 1460' 116 bar @ 22¢ 321

Floor 3500 sq. ft. 6" x 6" /!lO/IIIO @ 7¢ 245

Total, Delivered Locally

Cost of Fiber Glass-Resin Reinforcement Materials:

$ 926

Footing 900' 3/8" 0 rod @ 16¢ $ 144

Bond beams 2700' 3/8" 0 rod @l6¢

Vertical rods 1460' 9/16" rod @ 35¢

Floor 2425' 1/4" rod @ lO¢

Freight

Total

432

511

243

56

$1,386

Though the cost of fiber glass-resin reinforcement is
50% greater than that of steel it must be remembered that
the comparison is based upon the ultimate strengths of the
two materials, a very conservative approach. More familiar
ity with the use of this material in concrete may result
in establishing a working strength criteria which very
likely would be more favorable to it.

Since it is supplied in coils and being comparatively
light in weight it should be easily handled by the workmen.
Also the amount of splicing should be much less than when
steel is used, which should result in a cost saving. How
ever, even the 50% increase in material cost is not sig
nificant in a $200,000 building when one considers the
unique goal that has been attained.
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Conclusion

The analysis is completely academic at the time of
this writing inasmuch as no construction has been accom
plished nor even final drawings completed. However, one
can conclude that nonferrous reinforcement of a building
can be accomplished with the use of fiber glass-resin rods
which are available in the general marketplace. Further,
the extra cost of using this material in lieu of steel is
not a significant burden to the total building cost. Since
the use of the fiber glass-resin rods in this function is
an unusual concept, special care and attention should be
taken to assure that proper bond and anchorage are obtained.
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SOURCES OF INFORMATION

Affiliated Metals, Inc.
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Salt Lake City, Utah 84115

Fiberchem, Inc.
3000 South 900 West
Salt Lake City, Utah 84119

Owens-Corning Fiberglas Corp.
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Salt Lake City, Utah 84119

The Polytrusion Co., Inc.
3050 Daimler St.
Santa Ana, California 92705
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RELATIVE ECONOMIC PERRFORMANCE OF BRICK MASONRY AND GLASS OFFICE
BUILDINGS

By Grimm, Clayford T.

ABSTRACT: The Texas State Building Materials and Systems Testing
Laboratory conducted a real estate investment analysis on a hypo
thetical, typical, high-rise office building to be occupied in the
summer of 1975 in Dallas, Texas to determine the rate of return on
the total investment as affected by ten alternative facade material
combinations. The facades included two types of fenestration in three
ratios of window area to gross facade area and three opaque wall
materials.

In this typical office building, a comparison between a facade of 70%
insulating reflective plate glass windows with 30% glass spandrels and
a facade of 80% conventional brick masonry with 20% tinted plate glass
windows indicates the following effects on the real estate investment.
Use of the all-glass facade:

1. requires more than 9% higher initial building cost,
2. requires more than 8% higher total investment cost,
3. requires nearly 34% more cash equity,
4. requires more than 4% higher operating cost,
5. reduces the maximum internal rate of return on the

investment by more than 22%, and
6. has no effect on rental income.

The principal cause of these relationships is the higher initial cost
of the glass wall and the increased development and operating costs
attributable to it, combined with no benefit of higher income. The
report concludes that increasing fenestration above 20% of the facade
area typically has no redeeming economic quality and that, if in any
case increasing fenestration above 20% of the facade has any merit at
all, the cost of achieving any such benefit should be made explicit.
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RElATIVE ECONOMIC PERFORMANCE OF

BRICK MASONRY AND GlASS OFFICE BUILDINGS

1By C1ayford T. Grimm, P.E.

THE LABORATORY

The Texas State Building Materials and Systems Testing Laboratory
(BMSTL) is an inter-university testing and evaluation facility created
by an act of the 1971 session of the Texas Legislature to assist local
governments, the construction industry, and the public through the
evaluation of materials and methods in the building industry. The
Laboratory is an operating Program of the Texas Department of Community
Affairs and is managed by a Technical Testing and Evaluation Council,
which consists of one representative appointed by the president of
each of the following participating universities:

Lamar University
Prairie View A&M College
Texas A&I University
Texas A&M University
University of Texas at

El Paso

Texas Tech University
University of H~uston

University of Texas at
Arlington

University of Texas at
Austin

At the request of the Acme Brick Co., the Texas Department of
Community Affairs issued a report titled, Relative Thermal and Economic
Performance of Masonry and Glass Building Enclosures, dated March 28,
1975. The report was unanimously approved by the Council governing the
Laboratory. The report is based on research conducted by the Center
for Building Research in The University of Texas at Austin. The
report was written by Clayford T. Grimm, P.E., Associate Director of
the Center; Dr. Jerold W. Jones, Assistant Professor of Mechanical
Engineering; and Dr. Stephen A. Pyhrr, Assistant Professor of Real
Estate and Finance.

This article summarizes that government report, copies of which
are .avai1ab1e from the Acme Brick Co., P.O. Box 425, Fort Worth,
TX 76101.

OFFICE BUILDING DESCRIPTION

The report examined the economic performance of a hypothetical
office bUilding to be completed in Dallas, Texas during the summer of

lLecturer in Architectural Engineering, University of Texas at
Austin, Austin, Texas.
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1975. The effect of ten different exterior wall types on the internal
rate of return on investment cost and the annual rate of return on
equity was examined. Only three of the facades are discussed in this
summary. They are listed in Table 1 and described in Section 4 of
iliis s~~.

The office building is rectangular, measuring 205 ft in length
and 102 ft 6 in. in width with the major axis on an east-west orien
tation. It is a concrete-framed building having 15 stories above
grade and one story below grad~. Floor-to-floor height is 13 ft. The
gr~ss floor area is 336,200 ft with a rentable floor area of 289,132
ft. There are five air-conditioning zones on each floor, i.e. one for
each orientation and a core zone. The gross facade area is 119,925 ft 2•

The initial construction cost of the building, having a facade of
60% brick-block cavity walls and 40% tinted plate glass, is $27.00
per gross ft2 of building or $9,077,400. Depreciable development costs
for this building were estimated at 17% of building cost, and non
depreciable (i.e. expensed) development costs were estimated at 10% of
building costs, providing a total development cost of $2,450,898. Land
for all buildings was assumed to cost $1,452,384.

It was estimated that the average annual rental rate would be
$6.75 per ft2 of rented area in each of the ten buildings. The effect
of window area on rental rates is discussed in Section 6 of this
summary. The first-year operating cost of the building with 40% fenes
tration (facade No.3) was determined at 40% of the first-year gross
effective income or $749,430. The difference was determined between
the first-year operating cost for that building and the same structure
with the alternative facades. Operating cost differentials included
the cost of operating ilie air-conditioning plant, cleaning windows and
blinds, real estate taxes, glass-breakage insurance and interior wall
painting as affected by each facade.

FACADE DESCRIPTION AND INITIAL COSTS

All glazing is in an inoperative anodized aluminum frame with
sealant. Three types of glass considered were: (1) 0.25-in. polished
tinted plate, (2) one-in. thick insulating glass haVing one light of
0.25-in. clear plate and one light of 0.25-in. tinted reflective plate,
and (3) 0.25-in. standard color spandrel glass. Insulation behind
spandrel glass was included. The estimated cost of windows with
tinted glass includes stock venetian blinds haVing 2-in. steel slats.
Such blinds are not included for windows having insulating reflective
glass.

Conventional masonry construction was a 10-in. cavity wall, con
sisting of cleaned, standard, modular, face brick, 2-in. vermiculite
insulation, and 4-in. x 8-in. x l6-in. lightweight concrete masonry
units, metal ties, flashing, weepholes, 518-in. gypsum plaster, primed
and painted two coats.
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All construction costs were based on anticipated costs in Dallas,
Texas during the spring of 1975, and include contractors' profit and
overhead. The cost of masonry and windows were prorated in accordance
with their relative proportions of the gross facade area to yield the
unit facade costs shown in Table 2.

Initial cost estimates for facade No. 2 (70% insulating reflective
glass and 30% spandrel glass) ranged from $14.05 to $15.65 per gross
ft2 of facade, exclusive of blinds. The average of four estimates was
$14.12, which figure was used in the analysis as shown in Table 2.

Initial cost estimates for tinted glass in anodyzed aluminum
2

frame
windows in facade Nos. 3 and 7 ranged from $8.57 to $10.51 per ft of
window. Of four estimates, the average was $9.18. The average of the
three lower prices was $8.73 to which was added $0.71 per ft 2 of window
for venetian shades to yield $9.44.

Initial cost estimates for the conventional masonry cavity wall
ranged from $5.27 to $8.99 per ft 2 of wall. The average of seven
estimates was $6.63, which was used to estimate the cost of facade
Nos. 3 and 7.

The weight of exterior walls can affect structural framing and
foundation costs. Based on the wall weights shown in Table 1, item
1.5, foundation and framing cost differentials were computed for each
facade as shown in Table 2, item 2.2.

In the absence of any documented evidence that speed of exterior
wall erection affects building completion time, no consideration was
given to speed of construction associated with the facade types.

Table 2 summarizes the initial costs for the same office building
with 70%, 40% and 20% fenestration, i.e. facades 2, 3 and 7 respectively.

ENERGY REQUIREMENr S AND COSTS

The load and energy requirements for each of the buildings were
determined by utilizing a computer-based building model developed by
the National Bureau of Standards (NBS), using procedures recommended
by the American Society for Heating, Refrigerating and Air Conditioning
Engineers (ASHRAE) Task Group on Energy Requirements for Heating and
Cooling in Buildings. Heating and cooling design loads were calculated
for each case, and the annual energy requirements were then estimated
based on Dallas weather records.

The lighting loads, ventilation rates and infiltration rates were
held constant for all cases. The values us~d for these inputs were the
same as those developed for an NBS study of similar-type general-use
office space. Building load parameters such as lighting and ventila
tion were chosen on the basis of an energy-conservative design
philosophy. This, coupled with the fact that the use of the NBS
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computer simulation allows the HVAC equipment to be sized closely,
results in both the initial cost and operating costs being somewhat
lower than would usually be encountered with current design practice.
Initial cost of the HVAC system for the building with 40% fenestration
(facade No.3) was assumed to be $3.00 per gross ft2 of floor area,
while the first year HVAC operating cost was determined to be l3.3¢ per
gross ft2 of floor area for energy only exclusive of HVAc plant
maintenance.

The HVAC plant capacity requirements for the building with alter
native facades is shown in Table 2. Incremental changes in cooling
plant capacity were priced at $1,295 per ton. The incremental heating
plant capacity requirement was priced at $400 per therm of required
plant capacity.

The operating cost of the cooling plant is priced at $0.0134 per
kilowatt-hr of electric energy requirement. The heating plant operat
ing cost was priced at $0.89 per 1000 ft3 of gas consumed.

The first-year annual energy cost for the 70%, 40% and 20%
fenestrations on this building are shown in Table 3. The difference
in first-year annual energy cost between the building with 70% fenes
tration and with 20% fenestration is enough to operate the HVAC system
in the building having 20% fenestration for nearly six weeks. In
other words, increasing fenestration from 20% tinted glass to 70%
insulating reflective glass is equivalent to adding nearly six weeks
of operation to the fuel cost each year.

OTHER OPERATING COSTS

First year building operating costs are summarized in Table 3.

Window and Blind Cleaning

The estimated cost of exterior and interior window-washing on the
building having 20% fenestration was $1,966. The cost of window
washing on the exterior and interior of the building having 100% glass
exterior with 70% fenestration was estimated to be $4,337. The cost
of exterior and interior window washing on the building haVing 40%
fenestration was estimated to be $2,559.

In a typical clean environment, light transmission through glass
is reduced 18% by dirt collection over a three-month period and 27%
over six months. In Chicago, windows are typically washed monthly.
However, in Los Angeles, quarterly washing is common. For the Dallas
building, quarterly washing was assumed at an annual cost of $7,864,
$10,236 and $17,348 for the 20%, 40% and 70% fenestrations respectively.

The customary blind-cleaning service prOVides semiannual dusting
and annual damp-cloth cleaning in place. The total annual blind
cleaning cost was estimated at $24.22 per 1000 sq ft ·of shaded window
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area. The average annual cost of blind cleaning with 20% and 40%
fenestration was $581 and $1162 respectively. Interior venetian shades
were not provided on windows having insulating reflective glass.

Real Estate Taxes

The nominal real estate tax rate (i.e. quotient of total annual
tax bill divided by assessed value) in Dallas, Texas is 0.097. The
ratio of assessed value to sales price is 0.169. The effective tax
rate is 0.016393. The first-year real estate taxes were $221,612,
$207,691 and $204,987 for the building with 70%, 40% and 20% fenes
tration respectively.

Illumination Costs

A study was made of 166 offices in a typical multi-story multi
tenant office building in Austin, Texas to determine whether there is
a reduction in artificial illumination as a function of fenestration.
All lights were "on" in 164 or 98.8% of the offices. Apparently any
natural illumination which may be available from time to time is used
to augment the artificial illumination, not to replace it. This
contention is supported by another case study. For these reasons,
no differential illumination cost was applied to any of the facades in
this report.

Fire Insurance

A study was made of a high-rise office building with a totally
reflective glass facade recently completed in Austin, Texas to deter
mine the effect of the exterior facade on the fire-insurance rates on
the building and its contents. Interviews were held with staff members
in the rating section of the Texas Insurance Commission. The facade
had no effect on the total insurance premium paid. In the absence of
any documented evidence that insurance rates are affected by glass
facades, no fire insurance cost differential was applied to the facades
considered in this study.

Glass Breakage Insurance

Window breakage in New York City schools cost $1.2 million in 1968.
In Phildelphia schools in that year the cost was $684,000 or $2.28 per
broken pane. Extended coverage insurance usually includes glass break
age due to windstorm, hail, explosion, riot, civil commotion, aircraft,
vehicles, or smoke, but does not include accidents or vandalism.
Although many building owners carry glass-breakage insurance, many are
self-insured, in which case the cost of glass breakage should be
considered a maintenance expenditure.

Glass insurance rates vary with time, location of building, loca
tion of window within the building, building occupancy, and glass type,
thickness and size. An eight-story dormitory with stores at ground
level located near The University of Texas at Austin has glass-
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breakage insurance at an average annual cost of $0.035 per ft 2 of glass.
The annual rate on the glass windows on the first two floors is $0.146
per ft2 , while the rate above the second floor is $0.02 per ft 2 or
about 1% of the glass-replacement cost.

An annual glass-breakage insurance rate of $0.02 per ft2 of glass
is a conservatively low value for single-plate glass and about 25%
higher for double-glazed windows in the upper floors of a high-rise
office building.

Effect of Windows on Rental Rates

A survey was made in November 1974 by the Building Owners and
Managers Association International of 81 office buildings in 43 cities,
37 in the U.S. and 6 in Canada, to determine the effect of fenestration
on office rental rates. The age of all buildings was 10 years or less,
and the average was 4.9 years. The buildings ranged in height from
one to 60 stories, and the average height was 16.7 stories. The survey
indicates that interior window shades are fully closed 27% of the time
and partially closed 33% of the time. The windows are, therefore, less
than 60% efficient as a see-through device.

In 78% of the buildings, rental rates were not related to the
amount of glass in the facade. On the basis of these data, no
differential rental income was attributed to the facades considered
herein.

Effect of Wall Thickness on Rental Income

When lot area is larger than largest floor. area and the building
walls are not erected on the building restriction line, all of the
floor area is provided which the real estate investment feasibility
study indicates is economically justified, and the exterior walls are
set outside that area. In this case wall thickness has no effect on
amount of rented floor area. Thus, no consideration was given in this
study to differential rental income as affected by wall thickness.

Wall Maintenance

The cost of interior wall painting was estimated at $10.37 per
100 sq ft of wall surface area. Interior wall painting was estimated
to occur at 3-year intervals. The first year annual interior painting
of exterior opaque walls was, therefore, estimated at $0.0346 per sq
ft of wall. For the building having 40% fenestration (facade No.3)
this cost amounted to $2,482. The first year annual interior painting
of the exterior opaque walls for bUildings with 20% fenestration was
estimated at $3,310. Other exterior wall maintenance and repair cost
differentials, not mentioned above, were considered negligible.
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REAL ESTATE INVESTMENT ANALYSIS

The technique of real estate investment analysis used to evaluate
each of the buildings is fully described in Building Cost vs Operating
Cost vs Rental Income, available from the Center for Building Research
in the University of Texas at Austin. Input data on initial and
operating costs were determined as described/above. Input data on
rental rates, rent loss, miscellaneous income, mortgage amount and
terms, depreciation methods, income taxes, sales expense, and projected
inflation rates for consumer prices, income, taxes, operating costs,
building cost, development cost, land cost, and real estate value were
determined by literature search and by in-depth interviews with Dallas
real estate developers or property managers conducted during the fall
of 1974. Projected inflation rates were based on price-change histories
and expected changes in productivity, i.e. expected inflationary trends
in rents, expenses and property value.

The rates of return for the building with three facades is shown
in Table 4. Reducing glass area from 70% to 20% of the facade
increases the maximum rate of return on equity from 8.8% to 12.6%,
i.e. a 43% increase.

EVALUATION OF THE NEED FOR WINDOWS

Windows are sometimes thought to be psychologically necessary,
but a literature search reveals no evidence to support that contention.
A survey of office workers shows high preference for windoWS, but no
factual basis to support a need for windows has been demonstrated.
Considering the volume of research which has been done on the physical
requirements for windows--daylight, glare, sound and heat transmission,
ventilation, and infiltration--it is surprising to find virtually no
evidence that visual contact with exterior is necessary or that the
value received is justified by the cost.

A report on Effect of Windowless Classrooms on Elementary School
Children by the University of Michigan indicates that windows are
unnecessary in schools, prompting the use of windowless classrooms.
Teachers with experience in windowless classrooms prefer them, and
elementary school children with experience in both conventional and
windowless classrooms show very little personal interest in whether
their classrooms have windows or not. A study by the U.S. Public
Health Service concludes that although windows should not be eliminated
from long-term nursing areas of general hospitals, they serve no
particular therapeutic purpose in diagnostic, treatment, intensive
care, or nursing units. The Australian Commonwealth Experimental
Building Station in a study of ''Windows and the Indoor Environment,"
concludes that excessive (more than functionally necessary) use of
glass can give rise to problems of heat, noise, and loss of privacy.
Cooling systems cannot be economically contrived to provide comfort
with any condition of glass-pIus-sun in critical summer weather. It
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is not just a matter of reducing the cooling load, which is important,
but of avoiding uncomfortably hot solar-radiant areas next to glass.
Glass should be avoided or minimized in the path of the sun's rays or
the impact of solar energy should be absorbed on the outside of the
building.

CONCLUSIONS

Table 5 summarizes the initial and operating costs attributable
to windows and walls.

Insulating reflective glass is about 30% more expensive than
tinted glass and nearly 85% more expensive than conventional brick
masonry walls.

HVAC costs attributable to windows are 2.4 to 3.7 times greater
than for masonry walls. The structural framing and foundation costs
attributable to conventional masonry walls is about 11 times greater
than for single glazed Windows, but the cost difference is about $1.00
per ft2 of wall. Interior painting costs are higher for opaque walls.

The higher initial costs attributable to windows produces higher
development costs, especially for construction financing and
architectural fees.

The total investment cost in windows typically used in office
buildings is about 70% greater than in conventional brick-block
masonry cavity walls.

The higher the initial construction and development costs of a
facade, the greater the equity requirement. Since the real estate
resale value and rental income are not typically affected by the facade,
the mortgage value of the property is unchanged, and the equity require
ment is increased. Typically, a 50% increase in facade cost produces
a 5% increase in office building cost and a 4.5% increase in investment
cost. If the mortgage value is unchanged at 75% of original investment
cost, the equity requirement increases by 18%.

Since rental rates and, therefore, mortgage values are typically
not increased by greater window area, the increased investment costs
associated with windows must be paid for entirely from increased
equity. The annual rate of return on the incremental equity is
typically zero, and the return on the entire investment is therefore
reduced. This condition is further aggravated by the increased
operating costs associated with windows, and therefore, reduced net
spendable annual income.

The total annual operating cost attributable to tinted glass
windows in this building is about 2.7 times greater than that attri
butable to the conventional brick-block cavity wall. First year annual
operating costs attributable to the insulating reflective-glass
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window are currently about 11% lower than that atrributab1e to the
tinted plate-glass window.

In the typical high-rise office building studied herein, the use
of insulating reflective glass rather than tinted plate-glass in the
facade is not economically justified. Higher initial construction
cost, development cost, and real estate taxes associated with insulating
reflective glass are not offset by reduced cost of the HVAC system and
its operation.

In the case of this typical high-rise office building, increased
facade window area with either of the two types of glass considered
has the effects of increased development cost, increased construction
cost, increased equity requirement, increased operating cost, and
reduced return on investment.



TABLE 1- FACADE DESCRIPTION, PER CENT OF GROSS FACADE AREA

Facade Number
(1)

Item No. Facade Materials 2 3 1

1.1 Tinted plate glass, % 0 40 20

1.2 Insulating reflective
plate glass, % 70 0 0

1.3 Spandrel glass, % 30 0 0

1.4 Masonry cavity wall, % 0 60 80

1.5 Facade weight, lb/ft2 10.2 42 54

(1) Facade numbers are those used in the BMSTL Report, which includes
data on ten facades, only three of which are shown here.
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TABLE 2. INITIAL COSTS

Facade Number (1)
Item No. Cost Variable

2.1 Facade, $/ft2 of
facade

l.00

4.0

1

510

895,336

232,765

915,150

7.19

862,261

1,524,414

2,419,750

8,939,578

LOO

6,929,402

L01

4.7

580

907,740

930,618

1,543,158

2,450,898

208,780

1,008,600

9,077,400

L01

6,929,402

L08

4.4

14.12 7.76

2 2

590

971,722

1,639,842

2,611,564

145,220

1,020,350

1,693,341

6,929,402

9,788,313

1.09

Facade, $

Foundation &
framing, $
HVAC, $
HVAC Cooling
capacity, tons/hr

HVAC Heating capa
city, 106 Btu/hr

Other building
cost, $
Building cost

Total cost, $

Relative bldg. cost

Development cost

Depreciable dev.
cost, $
Non-depreciable
dev. cost, $
Total development
cost, $
Relative develop
ment cost

2.3

2.3.1

2.6.4

2.1.1

2.2

2.3.2

2.4

2.6.2

2.5

2.5.1

2.5.2

2.6

2.6.1

1.055

2.7

2.8

2.9

2.9.1

2.10

2.11

2.12

Total building &
dev. cost, $
Land

Total investment
cost, $
ReI. Inv. Cost

Mortgage, $
Equity req., $
Relative equity
requirement

12,399,877

1,452,384

13,852,261

L08

9,735,510

4,116,751

1.338

11,528,298

1,452,384

12,980,682

1.01

9,735,510

3,245,172

11,359,328

1,452,384

12,811,712

1.00

9,735,510

3,076,202

1.00

(l)Facade nos. are those used in the BMSTL report, which includes data
on ten facades, only three of which are shown here.
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TABLE 3. FIRST-YEAR OPERATING COST

Facade Number (1)
Item

2 3 7

3.1 HVAC plant
operating cost, $ 45,060 44,700 40,614

3.2 Window cleaning, $ 17,348 10,236 7,864

3.3 Blind cleaning(2) 0 1.162 581

3.4 Real estate
taxes, $ 227,080 212,792 210,022

3.5 Glass breakage
insurance, $ 2,819 959 480

3.6 Wall painting, $ 0 2,482 3,310

3.7 Other operating
costs, $ 477 ,099 477 ,099 477 ,099

3.8 Total lst-Yr
operating costs, $ 769,406 749,430 739,970

3.9 Relative 1st-Yr
operating cost, $ 1.039 1.013 1.00

(l)Facade nos. are those used in the BMSTL report, which includes data
on ten facades, only three of which are shown here.

(2)Blinds not provided on insulating reflective glass windows but
provided for tinted glass windows.
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TABLE 4. RATE OF RETURN ON REAL ESTATE INVESTMENT

Facade Number (1)

Item No. Rate of Return 2 3 7-
4.1 Max. internal rate of

• . -- • f I

return on investment

4.1.1 Percent 12.6 15.4 16.2

4.1.2 Year 11 10 10

4.1.3 Relative 1.00 1.22 1.29

4.2 Max. rate of return
on equ~ty Lnciuding
tax shelter

4.2.1 Percent 8.8 11.6 12.6

4.2.2 Year 20 20 19

4.2.3 Relative 1.00 1.32 1.43

(l)Facade nos. are those used in the BMSTL report, which includes data
on ten facades, only three of which are shown here.
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PROBLEMS IN MASONRY WALLS - A Case History

By K.E. Fricke,l W.D. Jones,2 J.E. Beavers 3

ABSTRACT: Union Carbide Corporation - Nuclear Division, is an operat
ing Contractor to the Department of Energy (DOE). The Union Carbide
operated DOE facilities are the Oak Ridge Y-12 Plant, the Oak Ridge
Gaseous Diffusion Plant (ORGDP), and the Oak Ridge National Laboratory
(ORNL); and the Paducah Gaseous Diffusion Plant located at Paducah,
Kentucky. Over the past 30 years many buildings have been constructed
using conventional masonry construction techniques. During the past
10 years we have been experiencing several safety related problems with
these buildings -- to the point of having to remove some of the exist
ing exterior walls and rebuilding them. Our most recent experience was
the removal and reconstruction of a brick veneer wall of a three-story
building -- a building which was constructed less than 10 years ago.
We are presently reviewing similar problems that exist throughout the
three plants. The paper discusses the problems, their apparent causes,
and possible solutions to such causes.

For the present, we intend to continue to build using masonry
construction. However, as problems continue in this area, management
will become more concerned and will begin to turn toward the use of
steel buildings with metal panel walls.

1Engineer , Struc. & Arch. Dept., Union Carbide Corp. - Nuclear
Div., Oak Ridge, TN.

2Engineering Specialist, Struc. & Arch. Dept., Union Carbide
Corp. - Nuclear Div., Oak Ridge, TN.

3Manager, Struc. & Arch. Dept., Union Carbide Corp. - Nuclear
Div., Oak Ridge, TN.
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PROBLEMS IN MASONRY WALLS

A CASE HISTORY

by

123
Kenneth E. Fricke, W. Dale Jones, P.E. and James E. Beavers, P.E.

INTRODUCTION

The use of brick or stone in construction has been with us since
antiquity. Most of the ancient temples, pyramids, and the massive
structures of medieval times, extending down through the Renaissance,
were built of stone. Modern engineering practice employs an assembly
of stone or brick bonded together with mortar or some other cementitious
material. The long experience with masonry has not eliminated failures.
Today, masonry failures are not only experienced after extended periods
of time, but also during construction or even after a relatively short
life. The fact that new types of construction are being used, combining
brick with other materials, is leading to more frequent failures.

Union Carbide Corporation - Nuclear Division, is an operating
contractor to the Department of Energy (DOE). The Union Carbide
operated DOE facilities are the Oak Ridge Y-12 Plant, the Oak Ridge
Gaseous Diffusion Plant (K-25), and the Oak Ridge National Laboratory
(ORNL); and the Paducah Gaseous Diffusion Plant located at Paducah,
Kentucky. Construction at the Oak Ridge sites began in 1943 and has
continued, to meet expansion needs. During the past 35 years many of
the buildings have been constructed using conventional masonry. The K-25
plant has close to 350 buildings of which 23 involve brick construction.
At the ORNL, 10% of the 220 buildings are constructed with masonry walls,
while at the Y-12 plant 50% of the buildings involve some form of
masonry construction. There are approximately 310 buildings at the Y-12
plant, of which 108 are single-story, masonry bearing wall structures;
in addition there are 35 multi-story buildings that use masonry walls
in a non-structural capacity. As a result of the heavy use of brick

lEngineer, Struc. & Arch. Dept., Union Carbide Corp. - Nuclear
Div., Oak Ridge, TN

2Engineering Specialist, Struc. & Arch. Dept., Union Carbide
Corp. - Nuclear Div., Oak Ridge, TN

3Manager, Struc. & Arch. Dept., Union Carbide Corp. - Nuclear
Div., Oak Ridge, TN
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construction several safety related problems have been experienced
during the past 20 years, some to the point of necessitating the
removal of all or parts of the walls and rebuilding them.

This paper briefly discusses the masonry wall failures en
countered at these facilities, their probable causes, and their
solutions. The main discussion focuses on two specific failures at
the Y-12 plant. These failures involved substantial wall movements in
two of the mUlti-story buildings (Fig. 1) that took place during the
past three years. In the first case the entire curtain wall was
removed and replaced, and in the second case only the brick veneer
was replaced.

CASE I - WALL FAILURE

Building Description. The first building at the Y-12 plant whose
wall failure required removal was the facility identified as 9204-2E
(Fig. 1). The construction of this building was completed in January,
1970. It is a three story structure composed of a structural concrete
frame with masonry filler walls and brick facing construction on the
upper two stories. The first story construction, part of which lies
below the grade level, consists of concrete columns poured integrally
with an 8 in. wall, both being supported on a mat foundation.

The masonry walls are 12 in. thick, composed of 4 in. face brick
and 8 in. filler. In the area of failure the filler wall is 8 in.
clay tile on the first story wall and 8 in. hollow concrete block on
the second story wall. Four inches of the filler is carried past the
roof spandrel beam which is set in from the outside of the column line.
The brick facing is supported on the outside of the concrete frame from
a shelf in the foundation wall at an elevation 8 in. below the top of
the second floor level, to the underside of the parapet coping. No
shelf angles to help support the wall were included in the design. The
distance from the top of the foundation wall to the third floor level
is 30 ft and from there to the roof line an additional 18 feet. The
parapet is 2 ft in height, capped with an 8 in. stone coping. The
construction drawings showed the wythes of masonry being tied together
with continuous joint reinforcement and the brick being tied to the
columns and spandrel beams with dovetail anchors. Vertical expansion
joints were shown through the two wythes of masonry on both sides of
the columns.

Detection of Bulges. Soon after construction was completed bulges
in the west wall were detected, although at that time no measurements
were taken. The west elevation and a typical cross-section through it
are shown in Figures 2 and 3. The bUlge noted in 1910 is marked as
area "A". Another inspection was made in August, 1913, and the
conclusion then was that visually the walls had not moved appreciably
over the three year span. However, because of visible cracks between
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the interior cross-walls and the exterior wall, it was decided that
for future reference, data points should be established at locations
along the west wall.

In October, 1973 a survey was made from within the building.
This survey showed a slight, but not alarming, increase in the bulge
at "A". At the same time, no excessive movements were noted in other
areas of the wall.

Rapid Wall Movement. In March, 1966, movements were again noted,
and an inspection was made which resulted in observing a bulge at
liB", that equaled or exceeded the displacement at area "A".

Between Friday, May 29, and the following Monday there was an
apparent 1/4 in. movement of the wall. As a result the west side of
the building was roped off for safety reasons, and utility and
electrical lines were removed from the entire west wall, 3rd floor,
and north,-center and south bays. A complete survey was made on both
the interior and exterior of the wall.

The magnitude of the movement was most obvious at the cross-walls
(column lines). An outward movement of as much as 2 in. was measured
at the interior walls between column lines 1 and 2, 6 ft above the top
of third floor level. Most locations showed an increase in the
separation over the past three year span, with a maximum differential
movement of 7/8 in., in area "B". Fig. 4 shows the actural wall move
ments measured at various locations along the interior west wall.

Measurements taken on the outside of the wall also showed large
displacements, with. the maximum deflection measured at 2 5/8 in.
occurring in area "B", 4 ft above the third floor level. The maximum
recorded deflection in area "A" was 2 in., and that between the second
and third column lines was 1 5/8 in., both occurring several feet
above the third floor level. The deflections measured on the exterior
of the wall correlated well with the deflections measured on the
interior.

Apparent Causes. The conclusion was that the bulging was the result
of normal thermal and moisture expansion coupled with design omissions.
The causes of failure were reduced to two basic areas:

1. Contribution of the Structural Frame

During the various inspection tours of the
building, there was no visual obvious contribution
of the reinforced concrete structural frame to the
bowing out of the masonry wall. Further examinat ion
of the structural drawings revealed nothing to
cause one to suspect that the reinforced concrete
frame was in any way inadequate, nor did a review
of the design calculations. However, the concrete
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block exterior wall bears directly against the
spandrelheams at the third tloor and roof levels and
since the brick 'Veneer is tied directly to the block,
any expansion of the brick veneer is resisted
by the bearing of the block walls against the
spandrel beams, and a moment tending to cause the
wall to bow out is introduced by the eccentricity
of the bearing. Any deflection of the spandrel
beam at the roof level would contribute to this bowing
out. Results of the deflection calculations in
dicated that the total deflection of the roof
spandrel beam -- dead + live + long term loads --
was on the order of L/900, less than that permitted
by the ACI Building Code. Thus, the deflection
of the roof spandrel beam was not excessive. The
flexural strength of the beam was checked and also
found to be adequate (2).

2. Thermal and Moisture Effects

As shown in the Technical Notes (4), a 50 ft high
brick masonry wall SUbjected to a 100°F temperature
increase would, on the average, expand approximately
1/4 inch. The moisture exp~nsion of the same wall,
using a moisture expansion coefficient of 0.0002,
would approximately be 1/8 inch. If the wall were
not allowed to move, these vertical deflections
would more than cause the measured 2 in. bow.
If curing shrinkage of the frame and deflection
of the spandrel beams is added to this, the bow of
course, would be even greater. No horizontal
expansion joints for vertical expansion of the
masonry were included in the design. It also became
apparent that the vertical expansion joints did not
function properly, as no closing of the joints
was evident. This created additional bowing re
sulting from the resistance to horizontal movement
of the masonry.

Summary. A description of what might have occurred at the wall
follows (5). Initially the concrete masonry experienced a drying
shrinkage Which provided space for further movement. Drying shrinkage
does not of course occur in clay tile. As the clay masonry expansion,
and the frame shrinkage and deflection began to occur, the clay tile
backup was clamped tighter within the frame, but the concrete backup,
due to initial shrinkage, contained space for movement. This resulted
in the concrete backup being essentially lifted off the third floor
spandrel beam reducing its frictional resistance to movement. With the
brick wall tied to the concrete backup, it merely pulled the block
away from the building at the locations of least resistance.
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The repair to this structure was to remove the existing brick and
block wall and replace it with a new 12 in. block filler, facing the
exterior with a metal siding. Since the building was not in a location
within the plant where appearance was a concern, the use of the metal
siding was acceptable.

CASE II - WALL FAILURE

Building Description. Failure occurred in a large addition to
the Development Laboratory, building 9202 (Fig. 1), at the Y-12 plant.
The addition, completed in 1964. is a three story steel frame structure
with masonry walls composed of" a 4 in. curtain wall and an 8 in. concrete
block filler wall. The structure is supported by spread footings at
the columns. The lower floor consists of a shipping and receiving area,
and various laboratories. The second floor is office space and the
third floor has laboratories.

Again, as was the case in Building 9204-2E failure occurred in
the west wall (Fig. 5). The first" story of the wall is composed of
3 3/4 in. brick, a 1 1/4 in. air gap, and an 8 in. poured concrete
wall. The brick facing for the wall was carried by the poured concrete
wall on a ledge (Fig. 6). In addition to the ledge, there are three
shelf angles which help support the brick wall. Both upper story
walls have the same composition, differing from the first story wall
in that the air gap is increased to 2 1/4 in., and the filler wall is
8 in. concrete block (with the exception that at the floor levels the
structural steel beams are protected by poured concrete which serves
as the backup to the brick). There are three windows in the second story
wall. reinforced by a composite W12 x 19 lintel beam and a 1/4 in.
plate spanning the columns.

Detection of Bulges. Tn February, 1977, an exhaust duct was to
have been attached to the west wall. however, bulging of the brick at
various locations throughout the wall was noticed. Since the duct re
~uired bracing, the construction engineer decided the wall looked too
unstable for such work and re~uested an inspection by the Structural and
Architectural Design Department. Upon inspection,the interior walls
revealed cracks in the concrete block starting approximately 9 ft
above the third floor level at the columns and progressively widening
to the roof beams as shown in Fig. 7. These cracks were most noticeable
in the northwest corner of the building where the block separation was
approximately 1/8 inCh. It was also noticed that the lintel beams in
the north wall over the third story windows were rotating about the
corner edges of the windows.

An inspection of the outside of the building revealed that some
settlement of the footing had occurred at the northwest corner. A
shear crack in the brick veneer was clearly visible near the corner at
the second story window on the north wall. Furthermore, the vertical
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expansion joint on the west wall at the same co~ner was sheared over
much of its length. by the rel~tive movement of the column and the west
wall. However, it did not appear that this settlement was a principal
factor in the bulging of the west wall and thus was not considered in
the ensuing study.

A survey was made of the north and west walls, with a representation
of the results for the west wall appearing in Fig. 8. The vertical
solid line and the dashed line represent the location of the rear face
of the brick and the leading edge of the shelf angles respectively.
The distance between them is the amount of brick designed to be resting
on the shelf angle. The irregular line represents the rear face of
the brick as determined by the survey. Thus, either the distance the
brick has moved or how much of it remained on the shelf angle can
be obtained. The brick had moved a maximum of 1 3/4 in. at the second
story shelf angle (Elev. 977.75) in survey line 4, leaving less than
one inch of brick sitting on the angle. The maximum movement obtained
at the top shelf angle (Elev. 995.15) was approximately 1 1/2 in. as
measured in survey line 6. The brick did not move appreciably below
the lintel beam (Elev. 974.65). Most of the movement took place in
the area bounded by the lintel beam and column lines Zb and Zc (Fig. 5),
with the displacements decreasing towards the corners of the building.
From these results it became readily apparent that the upper part of the
west wall was dangerously near failure. The results of the north wall
survey indicated that there had been some movement. "While the amount
was not considered a safety hazard at this time, it has warranted
continual monitoring.

Another survey was made of the building to measure the vibrational
levels - due to the Exhaust Fan House and equipment on the roof -
at the walls. Vibration levels were measured in the direction of the
three axis along the top of the wall and in addition a horizontal east
west measurement was made at the third floor west wall. Similar
measurements were made of the north wall. The results of this survey
indicated the vibration levels to be insignificant.

Review of Wall Design. A review of the wall design revealed that
the lintel beams in both the north and west walls were overstressed,
that no horizontal expansion joints were included (except beneath the
base plate of the lintel beams), and that the shelf angles in these
walls were attached to the poured concrete overhangs at the upper floors
rather than being attached to the steel frame as was done at the east
wall. Furthermore, the lintel beam details appeared on the architectural
drawings rather than on the structural drawings - an unusual practice.

The lintel beams have a column to column span of 20 ft and were
considered to be simply-supported at each end. If the unbraced length
is considered to be the full 20 ft the lintel beams in both walls do
not meet the AISC specifications. If the beams are assumed to be braced
at the window corners, the west wall beams barely meet the specifications,
but the beams in the north wall are still inadequate. From the cross
section (Fig. 6) it will be noted that the lintel beams were supposed



113-8

to be completely encased by both the brick and the concrete block, in
which case it might be argued that the beams be considered continously
supported. However, as the walls were non-structural walls, the beams
should have been designed to support the loads on an unbraced length
of 20 ft, thuB resulting in the overstressed condition for the given
design.

A vertical expansion joint was provided along each column line
and a horizontal joint was provided below each of the lintel beams.
As a result there were two horizontal joints provided in the north
wall (where the brick movement had been less acute) and only one in the
west wall. In the west wall the horizontal joint was only effective
for the wall section below the joint - where, incidentally, the movement
of the brick was virtually zero.

Demolition of the West Wall. After reviewing all of the available
data, it was determined that the brick facade on the west wall should
be replaced. For the purpose of obtaining more information regarding
the actual wall installation, a step-by_step demolition sequence was
prepared. The demolition called for the removal of all the brick
above the windows. The two photographs in Fig. 9, taken during the
demolition process, clearly show the brick bulging at the top shelf
angle.

In addition, another abnormality was detected in the bolted
connections of the shelf angle (Fig. 9b). The design provided for
pre-drilled clearance holes in the angle where it was to be bolted to
the concrete block wall. It was apparent that these holes were modified
in the field with a cutting torch in order to compensate for a poor
field fit. In addition many of the connecting bolts were loose, some
to the point of being easily removable by hand. In spite of these
irregularities, and also the fact that the angle was anchored into the
block instead of the steel frame, the shelf angle appears to have
performed satisfactorily. The second story shelf angle also performed
as expected.

Wall ties were probably adequate in number throughout the wall
sections between the floor levels, but again irregularities were
visible. No ties had been placed in the vicinity of the poured concrete
slab overhangs, between the top of the windows and the third floor level,
nor in the area above the top shelf angles. Ties had been attached to
the web of the lintel beam, but they were not long enough to reach to
the brick wall, and instead of replacing them, they were pushed aside.

Reconstruction. Prior to erecting the new brick facing, stiffener
plates were welded to each 20 ft span of lintel beam at the one-third
points to provide intermediate bracing. A plate was welded to the top
shelf angle at each location where the connection holes had been en
larged by burning, and each defective bolt was replaced. The new
brick facing was tied to the existing concrete block wall with
corrugated metal ties which were attached to the block through channel
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slots anchored into the wall. In addition, ties were attached 
where originally omitted - from the lintel beam to the brick wall.
The ties were spaced 24 inches in the horizontal direction and as near
to 16 in. in the vertical direction as was feasable. Where no ties
had previously existed, between the top shelf angle and the papapet
coping,one row of ties was placed. Expansion joints were placed at
1) the four column lines in the vertical direction, 2) between the
shelf angles and the layer of brick immediately below, and 3) below
the lintel beams.

Summary. The problems encountered in the west wall of this
building were similar in nature to those found in the 9204-2E west
wall. The movement in the wall was unquestionably due to thermal and
moisture expansion effects. The lack of, or improper design of,
expansion joints, inadequate tie spacing, plus some questionable
construction practices were all factors contributing to the excessive
wall displacements.

CONCLUDING REMARKS

The general problems that occur in all types of masonry construction
are not new to the Oak Ridge facilities. In 1957 the main portal
building at ORNL required repairs to two masonry walls which had cracked
as a result of warping of a concrete canopy due to thermal stresses (3).
In 1968, building 9203-A at Y-12 had sections of the north wall removed
and replaced due to excessive movement of the brick veneer, and in the
same building a small area of the west wall was taken down due to
considerable cracking. At one of the facilities discussed in this paper,
building 9202, further investigation, and additional repairs will be
needed. At the second floor level of the south addition of that building
the concrete block interior wall is separating from the rest of the
structure, and repairs are recommended to the north wall of the north
addition. Recently, a problem in the three story First Baptist Church
educational building located in Oak Ridge necessitated replacement of
the west wall brick due to extensive separation of the brick and block
backup. Similar problems have plagued the industry at large throughout
the United States and Great Britain as indicated by the numerous
articles (1, 6, 7, 8) that have appeared in various publications in
the last two years alone. The fact that failure occurs most often in
west walls is not surprising due to exposure to the afternoon sun.

Masonry wall failures generally arise from 1) improper constraints
which prevent the wall from freely expanding or contracting due to
temperature fluctuation and moisture absorption and 2) external forces
to the masonry wall. These technical aspects behind masonry failures
have been well documented and will not be further entertained here.
Rather, the questions - Why do these failures occur as frequently as
they do, when the technical knowledge seems to be available and what
can be done to prevent failures of this type in the future? - are



113-10

considered. The problems result from a combination of 1) inadequate
design, 2) faulty construction practices, and 3) lack of adequate
quality control.

Inadequate Design. Inadequate design practices can be traced to
a lack of proper education. Very few engineers or architects have
had more than a cursory introduction to the complexities of masonry
construction in the university. Many must learn the technical aspects
of the field either with on-the-job training and/or special seminars.
The fact that brick is used in combination with other materials
results in a behavior that is not well understood and hence, not
properly anticipated and designed for. Many unsightly cracks can be
avoided by understanding how the structural frame and the foundation
of the building are expected to behave, and by providing proper expansion
mechanisms to compensate for such behavior.

One of the contributory factors which may lead to masonry failures
is an overreliance placed on the construction worker to incorporate
the designer's intent. It is quite apparent that there exists a large
gap between the designer at the drawing board and the man in the field,
and unquestionably, both parties must share the blame.

Faulty Construction Practices. Due to the refinements being
incorporated into today's designs, far greater attention to details
is required at the construction site than was the case in the past.
Hurried workmanship can lead to improper placing of wall ties,
inferior fabrication of expansion joints (though, the design might also
be at fault - using materials unsuitable for the purpose intended),
poor brickwork, and inadequate waterproofing of the masonry. Loose
connections between shelf angles and walls might permit the shelf
angles to rotate enough to tip the masonry, or produce unsightly, and
possibly hazardous bulging. All of these details are critical to the
long-term stability of the walls and care should be taken to insure
their proper construction.

Quality Control. Building failures, similar to those discussed
herein, can be attributed in part to a lack of proper on-site inspection.
Proper quality control at the construction site is an absolute requirement
and when special quality control procedures are necessary the designer
must specify them. The continued presence of a Quality Control
inspector at a site would serve as a deterrent to some of the more
questionable practices.

These are by no means the only problem areas that should be con
sidered, but they provide a set of guidelines that would certainly
improve the overall picture of masonry construction.



113-11

APPENDIX I

References

1. "Brick-Clad Concrete Proves Troublesome", Engineering News
Record, p. 10, August 25, 1977.

2. Burdette, E.G.; Professor, University of Tennessee, Department
of Civil Engineering, Knoxville, Tennessee; Letter to J. W.
Gregory, June 30, 1976.

3. Carter, C. M.; "Report on Structural Study, Building 5000",
ORNL Engineering Department, August, 1956.

4. "Differential Movement", Technical Notes on Brick and Tile
Construction, Structural Clay Products Institute, 1963.

5. Grogan, J.C.; Executive Director, Brick Institute of America
Region Nine, Atlanta, Georgia; Letter to J. W. Gregory, July 8
1976.

6. "Lack of Design Data, New Building Techniques Cause Facade
Failures", Engineering News Record, p. 9, February 2, 1978.

7. "Spandrel Repairs Avert Collapse", Engineering News Record, p. 21,
February 16, 1978.

8. "Two Buildings in City Lose Brick Facades", Engineering News
Record, p. 45, May 19, 1977.



113-12

Figure 1: Aerial View Of The Y-12 Plant-Oak Ridge
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Figure 2: West Elevation Of Building 9204-2E
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WEST WALL
WALL MOVEMENTS *

'{1.'

"B"

*MEASUREMENTS TAKEN AT
INTERIOR OF WEST WALL.
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FLOOR

® - 0 0 0

®
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6-0 UP 3/S I liS' 3/4
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@
I'~O' UP 1/4" 5/16" 1116"

6'-0' UP 3/8" 1/2" 118"
13~0" UP 1/8" 1/8" 0

"A"

}.
Fig.4: Wall Measurements, West Wall, Bldg. 9204-2E
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Figure 5: West Elev. Of North Addition, Bldg. 9202
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Figure 8: Example Of Survey Results, Building 9202
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MASONRY PANELS: REVIEW, PRESENT USE AND DESIGN

By: Borchelt, J. Gregg, Masonry Institute of Houston-Galveston

Techniques used to fabricate masonry panels in the past and present
are given. Factors influencing panel size, shape and layout are
discussed. Techniques of achieving tensile stresses necessary for
panelization are discussed and design information included. Curtain
wall and loadbearing panels, connection details and quality control
requirements are discussed.
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MASONRY P.ANELS :
REVIEW, PRESENT USE .AND DESIGN

1J. Gregg Borchelt

INTRODUCTION

The design and construction of masonry panels has seen a number
of changes in its relatively short history. At this time there are
two methods of developing sufficiently high tensile stresses to allow
preassembly of masonry. These are the use of high-bond mortar and
reinforced masonry. Both rely on an engineering analysis for proper
application. The manufacturing techniques to fabricate the panels has
come full circle. The first masonry panels were hand built by masons.
After a flurry of interest in various automated production methods,
the majority of panels being built now are again hand crafted.

HISTORY

Although the use of panels is thought of as a relatively recent
development in masonry construction, the use of prelaid masonry can
be traced to the late 1800's. Portions of masonry walls for buildings
along the waterfront in Galveston, Texas were prelaid and lowered
into the seawater (2). Similar construction was undoubtedly used in
other areas.

The first research in the United States into the application of
masonry panels was done in the 1950's by the Structural Clay Products
Research Foundation. This work was on reinforced masonry and led to
the use of panels on a building in the Chicago area. Prebuilt,
reinforced lintels were also the result of this research. In Europe
the trend was to mechanize the brick and tile placement, using
unskilled labor. So far the mechanized systems developed in other
countries have not been successfully introduced into the United States.

The development of high-bond mortar additive in the mid 1960's
increased the interest in and the use of masonry panels. The panels
of this time were built by masons, working in special areas either at
the jobsite or offsite. The interest in panels continued to grow and
the proceedings of masonry conferences reflect this interest. The
First International Brick Masonry Symposium held in 1969 contained 6
articles on panelization (7). The second of that series held at
Stoke-on-Trent, Great Britain, in 1970, had 11 presentations on
masonry panels (9).

lExecutive Director, Masonry Institute of Houston-Galveston,
Houston, Texas.
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During this time the trend in the United States was also to
automate the bricklaying process. A variety of techniques utilizing
rubber molds, steel grids, vacuum and pressure devices were tried,
with unskilled labor operating the equipment. Mechanical bricklaying
and blocklaying devices were developed along with specialized
equipment to increase the productivity of skilled masons. Most of
these efforts were by brick manufacturers or mason contractors. Of
these techniques the author knows of only one that remains in
operation, that is the blocklaying machine developed by Builders
Equipment Company of Phoenix, Arizona. Masonry panels are again
produced by hand, using skilled craftsmen. This change was noted
by Grenley in the First Canadian Masonry Symposium in 1976 (6).

The high cost of developing and operating a capital intensive
plant for panel production undoubtedly is instrumental in the decline
of automated techniques. The extra price for this overhead, added
to transportation and erection costs, priced the mass produced panels
out of the market. Hand placed masonry units, on the wall or in
panels, remain an extremely cost effective construction medium.

The interest from architects, contractors and suppliers in
masonry panels keeps them as a part of the construction industry.
However, it takes the active participation of a mason contractor
to promote and sell large projects utilizing masonry panels. In order
to best utilize masonry panels the project should be designed for that
purpose. Then the most economical panel size, connection method and
construction scheduling can be achieved. The more common application
of panelized construction is in specialty uses: sloped sills, soffits,
corbels, beams and unusual bond patterns (Figure 1). In most instances
brick are used to assemble the panels, although reinforced block panels
are occasionally built.

Thus we have come full circle in masonry panel construction.
Skilled labor is again employed to construct panels which retain
masonry's unique flexibility in layout, size, bond, coursing and
color. The advantages which have made masonry a popular method of
building for thousands of years are often achieved more economically
with masonry panels.

AESTHETIC AND LAYOUT CONSIDERATIONS

Masonry panels are normally single wythe construction although
there have been instances of double wythe panels for reinforced
beams and columns and composite panels of brick and block
construction. Panels are usually one story high with varying
lengths. The most economical panels are longer than they are tall
with a maximum length of about 25 feet although longer panels have
been built. Transportation and erection restraints must be
considered when determining maximum panel size.



114-4

Figure 1. Typical Masonry Panel Project
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Openings can easily be incorporated into masonry panels. It is
best to have at least 2 feet of masonry on the perimeter of openings
in order to allow proper stress distribution during placement and
service. Projections, returns, arches and similar features can be
achieved by combining small panels in a larger assembly.

Masonry elements of various shapes and configurations can be
placed in any orientation to achieve individual design. Sloped and
horizontal masonry can be economically attained. The masonry panels
can be used in curtain wall or loadbearing applications. All types
of structural frames and/or floor members work well with masonry
panels. Welded, bolted or grouted connections are used to attach
the panel to the other building components.

The joints between panels are best left as soft joints. This
allows for different~al movement between the building frame and panel,
without transferring unwanted loads from panel to panel. Flashing
and weepholes should be located at the horizontal joint between
panels. A water tight joint is achieved with a sealant backer rod
and a high quality caulk. Interior finishes and insulation are
applied by laminating them directly to the inside surface of the
panel or with non-structural furring studs.

The size, color and surface treatment of the masonry unit are
normally determined by aesthetic requirements. Brick selected for
use with high-bond mortar must be checked for proper strength
development. Flexural test specimens must be made with the actual
run of brick to be used in panel construction to verify the
specified bond strength. This test method is described in the section
on quality control. When reinforced brick panels are to be built it
is common practice to use hollow brick meeting the requirements of
ASTM C652, Standard Specifications for Hollow Brick (1). These units
are cored in excesS of 25% but less than 40% of the cross sectional
area. The resulting cores are sufficiently large to receive vertical
reinforcing bars and grout.

DESIGN INFORMATION

In recent years building standards containing engineered design
of masonry structures have been recognized by the building codes and
design professions (3,4,8). This approach is based on linear elastic
behavior and working stress analysis. These principles of mechanics
are also used in the design and analysis of masonry panels. The
following assumptions are valid:

1. The masonry units and mortar work together as a
homogeneous mass.

2. Stress is directly proportional to strain.
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J. The moduli of elasticity of all materials remain
constant.

4. Small deflection theory is applicable.

5. Sections plane before bending remain plane afte~

bending.

All of the above assumptions apply to panels fabricated with high-bond
mortar or conventional mortar and reinforcement. In addition, the
following conditions are true for reinforced masonry panels:

6. Tensile forces are resisted only by the steel
reinforcement.

7. Reinforcing is completely surrounded by and bonded
to masonry material.

8. Reinforcing is stressed equally about the center
of gravity of the bars.

Conventional practice with masonry construction allows higher
design stresses when a competent inspector is present during
construction. Design of maponry panels is based on these higher
allowables since quality construction control is an integral part of
the process. Material conformance to specifications, full bed and
head joints with solid units and proper curing are all part of this
inspection. Since fabrication usually takes place in a limited,
accessible area, proper inspection is easier than it would be with in
place construction.

High-Bond Mortars

Within recent years a number of companies have developed products
which increase the bond strength of mortar to masonry units as well as
the tensile and compressive strength of both the mortar and masonry.
Design theory for masonry with high-bond mortar is based on an
uncracked section, with higher allowable stresses. All pertinent
design factors such as slenderness reduction and eccentricity of
applied loads must be considered. In lieu of the high-bond mortar
additive manufacturer's information on such matters, the practices of
a recognized masonry design manual are acceptable (4,8).

While the actual design values established by the additive
manufacturers may be different numerically, they are determined by
product testing and factors of safety recognized by the masonry
industry. Table I contains a list of allowable design stresses based
on wall testing. This method should be used if there is no design
data available from the manufacturer or governing building code. Care
should be taken to assure that the brick used to build the panels
develop the required design stress. It is not economical to use steel
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reinforcement with high-bond mortar and this practice is not advised
unless ductility is required.

Table I. Recommended Allowable Design Stresses (5)

Stress Symbol
Value (a)

pounds per square inch

Compressive
F (b) 0.25f~(c)Axial a

Flexural Fb 0.33f'm

Tensile
0.30f t(d)Flexural Ft

Shear F 100v

Bearing F I 0.25f l
m m

Modulus of Elasticity E 3,000,000m

(a) Values may be increased by 1/3 when considering wind, blast or
earthquake, provided the section thus formed is not less than that
required by other factors.

(b)Effects of slenderness and eccentricity must be considered. See
appropriate design literature.

(c) Testing procedure to determine f~ shall be in accordance with
ASTM E447, Standard Methods of Test for Compressive Strength of
Masonry Assemblages, Method B (1).

(d) Testing procedure to determine f t shall be in accordance with
ASTM E72, Standard Methods of Conducting Strength Tests of Panels
for Building Construction, Uniform Transverse Load-Specimen Vertical
(1) •

Conventional Mortar and Reinforcement

Masonry panels fabricated with conventional mortar and steel
reinforcement are designed in the same manner as laid in place
masonry of the same materials. The following design criteria can
be used for the materials indicated:
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a. solid brick masonry - Recommended Building Code Requirements for
Engineered Brick Masonry (8).

b. hollow clay masonry - Building Code Requirements for Reinforced
Masonry (J).

c. concrete masonry - ltConcrete Masonry Structures - Design and
Construction" (4).

The use of the partially reinforced provlslons of each of these
codes will provide the most economical steel schedule. All of these
references include information on mortar and grout. The designer
should call for the lowest strength mortar and the most fluid grout
possible. Masonry's unique curing conditions result in optimum
strength and these criteria keep wall costs low.

Curtain Wall Design

In curtain wall applications the masonry panels carry wind load,
windows and their own weight. Most applications will have the panels
spanning vertically from floor to floor although the panel can
cantilever above and/or below the floor. It is also possible for a
panel to span horizontally, with attachments to columns or pilasters.
Wind loads are transferred to the structural framework with the use
of connection devices. Normally the panel is analyzed as a simple
beam strip with continuous support along the lines of connection.
If the shape of the panel warrants, a plate analysis can be used.
Maximum design stresses;must not be exceeded, these of course,
include the load on the connection devices.

The weight of the masonry can be taken at each floor level by
a series of shear connections or carried through the lower panels to
the foundation. In the first instance, a soft joint exists between
panels with one line of shear connectors, preferably near the bottom
of the panel, carrying the panel weight. The top of the panel is
stabilized by a series of lateral connections which allow for
relative movement between the panel and the structural framework.
This feature is extremely important to prevent indeterminant loads
from being imparted to the masonry panel.

When the entire weight of the masonry is taken through the
masonry to the foundation all of the connections provide lateral
support only. Vertical weight transfer is achieved by placing shims
in the joint between the panels. The joint thus formed can then
either be tuck-pointed with nonshrink grout or filled with a sealant
backer and caulking. Normal practice is to detail the inside surface
of curtain-wall panels at least 1 inch from the structural framework.

In most curtain wall applications the flexural stresses, whether
resisted by high-bond mortar or vertical reinforcement, required by
wind load analysis are sufficient for prefabrication. Stresses due to
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lifting, transportation and erection must be considered.

Loadbearing Panels

When masonry panels are used as loadbearing walls it is
necessary to investigate several additional factors. Implicit among
these is the vertical load imposed by the floor members. The actual
mechanism employed to transfer this load to the masonry panels will
be determined by the selection of the floor members, but sufficient
bearing must be obtained. Three inch penetration into the bearing
wall is generally accepted as a minimum regardless of the structural
system. Increasing this value will obviously reduce the eccentricity
of the applied load. In many instances with loadbearing panels it
will be necessary to develop diaphragm action between the wall and
floor. Perhaps the easiest method of achieving this feature is to
have reinforcing bars embedded in the panel bent into a concrete
topping cast onto the floor deck. In the absence of such a topping,
weld plates or bolted shear connections can be used. Continuity
between panels, of major importance when considering resistance to
progressive structural collapse, is attained by using this same type
of connection between adjoining panels. Both horizontal and vertical
continuity can be realized in this manner. Complete design
investigation should include building overturning as well as the
above factors.

Several organizations now have computer programs available for
a complete analysis of loadbearing masonry buildings. Check with
local firms for further information.

Connection Details

Masonry panels are attached to other structural members in the
same manner as other premanufactured building elements. Slight
modifications in form, however, do exist with prelaid masonry panels.
Connections of masonry panels must be adequately designed to transfer
all of the applied loads. Design generally considers live, wind,
seismic and dead loads. Although the use of the masonry panel,
whether a curtain wall or loadbearing application, will determine the
actual loads and thus connection spacing, it is customary to use a
maximum spacing of 4 feet in order to maintain the effect of a
continuous support. Connection spacing greater than twelve times the
nominal wall thickness requires an analysis of bending between
anchors. In order to develop the full design value of the various
connection devices the minimum dimension as shown in Table II should
be followed. All inserts in masonry shall be coated with a corrosion
resistant metal such as copper, zinc or cadmium. The entire
connection detail must be designed to have sufficient dimensional
tolerance to allow for variations in the building frame, as well as
the thermal and/or frame movement expected within the life of the
building. Typically a minimum of 2 inches is detailed. Typical
connection details are shown in Figure 2.
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bolt

1-------- Plate cast into slab

/

rl1fo------------ 3"x5"x3/S" Angle, 5" long

r---------------fland tighten, tack weld to
..- ~"x4"x3/8" Angle, 311 long

I-_+- l/2"ep x6" Bent Bolt

/

:::=::;:::;:::::~--f--.-++-+-:--....:--:- Soft Joint

.. '

/

Figure 2. Typical Panel Connection Details
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Table II. Minimum Dimensions for Connections to Develop Full
Strength, in inches

Location Connection Load

Pullout Shear
(direction of load)

Distance from edge 4 4 (parallel to
edge)

8 (perpendicular
to edge)

Distance between connections 12 12

There are three basic inserts which work well with masonry
panels. The first is a 1/2 inch diameter bolt, 6 inches long, with
a 900 bend. Two 3 inch legs or 2 and 4 inch legs are most common.
The bolt is inserted into the mortar joint, the core of the brick or
a notch in the brick. In all cases the bolt is completely surrounded
with mortar, having a minimum of 4 inches embedment. The threaded
leg of the bolt protrudes perpendicular to the masonry and provides
a means of attaching a clip angle or ledger beam to the masonry. A
typical clip angle is a 3 inch long piece of 4" x 3" x 3/8" or
4" x 4" x 3/8" angle, with a 9/16 inch by 2 inch vertical slot for
the bolt to pass through. Connection bolts normally meet the
requirements of ASTM A307. All loose steel items are ASTM A36 and
should be primed and painted, coated with an impervious finish or
corrosion resistant metal as circumstances dictate.

If a bolt/clip angle combination is used to transfer shear it
is recommended that the nut be hand tightened and then welded to the
clip angle. This will result in a positive transfer of load without
the possibility of slipping between the masonry and clip angle. When
a bolt/clip angle connection is used for pullout, that is lateral
load only, it is advised that the nut be hand tightened and the nut
tack welded to the bolt. This will allow a transfer of load
perpendicular to the panel and relative movement between the panel
and building frame in the direction of the slot. Such a lateral load
connection attached to a steel frame is shown in Figure 3.

A weld plate in the plane of the masonry can be achieved by
placing one leg of an angle into a bed joint of the masonry. A stud,
normally 1/2 inch x 3 inches, is attached to this leg to provide
pullout resistance. The remaining leg of the angle is placed tight
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Figure 3. Lateral Load Connection
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against the face of the masonry. Normally a 3" x 5" x 3/8" angle,
5 inches long, is used with the 3 inch leg embedded in the masonry.
This type of detail can carry a greater shear load than a bolt
because of the increased bearing surface. As indicated in Table III,
the design value in shear is determined by the bearing area, ~' and
the ultimate compressive strength of the masonry, fl.

m

The third method of transferring loads from the masonry panel
to other building components is to embed reinforcing bars into each.
This technique relies on the development length of the particular bar
diameter used to accomplish this transfer. Values of these lengths
are readily available in the concrete design literature, as are the
loads carried by the various bar sizes.

Table III, Design Values for Connection and Lifting Devices,
in Pounds

Item Mortar Pullout Shear

1/211 x 611 High-bond 750 1250
Connection Bolt Conventional 350 550

Connection Angle High-bond 750 0.25f rit Ab
with 1/2" x 4" Stud Conventional 350 0.25f~ Ab

1/211 x 1011 High-bond 2100 1250
Lifting Bolt Conventional 550 550

Lifting Devices

Masonry panels are lifted by one of several methods. The most
prevalent of these is to embed bolts or lift pins in the top courses
and have them protrude from the top of the panel. When high-bond
mortar is incorporated in the panel manufacturing, these items are
embedded at least 8 inches into the masonry. Lifting forces are
distributed to the entire panel when conventional mortar is used by
tying the lifting item into the reinforcing steel. Several
proprietary lifting devices are being successfully used with masonry
panels. Design values for a typical lift bolt are found in Table III.
It is necessary to consider any inclination of the lifting cables
when determining the number of lifting items required.

Slings, straps or belts circling the panel allow it to be
lifted from the bottom. Individual units or mortar joints are often
omitted to provide a location for such devices.
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FABRICATION REQUIREMENTS

Shop Drawings

There are two key features important in masonry panelization
which are not included in conventional construction. First is the
preparation of shop drawings. Prepared by the design or the panel
fabricator, these drawings provide all the information necessary to
manufacture and place the panels. Included are the location and
designation of each panel on the project, the method, size and type
of connections, insert placement on both the panel and structure and
joint treatment. The detailed description of each panel contains all
actual dimensions, opening size and location, inserts and location,
bond, coursing, number of each required and weight. The approval
of the shop drawings by the architect, engineer and general
contractor is necessary prior to panel fabrication.

Quality Control

The second significant item is the quality control program. This
is extremely important when high-bond mortar is used. Compatibility
with the brick selected by the architect and manufactured for the
project must be verified. Flexural prism tests made in accordance
with ASTM E518, Flexural Bond Strength of Masonry, must achieve the
minimum stresses specified by the engineer. A test of a seven brick
high prism is shown in Figure 4. All materials should be tested to
assure conformance with job specifications.

Job specifications should call for regular testing during the
course of panel production. A minimum of three flexural specimens
should be made on each shift. Mortar, grout and masonry compressive
prisms should be sampled on loadbearing jobs. When a high-bond
additive is used each batch of mortar should be sampled according to
the manufacturer's recommendation. Accurate records must be maintained
to assure the designer, builder and owner of proper performance of the
masonry.

Transportation and Erection

The techniques used to handle and install masonry panels are
similar to those used by other premanufactured building components.
When built offsite, flat bed trucks are used to move the panels
(Figure 5). Once at the site, each panel is lifted by a crane and
installed in its proper location (Figure 6). Forklift trucks or
special cradles have also been used to lift masonry panels.

The panels are usually placed on shims or wedges in their
approximate position by the crane. They are temporarily secured to
release the crane for the next panel. Final alignment is achieved and
the permanent connections made. Lifting bolts are burned off to allow
placement of adjacent components.
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Figure 4. Flexural Prism Test
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E'iguJ::e 5.
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Figure 6. Masonry Panel Erection
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SUMMARY

The design flexibility inherent with masonry construction has
made hand built panels predominant. Returns, projections, corbels,
special bonding arrangements and any sized panel can be incorporated
since the panels are custom made. Fixed size, machine produced
panels have not proven acceptable in the North American marketplace.

Either of two methods can be used to construct masonry panels.
The difference is in the manner of resisting tensile forces. The
first is to use a high-bond additive which imparts higher bond and
tensile stresses to the masonry. A combination of conventional
mortar, steel reinforcement and grout is the second. The reinforcement
is placed vertically and/or horizontally as required.

Both techniques must have a proper analysis of imposed loads to
provide structural integrity. Wind load, dead load, differential
movement and connections must be given consideration. Shop drawings
and a stringent quality control program are necessary.
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APPENDIX II - NOTATION

SYMBOL MEANING UNITS

~ bearing area in contact with masonry sq. in.

E modulus of elasticity lbs ./sq. in.m

F allowable axial compressive stress lbs./sq. in.a

Fb allowable flexural compressive stress lbs./sq. in.

F allowable bearing stress lbs./sq. in.m

Ft allowable flexural tensile stress lbs./sq. in.

F allowable shear stress lbs./sq. in.v
fl ultimate masonry compressive strength lbs./sq. in.m
fl ultimate masonry flexural tensile strength lbs./sq. in.t
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EFFECT OF MORTAR ON WATER PERMEANCE OF MASONRY

by Brown, Russell H.

ABSTRACT

Forty-eight walls were tested for water permeance according to
ASTM E5l4-74 to determine the effect of mortar compositions and types.
Wall construction was as near perfect as practicable. A single Port
land cement/lime mortar and four different brands of masonry cement
were tested. Each wall was a nominal eight inch thick composite
parged wall built in the laboratory and cured in laboratory air. A
comparison of the performance of walls in terms of Portland cement/
lime versus masonry cement mortar was made. The effect of mortar
type, retempering, mortar flow, air content, cube strength and water
retention were evaluated. Conclusions based on these comparisons
are stated, along with qualifications and limitations of the conclu
sions.
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EFFECT OF MORTAR ON WATER PERMEANCE OF MASONRY

1
Russell H. Brown

Introduction

Masonry has performed as a strong, durable, beautiful, and water
tight construction material for perhaps as many as ten thousand years.
The recent development of rational structural design methods has re
vitalized interest in masonry among architects and engineers. The re
sulting thinner load-bearing walls can compete economically where they
previously could not. A large percentage of masonry walls are not load
bearing, but are chosen primarily for their aesthetic and durability
values. The vast majority of all such walls, whether load-bearing or
not, have excellent performance records. However, when a wall fails
to perform any of its required functions, it is damaging to the other
wise excellent reputation of the masonry industry. Water permeance of
masonry walls is therefore a major concern of the masonry industry.
The mason contractor is generally blamed for waterpermeance of walls
due to poor workmanship, poor mortar quality, or improperly tooled
joints. However, one-site inspection of walls that leak often reveals
excellent workmanship and strict compliance with plans and specifica
tions. A number of factors, in addition to workmanship, are thought
to affect the water permeance of masonry walls; masonry design and de
tailing, compatibility of mortar with masonry units, initial rate of
absorption of brick, the proper composition and proportion of masonry
cement or Portland cement/lime mortars, and the compatibility of the
brick and mortar selected.

In the Metropolitan Chicago area, calls on architects and engi
neers by local promotional personnel revealed dissatisfaction with the
ability of masonry to keep water out of bUildings. Similar calls on
masonry contractors in the area revealed that many were involved in
litigation, were being sued, or were having funds withheld on com
pleted jobs, for reasons related solely to water penetration.

The Mason Contractors Association of DuPage County, Illinois and
the Mason Contractors Association of Greater Chicago, Illinois, con
ducted a survey of masonry contracting firms to establish the frequency

,and characteristics of water permeable walls they had encountered. The
most notable common denominator of problem walls reported appeared to
be the use of masonry cement mortar. A research program was then under
taken to compare the permeance of walls made with several masonry ce
ments to that of walls using Portland cement/lime mortars of different
compositions, proportions and types. Using the services of an inde
pendent testing laboratory, forty-eight wall panels were tested for
permeance according to ASTM E514-74 (1)2. The results of the research
program are presented and analyzed in this paper.

I
Associate Professor of Civil Engineering and Engineering Mechanics,
Clemson University, Clemson, South Carolina 29631.

2
Numbers in parentheses refer to the Reference section of this paper.
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Background
Several studies have been conducted to determine what factors af

fect water permeance of masonry. Fishburn (2) conducted tests on 140
walls using a test method which he developed which essentially led to
ASTM E5l4-74. He considered fourteen kinds of workmanship, thirty
nine kinds of masonry units (many being proprietary), and ten kinds of
mortar. He found that workmanship was very important in resistance to
water penetration. Low brick suction and high water retentivity of
mortar improved performance. Ritchie and Davidson (3) found that the
factors which affected moisture penetration of brick masonry were ini
tial rate of absorption of bricks, flow and water retention of mortar,
thickness of mortar bed, time elasped between spreading mortar and
placing brick, and the energy used to bed the brick. Although their
study included both masonry cement and Portland cement/lime mortars, no
conclusions were stated concerning this comparison. Skeen (4) found
that brick walls built of Type N Portland cement/lime mortar have con
siderably less water permeability than those built with masonry cement
mortars. Fowler and Grimm (5) reported that good workmanship signifi
cantly improved resistance to permeability compared to that of walls of
poor workmanship. They also found that the 4 inch nominal thickness
brick walls leaked regardless of workmanship.

The Brick Institute of America (BIA) recommends that masonry ce
ment mortar not be used unless its performance record is first estab
lished in laboratory tests of masonry assemblages (6). High air con
tent and low Portland cement content of some masonry cements generally
result in reduced bond according to the BIA. In contrast, the National
Concrete Masonry Association (NCMA) recommends that either Portland
cement/lime or masonry cement mortars are acceptable, the choice being
a matter of economics and job size (7).

In summary, the literature shows that considerable attention has
been given the problem of water permeance of masonry and implies that
any masonry wall can leak regardless of design, materials and workman
ship with the possible exception of the cavity wall. Factors which
affect water permeance appear to be mortar type, flow, and water reten
tivity; brick initial rate of absorption; compatibility between brick
and mortar; workmanship; and wall design. Recommendations from the
BIA and the NCMA imply that masonry cement performs more favorably with
concrete masonry units than with clay masonry units. The literature
appears to be lacking in information concerning direct comparison be
tween the performance of masonry cement mortars and Portland cement/
lime mortars where water penetration is concerned.

Research Objectives and Scope
The objective of the research program reported herein was to de

termine the affect of mortar compositions and types on water permeance
of masonry. The method selected for the evaluation was ASTM E5l4-74,
llWater Permeance of Masonry." Four masonry cements were selected, each
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from a different manufacturer. A single type of brick, concrete block
and sand were used throughout the test program. Three replications of
the water permeance test were performed on each of three mortar types
(N, S, M) for each brand of masonry cement and Portland cement/lime
mortar. An additional series of three tests was performed using Type
0, Portland cement/lime mortar resulting in the testing of a total of
forty-eight walls. The basic constituent materials, mortar, brick,
sand and concrete block were tested for physical properties by appli
cable ASTM test methods.

Wall Construction
Walls were constructed on the site of the independent testing la

boratory using experienced journeyman masons using workmanship which
might be considered nearly "perfect".· For every three masons there was
a supervisor responsible for maintaining records and inspecting work
manship. All walls consisted of a nominal four inch wythe of brick, a
nominal four inch wythe of concrete block, and a 3/8 inch parging (Fig.
1). Care was exercised to ensure full mortar bedding under the first
course of brick and in all head and bed joints. Continuous galvanized
joint reinforcement certified to be in compliance with ASTM A82 was
placed in bed joints every 16 inches and completely embedded in mortar
(Fig. 2). The portion of the upper and lower flashing within the wall
was completely embedded in mortar (Fig. 3). Ends and tops of panels
were filled with mortar. Mortar was proportioned by volume (Fig. 4)
using sand, Portland cement, lime, and masonry cement in compliance with
applicable ASTM Standards. Mortar was mixed in a 9 cubic foot mixer for
five minutes after all ingredients were in the mixer. A new batch of
mortar was mixed for each wall. Some mortars were retempered as re
quired to maintain a workability acceptable to the mason.· All mortar
joints were tooled with a round jointer when thumbprint hard. Walls
were washed according to the recommendation of BIA Technical Note 20 (6),
Cleaning Dark Brick, Procedure B. Nominal dimensions of the wallettes
were 49 inch lengths, 59 inch height and 8 inch thickness. Table 3 re
ports the amount of original mixing water used, mason comments and start
and completion times of each wall. Time and quantity of retempering
water is given in Table 4.

The author was not present during the construction of any of the
wall specimens. However, the testing lab certified that the construc
tion was in accordance to the methods described herein, and inspection
of completed walls by the author confirmed much of the procedure.

Material ProEerties
Results of tests for brick and concrete block properties are pre

sented in Tables I and 2. Mortar properties are presented in Tables 3
and 4 and results of permeance tests in Table 5. All tests were per
formed in strict compliance with ASTM standards. Mortar specimens were
prepared and tested for compressive strength as follows: two inch cubes
for all walls, three inch by six inch cylinders for thirty-four walls,
and two inch by four inch cylinders for twelve walls.

Permeance Tests
All wall specimens were stored in laboratory air for at least
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twenty-eight days prior to testing. Eight test chambers were construct
ed to facilitate a more rapid testing program (Fig. 5). Each wall was
subjected to a twenty-four hour preconditioning period, a twenty-four
hour minimum drying period, and a seventy-two hour test period. An
estimate of the extent of damp wall area was made at the end of each
twenty-four hour interval of the test period as well as after precon
ditioning. The volume of water in each flashing was measured separate
ly at the end of each twenty-four hour interval of the test period (Fig.
6). Time for appearance of moisture through the wall, first visible
water, and first leakage were recorded. As a result of the extensive
familiarity with ASTM E514 which resulted from the test program, seve
ral modifications to the method will be recommended to ASTM Committee
E6. The reproducibility or within-test variation was very high. How
ever, the method was generally satisfactory and appeared to achieve its
intended purpose of establishing a measuring device to measure the water
permeance of walls.

Test Results and Analysis
Results of all measurements taken from permeance tests are shown

in Table 5. Demonstration of correlation or lack of correlation be
tween permeance and other parameters is shown in Figure 7 through Fig
ure 14. Each parameter will be discussed herein.

PortZand cement/Zime vs. Masonry Cement Mortar - Figure 7 and 8
conclusively illustrate that walls constructed with Portland cement!
lime (PCL) mortars are superior to masonry cement (MC) mortars (MCl
Mc4) in resisting water permeance for the materials tested. The aver
age of the total water accumulating on the lower flashing at the end of
seventy-two hours (Fig. 7, dashed line) for PCL mortar was 812 ml, with
five of nine walls without measurable leakage. If the Type 0 mortars
are included in the group (PCL 10-12), the average is 815 ml, with seven
of twelve without leakage. In contrast, walls of MCl through Mc4 ave
raged 1964,3977,2291 and 3265 ml, respectively. Of the nine walls of
each mortar type tested, only 3, 1, 1, and 0 respectively had no measu
rable leakage to the lower flashing at seventy-two hours. Equally con
clusive observations can be made at the end of twenty-four hours or
forty-eight hours.

Total water accumulating on the upper flashing was even more im
pressively in favor of PCL mortar. Average measured leakages for PCL,
MCI-MC4 (Fig. 8 dashed line) were 270 (202 if Type 0 included), 2735,
1812, 5289 and 6774 ml, respectively. Only two of nine walls of PCL
mortar leaked to the upper flashing compared to nineteen of thirty-six
walls of MC mortar. If Type 0 mortars are included, only two of twelve
walls of PCL mortar leaked to upper flashings.

Overall performance of walls can probably best be evaluated by the
combined leakage accumulated in both the lower and upper flashing. A
gain PCL mortar walls were less permeable, with average total leakage
of 1082 ml (1017 including Type 0) compared to 4700,-5790, 7580 and
10,040 ml, respectively for wallS of MCI-MC4 mortars. In walls of PCL
mortar, five of nine (seven of twelve including Type 0) did not leak
measurably, whereas only five of thirty-six MC mortar walls did not
leak.
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The extent of damp area also illustrates abetter performance of
PCL mortar to MC mortars, but not as strikingly. At the end of seventy
two hours, walls of PCL mortar averaged 15% damp areas whereas the walls
of MCl-MC4 averaged 23%, 31%, 26% and 26% respective damp area ("Fig. 9).
No dampness was observed in two of nine PCL mortar walls (two of twelve
including Type 0) compared to two of thirty-six mortar walls.

Comparison between the four masonry cement mortar walls illustrates
a wide variation in resistance to water permeance. Comparison of the
total water in both the upper and lower flashing (the sum of the mean
values in Fig. 7 and 8) reveals that walls of MCI mortar were least per
meable (4700 ml), followed by MC2 (5790 ml), MC3 (7580 ml), and Mc4
(10,040 ml). Comparison of the number of walls that did not have mea
surable water permeance results in essentially the same ranking: MCI
had three; MC2 had one; MC3 had one; and Mc4 had none. Of all the mor
tars considered, including both MC and PCL, only one had no measurable
leakage to either flashing for the entire wall test series, MCl, Type M.

Effect of Mortar Type - Four types of mortar (N, S, M and 0) were
used in the test program. A comparison of wall performance on this
basis is shown in Figs. 10, 11 and 12. Permeance of the brick wythe,
as measured by water in lower flashing, was higher for Type N than for
Type Sand M mortars with average quantities of 4174, 1691 and 1520 ml
(Fig. 10). The difference between walls of Type Sand M mortars was not
significant. No measurable water was detected in the lower flashing of
two of fifteen walls of Type N mortar compared to three of fifteen for
Type S and five of fifteen for Type M. Similar analysis of Fig. 11
shows that walls of Type S mortar are less permeable than M or N. Com
bining the upper and lower flashing water accumulation (Fig. 12) implies
Type S is least permeable, followed by Type M and finally Type N. Type
o mortar had no upper flashing water and less lower flashing water than
the other types. However, the Type 0 data includes only PCL mortars and
is not a fair comparison.

When the Portland cement/lime mortars are considered alone, Fig.
12 indicates that Type N and Type S mortars performed almost equally,
and both performed better than Type M mortars.

Retempering - Eleven walls were made using mortar the mason chose
to retemper (Table 4). Five of twelve walls of PCL mortar required re
tempering, and only six of thirty-six walls of Me mortar were retempered.
Retempering had no apparent adverse effect on water permeance. The ave
rage total water in both flashings was less for retempered mortar (2731
ml) than for the entire group (5524 ml). The likelihood of zero leak
age changed slightly due to retempering. Four of eleven retempered
walls did not leak (36%) compared to twelve of forty-eight for the en
tire group (25%).

Mortar Flow - Initial flow of mortar was measured for every wall
constructed. Inspection of the data reveals a decrease in total perme
ance water with increase in flow (Fig. 13). The trend was verified by
a linear regression analysis which produced the expression for the
straight line approximation shown on the figure. The author does not
feel that the correlation coefficient for this expression (0.452) is
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sufficiently high to justify adoption of the mathematical expression
for other applications. The expression does, however, demonstrate a
relationship between flow and water permeance.

Air Content - The air content of mortar can be divided essentially
into two groups: PCL mortars with air ranging from 3.0 to 5.1% and MC
mortar from 11.1 to 17%. Since there was no data for mortars between
these ranges,it is difficult to reach any conclusions about air con
tent. However, non-linear regression analysis produced the mathemati
cal expression shown in Fig. 14. A correlation coefficient of 0.48 in
dicates the lack of a strong correlation between the data and the mathe
matical expression. However, both the data and the expression demon
strate an increase in water permeance with increased air content.

Cube Strength - Linear regression analysis of cube strength and
total water permeance data indicated no apparent relationship. A cor
relation coefficient of under 0.10 shows virtually no dependence be
tween the two variables.

Water Retention - There was no apparent relationship between water
permeance and the water retention of the mortar. A correlation coeffi
cient of 0.18 indicated a very weak dependence between the two quanti
ties. If the water retention had varied over a wide range, a relation
ship would probably have been detected. However, the value of water
retention was not systematically varied and a relationship was not
established.

Mason Comments - Most walls were constructed of mortar considered
satisfactory by the mason. Fourteen of forty-eight walls, however,
were built of mortar which had some deficiency in the opinion of the
mason (Table 3). The performance of this group of walls was not im
paired appreciably when compared to the entire group. The average total
leakage increased slightly (5848 ml compared to 5524 ml at 72 hours),
but the 6% increase is not significant when compared to 134% coefficient
of variation.

Rate of Permeance - Most of the walls with measurable leakage show
ed a reduced rate of leakage with time as illustrated by a reduction in
slope with time (Fig. 15, 16 and 17). Several explanations for this
phenomenon have been proposed. One explanation is the clogging of
openings by fine particles carried by the water. During the precondi
tioning period, the leakage would probably exceed that of any other
period; however, measurements were not taken. Another explanation is
the additional curing afforded the mortar as testing progresses.

Water Permeance Ratings - Each wall was rated according to the cri
teria of ASTM E514, paragraph 8. Ratings are divided into five levels,
the least permeable being Class E followed by Class G, F, P and L.
Table 5 includes the water permeance rating.

Walls of PCL mortar had the most walls with the Class E rating (3),
followed by MCl and MC3 (each with two), and finally MC2 and Mc4 (each
with none). The worst rating observed in the program was Class P as
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follows: PCL (2), MCI (1), MC2 (3), MC3 (2), and Mc4 (2). All remain
ing walls were rated Class F.

Comparison of the ratings in terms of mortar type shows Type Nand
Type M mortar each with three Grade E ratings and Type S with one.
Grade P ratings were Type S (1), Type N (4), and Type M (5). The re
maining walls were rated Class F.

The small sample of three walls of Type 0 mortar rated very high,
two Grade E and one Grade F.

The author feels that the ratings systems were heavily affected by
the sUbjective observation of time for appearance of first visible wa
ter. In almost every case, this single observation governed the wall
rating.

Summary and Conclusions
Forty-eight walls were tested for water permeance according to

ASTM E5l4-74 to determine the effect of mortar compositions and types.
Test results led to' the following conclusions for the materials tested:

a) Walls constructed of Portland cement/lime mortars are
more resistant to water permeance than those constructed
of masonry cement mortars.

b) For the masonry cement mortars tested, Type S mortar is
slightly superior to Type M mortar and significantly
superior to Type N mortar in resisting water penetration.

c) For Portland cement/lime mortars tested, Type N and Type S
mortars ranked approximately the same, both being superior
to Type M mortar in resisting water permeance.

d) Retempering of mortar has no adverse effect on water
permeance.

e) An increase in mortar flow improves the resistance to water
permeance.

f) Water permeance increases with air content of mortar.
g) Even with excellent quality workmanship, some leakage

should be expected in the type of walls tested.
h) The rate of leakage reduces with time.
i) Resistance to rain penetration varies significantly

for different masonry cements tested.

Recommendations for Future Testing
The complexity and expense of performing the ASTM E514-74 tests

limited the number of variables considered herein. Further studies
should be performed with the following controlled variables:

1) Initial rate of absorption of brick.
2) Air content of mortar.
3 ) Initial flow of mortar.
4) Bond strength between mortar and masonry units.
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Table 1

Analysis of Brick
by

ASTM C67-73

Sample Absorption (%) Absorption (%) Saturation Initial Rate Compress i ve
24 hr. Submersion 5 hr. Boi 1i ng Coeffi ci ent of Absorption Strength

grams/30 i n2 psi

6.4 9.0 .71 12.7 7883

2 7.2 9.8 .73 15.3 8695

3 6.5 9.1 .71 14.6 8148

4 6.9 9.5 .72 14.6 7928

5 7.2 9.8 .72 16.6 7519

Average 6.84 9.44 .72 14.76 8035

Nominal Size: 8-9/16 x 3-7/8 x 2-3/4 in., 4 cores

Table 2

Analysis of Concrete Block
by

ASTM C140

Sample Uni t Wt. Absorption Moi sture Compressive Strength psi
No. 1bs/ft3 % Content (%) Gross Area Net Area

113 13.5 37.6 1573 2458

2 112.8 11 .8 44.7 1501 2346

3 113.7 12.1 34.8 1664 2600

4 113.8 12.5 35.3 1429 2233

5 114.1 12.7 37.3 1467 2289

Average 113.5 12.5 37.9 1526 2385

Nominal Size: 4 x 8 x 16 in. , 3 ce 11 s
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Table 3.

Mortar Properties

Samp 1e Mortar Mixing Retemp1 Time Time Mason 2 Ai r [nitia1 Water Cube 3 Cyl i nder Strength
Type Water Start Camp. Comments Content Flow Retention Strength 2 x 4 in.4 3x6in. 5

Gal. % % % psi [lsi psi

pel - 1 11 .88 No 1: 45 3: 10 109 87.9 802 765
2 12.5 No 12:04 1 :10 Sandy 120 1207
3 11 .25 Ves 2: 25 4: 20 119 1457

4 15.25 No 1:00 2: 05 4.1 120 89.2 2868 3135
5 14.88 No 12: 45 2: 10 tToo Rich 3.9 120 86.7 3070 3357
6 18.75 Ves 1 :22 3:40 Too Wet 114 2866

7 M 12 No 11: 35 2:007 \ Poor 4.5 133 88.7 4192 4009
8 M 12 Ves 11: 17 1:45i 'Work- 5.1 132 89.4 3598 3272
9 M 11 Ves 1:50 3: 30 i,abi 1ity 108 4750

10 0 17 Yes 1: 57 3: 35 3.0 115 90.4 580
11 0 16 No 2:05 3: 20 3.7 117 91.0 617 723
12 0 19 No 11: 46 1: 10 109 795

MC1- 1 6.38 No 11: 07 12: 50 12.4 112 85.7 715 707
2 8 No 8: 47 10: 25 109 990
3 9 Yes 11 :28 1: 55 Poor work- 104 1072

abil ity

4 S 11 No 12 :05 1: 33 15.0 116 87.9 1752 1463 1511
5 S 12.25 No 11: 39 1: 20 14.9 118 86.4 1683 1677 1632
6 S 6.5 Ves 9: 50 11 :23 100 1827

7 M 6.5 No 8: 35 10: 15 15.0 116 79.3 2130 2234 1906
8 M 6.88 No 8: 35 10: 03 13.7 120 76.7 2123 2176 2008
9 M 8.38 No 10: 36 11: 46 114 2360

MC2.- 7.25 No 10: 36 11: 56 14.0 108 89.0 875 938
7.25 No 8: 50 10: 15 13.9 102 92.1 878 1044
8.S Yes 11 :07 1: 15 117 982

4 8.25 No 1: 29 2: 43 15.1 120 90.0 1348 1440
5 8.38 No 1: 16 3:07 Fas t Set 15.9 112 91.1 1645 1550
6 8.06 No 12: 58 2: 17 17 .0 108 87.0 1757 1436

7 M 8.42 No 9: 21 10:45 12.0 114 87.7 2720 2556 2187
8 M 7.25 No 9:03 10: 30 11. 1 120 86.6 2695 2796 2540
9 M 8 No 8:54 10:20 13.8 116 89.6 2628 2830 2790

MC3- 6.25 No 10:06 11: 13 14.0 100 86.0 960 3071
6.88 No 9: 33 11: 00 Hi Shrink 14.9 102 86.3 903 818
9.5 Ves 1:48 3: 30 120 972

4 S 10 No 2: 21 3: 29 12.9 120 90.0 1458 1508
5 S 11 No 12:05 3: 18 No Body 12.9 124 87.0 1260 j 460
6 S 11 .67 No 1:50 2: 59 12.8 114 93.0 1455 1420

7 M 7.5 No 10:37 12:03 15.1 100 88.0 2952 2898 2705
8 M 6.63 No 10: 19 11: 30 16.0 106 90.5 2415 2268 2193
9 M 8 Yes 1: 30 2: 50 118 2140

MC4- 7 No 9: 21 11: 10 Lumpy 13.4 111 81.0 1553 1520
7.75 No 9: 10 11 :05 Too Rich 12.6 108 79.6 957 930
8 Ves 11: 44 -* 120 902

4 7.88 No 8: 36 9: 48 14.2 104 82.3 1567 1329
5 7.5 No 3: 00 4:00 12.8 104 84.6 1238 1220
6 6.97 No 2:40 4:00 Too Rich 11.8 112 89.3 1342 1201

M 8.25 No 11: 19 it: 12 16.1 100 86.0 1532 1314 1297
M 8.5 No 11: 07 12: 20 14.8 111 90.1 1478 1329 1444
M 8 No 10: 52 12: 28 Poor Work- 15.4 105 91. 4 1343 1539 1344

abi 1ity

) Time a~-;;;-u-~~tity of retemperin9 in Table

2 Mason comments generally satisfactory except as noted.

3 4 5 specimens.' , Average of 3

* Insufficient mortar quantity - Panel completed 3 days later,



Table 4

Retempering of Mortar

Sample Retemper Retemper
Time Water, OZ.

PCL-3 2:53 6
2:58 30
3: 18 6
3:25 36
3:40 6

PCL-6 Unknown 5 x 6

PCL-8 1: 20 36

PCL-9 Unknown 3 x 6

PCL-10 2:55 6
3:00 32
3:23 18

MCl-3 11:45 4
11 :55 12
12: 12 12
12: 20 4
1:00 36
1: 25 18
1: 45 18

MCl-6 Unknown 2 x 6

MC2-3 1: 00 12

MC3-3 2:40 6
2:50 6
3:02 12
3:05 30

MC3-9 2:20 6

MC4-3 1:00 36
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Fig. 1 - WALL SPECIMEN DURING CONSTRUCTION
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Fig. 2 - REINFORCEMENT EMBEDDED IN MORTAR
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Fig. 3 - FLASHING FULLY EMBEDDED IN MORTAR

Fig. 4 - MORTAR PROPORTIONED BY VOLUME



Fig. 5 - TEST CHAMBERS FOR ASTM E 514

Fig. 6 - COLLECTION OF PERMEANCE WATER
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MEASURED STRESSES IN A CERAMIC VENEER

ON CONCRETE COLUMNS

W. G. Plewes 1

ABSTRACT: It has bec~e recognized that compression stresses in
masonry cladding resulting from differential elastic, shrinkage,
creep, and thermal movements between it and the structural frame
can produce spalling and buckling of facings.

Under the auspices of the Division of Building Research of the
National Research Council of Canada, an investigation was made where
the stresses in facing were measured. The measurements were made by
the photoelastic method. Strips of photo elastic material were
cemented adjacent to mortar joints in four clad columns. Cutting
through the mortar joint relieved the existing stress in the veneer
which produced colour changes in the photoelastic material. Stresses
calculated confirmed that the veneer was, in fact, under a permanent
state of stress.

lConsultant, formerly Senior Research Officer, Division of
Building Research, National Research Council of Canada.
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MEASURED STRESSES IN A CERAMIC VENEER

ON CONCRETE COLUMNS

By W. G. Plewes1

Loosening, displacement and damage to stone, tile, brick and other
facings of bUildings occur rather frequently due to a variety of causes.
Frost action, thermal effects and settlement may be invo~ved, but it has
become more clearly recognized in recent years (1, 2, 3) that compression
stresses in cladding resulting from differential elastic, shrinkage,
creep and thermal movements between it and the structural frame can pro
duce spalling and buckling of facings.

The Division of Building Research of the National Research Council
of Canada has investigated a number of cases involving brickwork and
reports of such problems from other countries are numerous. In most ot'
the buildings examined by the Division the cause of the problem was
deduced from visible evidence and theoretical calculations. This paper
reports one case where the stresses in a facing were measured.

Compressive loading of masonry enclosing a structural frame and
ensuing problems is most likely to occur in high buildings where slender
external wythes of veneer or cavity wall construction are continuous for
the full height and unbroken by stress-relieving horizontal joints. In
the present instance, however, the building was a modest four storeys,
but undesirable behaviour arose from the transfer ot load from large
concrete columns to a thin ceramic veneer.

Description of Building

Figure 1 is a photograph of the building. The right hand end of the
building of whiCh two bays are visible is forty years younger than the
remainder and of somewhat different construction. The new portion is
where the trouble occurred. Its columns were of reinforced concrete
supporting flat slab floors. Their cross-section was about 24- in. by
30 in. with the sides furred out with brickWOrk to t'om column-piers
about 5 ft. wide (Fig. 2). The outside face of each pier was faced with
ceramic veneer units l~" x 24" by 1 in. thick. The units were bedded in
mortar and tied to the concrete and masonry pier with metal ties. The
~ in. space between the veneer and the back-up was solidly grouted

1Consultant, formerly Senior Research Officer, Division of Building
Research, National Research Council of Canada.

2Numerals in parentheses refer to corresponding items in
Appendix I - References.
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(Fig. 3). Face joints were raked out to a depth of about 1/4" and
packed with a pointing mortar. It should be noted that where the veneer
was backed up by the reinforced concrete column, the combination of the
keys in the column face, the grout, and the scoring of the back face of
the veneer provided a rigid positive shear connection between all three.
The specified bedding mortar consisted of 1 cu ft Portland cement,
1/2 cu ft lime putty, 5 eu ft siliceous sand plus 2 quarts ammonium
stearate paste. The pointing mortar was a mixture of 1 cu ft white
cement, 3 cu ft siliceous sand plUS 2 quarts of stearate paste. The
grout contained 1 cu ft of Portland cement to 6 eu ft fine aggregate.

The Problem

About 5 years after construction it was noticed that the glazed
veneer was spalled badly at the horizontal mortar joints, especially at
the bottom storey (Fig. 4). A variety of causes were suggested,
including building settlement, water penetration, frost action, work
manship, joint size, faulty glazing and type of mortar. None of these
fitted the evidence. However, by making assumptions as to the probable
magnitude of shrinkage (0.04 percent) and creep (100 x 10-8 in./in. per
psi) in the concrete, calculations by ordinary methods (4, 5) indicated
that shortening of the columns due to the loads, shrinkage and creep
could cause stresses in the order of 3000 psi in the veneer because of
the rigid connection between it and the columns.

Laboratory investigations indicated that the cera~ic veneer had a
crushing strength of about 6800 psi. Because the magnitude of the
calculated stresses was only about half of the strength of the material
and did not fully explain the spalling, it was decided to conduct a field
investigation to determine if stresses did exist in the veneer and what
other contributing factors might be present.

Field Investigation

To study the stress condition in the ceramic facing, strips of
photoelastic plastic material called "Photo-stress" were cemented adja
cent to mortar joints in four columns (Fig. 5). This plastic has the
photoelastic property of changing colour under stress when viewed
through a special analyzing viewer, and a calibration table can be used
to evaluate a change in stress (6). A hacksaw blade was then used to cut
through the mortar joint with the idea that cutting the joint would re
lieve any existing stress in the veneer and that such relief would be
indicated by the change of colour of the Photo-stress.

It was found in cutting the joint that the 1/4" deep pointing
mortar was very hard. and that the bedding mortar was very soft and
porous. Immediately the pointing mortar was cut through, colour changes
occurred in the Photo-stress plastic corresponding to an indicated stress
relief. A typical result is shown in Fig. 6, although the bands of
colour were not quite so sharply defined as is indicated. At the four
measuring points the following stresses were recorded:
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l

Gauge stress Relief
psi \.

"

1

A 1,850 \
B 1,850

C 3,100

D 1,590

E 1,850

It is possible that at other points, especially l.oThere the spal1ing had
already occurred, the stress before spal1ing could have been higher.

Discussion

Although the accuracy of the method was not high ( 300 psi), it
was concluded that the ceramic veneer was, in fact, under a permanent
state of stress.

The results also showed that the use of a very hard pointing mortar
over a soft bedding mortar was equally responsible for the spalling at
the joints. If the average stress was in the order·of 1500 - ;000 psi
across the I" thickness of ceramic veneer, then the stress would be up
to four times as high locally where the force was carried across a joint
almost entirely by the 1/4" str1p of pointing mortar. Similar spa1ling
effects were, in fact, reproduced in the laboratory by loading glazed
tile specimens over a 1/4" width immediately behind the glazed face.
Failure occurred at an average cross-sectional stress of only 2200 psi,
but the local stress beneath the load was 8800 psi exceeding the strength
of the material.

A uniformly soft or uniformly hard mortar across the thickness of
the tile would have been a better situation. It should be noted that
the specifications in the Architectural Terra Cotta Institute Catalogue
55-8 {7) require the same mortar to be used for botb setting and
pointing - specifically 1 part Portland cement, 1/2 part high calcium
lime putty and 4 1/2 parts Sand.

Similar cases of deterioration have been observed on buildings with
brick facir~s. It Can occur even on steel frames, and in two instances
spalling occurred at shelf angle levels due to the stress transfer
across the pointing mortar at the toe of the angles.

Conclusion

Stresses in building slabs have seldom been measured. This paper
offers confirmatory evidence from measurement that too rigidly attached
facings can be stressed by load transfer from columns. Hhere spalling
occurs at joints, uneven mortar resistance may be a factor.
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EDUCATION AND SCHOOLING - REINFORCED MASONRY DESIGN AND CONSTRUCTION

By Robert R. Schneider l and Walter L. Dickey2

ABSTRACT: The growth of the governing masonry code prov~s~ons of the
State of California, Uniform Building Code, local codes from the early
1920's after the Santa Barbara and Japanese quakes and then the steady
growth from 1934 to present.

Outline of Code requirements for design. The fallacies and valid
ities of arbitrary code design provisions and proper consideration of
compliance and deviation. Exceptions from Code provisions in the Re
search Recommendations and rulings.

Allowable or useable strengths for elastic design. Discussion of
ultimate design.

Design principles and examples of simple flexural and shear members,
i.e., beams, lintels and walls.

Design principles and
columns, piers and walls.
ing design.

examples of simple compression members, i.e.,
Application of the principles to total build-

Chronology of recent curriculum development in various programs
with suggested recommendations for visual aids, texts and training
guides available. New college and graduate level textbook available
in about one year.

I prof • of Civ. Engrg., California State Polytechnic University, Pomona

2Consulting Structural Engineer, Higgins Brick Co., Redondo Beach,
Calif.
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EDUCATION IN REINFORCED MASONRY

By Robert R. Schneider l and Walter L. Dtckey 2

INTRODUCTION

One purpose of this paper is to emphasize the dire and growing
need for schooling and education in the relatively new field of Rein
forced Masonry Design and some of the reasons for the past lack of in
clusion in curricula.

The major purpose is to warn of and clarify some of the items that
might trip a professor in his first time through instruction of this
subject.

Also to provide some guidelines through the codification of require
ments that have such varying character, e.g., traditional, empirical,
arbitrary, engineering, theoretical, practical, economic or whatever, and
to suggest some aids for setting up a course for this heterogeneous sub
ject, one of our major construction methods, but which perhaps has the
least volume of research and academic background.

BACKGROUND

In the 50's and early 60's Robert Schneider was active in testing
and engineering investigation of reinforced masonry constructi.on, which
added knowledge to the state of the art and which influenced him in later
teaching, even leading to his setting up and nurturing full-fledged form
al engineering classes in Reinforced Masonry Design at the University of
California at Pomona.

W. L. Dickey's early contact with masonry (bricklayer in 1927 while
still at the California Institute of Technology) and long subsequent
structural engineering career including many large and excellent rein
forced masonry structures, led to his specializing, in 1961, in masonry
research, design and education with Masonry Research, which became
Masonry Institute of America.

lprof. of Civ. Engrg., California State Polytechnic University, Pomona

2Consulting Structural Engineer, Higgins Brick Co., Redondo Beach,
Calif.
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Those two experiences both resulted in a strong awareness of the
need for including reinforced masonry design as a subject in engineering
curricula. There had been well developed courses and textbooks in
strength of materials, in concrete, in prestressed concrete, in heavy
steel, in light steel, in wood, in aluminum etc., but none comparably in
masonry, either unreinforced or reinforced, although it is a major con
struction method.

Then when earthquake sensitivity of the 1930's forced some use, then
total use, of reinforced masonry the need for education became greater.
That growing need was not matched by comparable fulfillment. It became
more acute as sophistication in seismic design increased, there was even
more need for more information.

The above is not to say that reinforced masonry was developed for
earthquake resistance only, but seismicity was a great stimulus. Rein
forced masonry could be a very effective use of masonry, expanding mason
ry utilization from the older traditional, empirical or Master Mason
application to more economical and cost effective solutions for our mod
ern construction. As a consequence in 1954 and 1956 the San Francisco
representative of "Clay Brick and Tile" arranged for a series of talks in
St. Louis, Chicago and Kansas and other areas to present the economic ad
vantages of reinforced masonry in competitive construction.

However, there was an obstacle in academia. The basis of reinforced
masonry design was not developed by a large sponsor backing a comprehen
sive testing, research, and development program - such as Portland Cement
Association and its superb concrete research program - or as was done in
steel, or wood, or even aluminum. The subject was first and foremost a
series of practical solutions, modified by scattered bits of research,
and further modified by injection of hysterical reactions to catastrophic
earthquakes (e.g., an arbitrary steel percentage requirement, a 4' maxi
mum steel placement, an arbitrary column stirrup requirement and others
which will be mentioned later).

The combination of empirical seismic resistance requirements, past
rule of thumb provisions, with some recognition of "Strength of Materials"
considerations made the teaching of "Reinforced Masonry Design" rather un
palatable to pure academia, with its desire for well ordered theory.



117-4

Perhaps another obstacle was the fact that there were not many
theorists or engineers simultaneously with experience in use of this
handcraft, (like Winston Churchill) or many bricklayers with adeqaute
engineering who would initiate or conceive engineering courses for this
hand laid material, and introduce it into engineering curricula. This
was in spite of the need, and the implied responsibility of schooling to
prepare the student for his role in the practitioner's office in as broad
a manner as possible.

THE CODE

A common method of instruction in the subject of reinforced masonry
design was frequently in answer to a neophyte engineer question such as,
"Here is a masonry wall to design, how do I do it?"

The answer might be from his associate - "Well, on the last one we
did it this way, and the Code says •••••. ", with the implication that the
Code was as if on stone tablets.

And Code was not all bad as a guide. It was based on the historical
growth of venerable traditional design by master masons, with the addition
of engineering generalizations and some test data. For average conditions
it was sound. However, for special conditions and for engineering it was
necessary to "interpret" the meaning and intent.

Also one very important item in design is the necessary continual
awareness of the field placement problems, of how the masonry was actually
built to provide for and accommodate the functional placement of steel and
other engineering provisions.

The Code does contain definitive specifications of the various types
of reinforced masonry construction. These are essentially assemblages of
masonry units and mortar in which reinforcement is bonded by mortar or
grout. They are included in a detailed specification manner, but devia
tions maybe made, if proven by test and usage.

TRADITIONAL REQUIREMENTS

Some of the traditional, or arbitrary, or empirical, items that
serve as guide or control are shown as follows, with comments as to va
lidity. These comments and the discussions of design methods to follow
are as currently pertinent to or expressed in the Uniform Building Code.
This is because the UBC contains the result of continuous USe and devel
opment of reinforced masonry from 1933 on and has frequently been the
pattern for adoption in other areas, as well as being "THE CODE" govern
ing jurisdictions under the International Conference of Building Offi
cials.
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The catastrophic Long Beach quake in 1933 inspired the initial in
troduction of masonry reinforcing into Code and those governing provi
sions have been used, refined, and up dated with each 3 year revision
and reprinting.

The masonry wall types are defined and are traditionally limited in
minimum thickness and in height or length to thickness ratios by Table
24-1 of UBC.

TABLE NO. 24-I-MINIMUM THICKNESS OF MASONRY WALLS

MAXIMUM
RATIO

UNSUPPORTED NOMINAL
HEIGHT OR MINIMUM
LENGTH TO THICKNESS

TYPE OF MASOHqy THICKNESS (Inch")

BEARING WALLS:

1. Unburned Clay Masonry 10 16

c. Stone Masonry 14 16
3. Cavity Wall Masonry 18 8
4. Hollow Unit Masonry 18 8
S. Solid Masonry 20 8
6. Grouted Masonry 20 6
7. Reinforced Grouted Masonry 2S 6
8. Reinforced Hollow Unit Masonry 2S 6

NONBURING WALLS:

9. Exterior Unreinforced Walls 20 2
10. Exterior Reinforced Walls 30 2
11. Interior Partitions Unreinforced 36 2
12. Interior Partitions Reinforced 48 2

It is to be noted that the well preserved walls of the old walled
city of Rothenberg were built in about the 1200's and would comply with
these empirical limits.

The arbitrary limit on columns is " ... No masonry column shall have
an unsupported length greater than 20 times its least dimension". It is
noted the 8-story high columns of the 2-mile-Iong Segovia aqueduct struc
ture, built by the Romans in 100 BC would comply approximately with these
limits so these seem to be conservative.

However, engineered provisions of end conditions and loading will
have a great influence and this fact is an example of factors which are
not thoroughly clarified by the Code. The above Table 24-1 includes "h"
and "hit".

One pertinent question a student might ask is, "which way is up, 
how far is it?" since the terms "h" and "hit" are used in limits and in
the reduction factor for walls and columns which is
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In that expression t is the thickness in inches, and h is frequent
ly subject to question.

For columns, h is simply

h = Clear height in inches.

For walls, in the past, "h" was called "height," but it was under
stood as a measure of either up or of sideways, dependent upon which way
the wall spanned, that is, whether it spanned vertically from floor to
floor or horizontally between pilaster to pilaster. This is now rather
clearly stated in the UBC as

h = Clear unsupported distance in inches between supporting
or enclosing members (vertical or horizontal stiffening
elements).

This is the same meaning as the meaning in the early concrete de
sign provisions from which this factor was borrowed.

To further clarify which way is up (h?), we might clarify "How far
is up?"

The definition states f1 c l ear distance." However, an exception
states:

EXCEPTION, The height or length to thickness ratio may
bi' increased and the minimum thickness may be decreased
when data is submitted which justifies a reduction in the re
quirements specified in this Section.

One of the most sound techniques for utilizing that exception is the
proper consideration of end restraint. If this can be defined correctly
and determined correctly by structural calculations, which takes some do
ing, one may consider the clear distance as the clear distance between
points of inflection, that is, as if there were pin joints at those
points -- and there could be.

"How far" might, then, be defined as the distance between points of
inflection. One approximation of this is shown in the fOllowing table:



117-7

Ca) (b) (e) Cd) Ce) (f)

~ ~~ ~~ =!;
~t,. i

12 r~.."" p,
I \ II I \ , I, ,
I \ I I

Buckled .haP"' of column I I , ,
I I. : I I I I I• mown by dulled line I , I

I \
,

I I ,
1 , , I

\ \
,I I

" II I,, ,
~t '7l

t Y rli~ "f '';;r
1hoonotical K 'Valua 0.11 0.7 1.0 (0 2.0 2.0

Recommended deairn
Yal.. when ideal rondi- O.M 0.80 1.2 1.0 2.10 2.0
Uoae ..... approximated

....... Rotation fixed and translation Jixed

End conditloll cod. ~ Rotation free &.tid translation fixed

lVfiJ Rotation Jixed and t,.nalation fl'flfl
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It is hoped that the above discussion clarifies the questions pro
pounded in the title, i.e., which way is up -- and how far is it.

Another code requirement with some confusion as to background is
that the amount of steel required arbitrarily is .002 bt total, with
not less than .0007 in each directipn. This is not something related
to shrinkage or weight or design. It is merely a requirement to improve
the performance of masonry after failure. It does not include consider
ation of shrinkage, e.g., it does not make consideration of hollow units,
only 30% solid 1compared to solid walls, it does not consider whether the
··,all is of concrete units and rich grout which will shrink appreciably
compared to clay units which will tend to expand etc. etc. It is "just
because".

The spacing of steel is another similar item. It is arbitrarily not
to exceed 4' oc in "Reinforced Masonry" or 8' in "Partially Reinforced
Masonry". This is regardless of whether the wall thickness is 4", 8", or
16" or whatever. It is not related to weight or thickness, or to effec
tive "d", i.e., whether the steel is at the center with a "d" of 1/2t or
at one side with a "d" of 3/4t. It is "just because", in order, hope
fully, to provide for a so-called "basketing" and a better post failure
performance under excessive seismic loading.

An instructor searching for an explanation of such arbitrary provi
sions would have a fruitless search.

STRESSES

The allowable masonry strengths to be used in design are determined
in two basic methods. One is the assumption of a conservative value
found by test and practice to be adequate for a.particular assemblage.
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Another is to make a sample of the masonry intended for the construction
and test it for ultimate strength.

The allowable design stresses permitted are then assumed as frac
tions of the masonry strength, as shown in Table 24-H.

One unique feature of masonry is to be noted, namely, the limit to
half stresses when there is not continuous inspection of the installation.
If one does not observe the placement one can not be sure that the re
quired provisions are included. That uncertainty would be in addition to
the uncertainty due to scatter of strength and quality that is shown in
field installations and tests.

Actually theory of probability might show that the statistically
correct reduction factor should be 3/4 instead of 1/2 but it has been
kept conservatively at 1/2 because 'of the greater practical hazard in the
structure. If a detail is a little wrong the structure may be 100%
wrong. Also, the factor is compensated for slightly by the concurrent
reduction in Em. This results in a doubling of the n, or Es/Em, value,
which has the effect of increasing the computed capacity of a section
slightly by the elastic design equations.

The above are examples of minor items that may trip an instructor
in this subject.



117-9

DESIGN

The design is based on the elastic performance assumptions that had
been used in the past in early reinforced concrete design and is re
stated here since it has disappeared from the new concrete texts, being
replaced by the "ultimate design" or by whatever other name it has
assumed. The ultimate design has not been recommended for practical de
sign of masonry because of the variability of performance of different
assemblages, lack of knowledge of extensibility, and the hazard of intro
ducing inappropriate complexities which might indicate unwarranted pre
cision of results. It has been avoided also to avoid the swing to im
practical type of items developed in ACI 318.

"At this point in time" it might be pointed out that the design
values of Table 24-H are based on fractions of f~, the ultimate compres
sive strength of certain average conventional assemblages. For other
assemblages of units or types of mortar or grout tho~e design values may
not be as nearly approximately correct. The use of such values must be
used with caution in retrofit, in rehabilitation.

Also, at this point in time, it is to be noted that the Ern value
has been stated to be 1000 f~. In the past some academians have taken
the value as 1000.000 f~. Actually it may be more correctly in the range
of 600 to 700 f~, and some test results show a range of from 200 to 1500
f~. And yet some publications show groups of curves and tables and flex
ural coefficients, a dozen or so, falsely implying a high degree of pre
cision and correctness. One such chart or table might suffice in prac
tice, with less chance for error, and less wasted time searching for the
right page.

Also the value of shear modulus is stated to be 400 f~. It is ac
tually not well known and definitely is not a precise number.

Also it has been the author's experience that the too early use of
tables and other aids in lieu of basic "longhand" solutions is not
healthy for the learning of the principles. Rather, the student should
make some of his own curves, to get a better feel for what they mean in
design.

ELASTIC DESIGN ASSUMPTIONS

The elastic design assumptions are basic and simple.

1. A section that is plane after bending. (i.e., stress
proportional to strain)

2. Moduli of elasticity of the masonry and of the re
inforcement remain constant (a fair approximation)
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3. Tensile forces are resisted only by the tensile
reinforcing. (a conservative assumption)

4. Reinforcement is completely surrounded by and
bonded to masonry material so that they work to
gether as a homogeneous material within the range
of working stresses.

5. Stress in a bar is assumed uniform over its area.

6. The member is straight and of uniform cross
sec tion

7. The span of the member is large compared to its
depth

Those assumptions provide the basis for the simple derivations of
the conventional flexural formulae used in design, i.e.,

k __ ~2nP t (np)2 ' np = k
3

u = V/:S)d

v -- V/hjd; s = f"A v /O.67vb or O.67vbs/fs

In wu]h-l for T-beam design using net st'clion
M = [(f J'd)/(2kd) J [(btl (2kd- t) + b '(kJ -t)2Jm . In

Where t = face ,dwll thil'knl~SS

M'•
fl. = 2f.(kd _ d') /(d _ kd)

The derivation is simple and can be found in
design texts.

A~ = fl (d-d') (n-1)
• n

many of the old concrete
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COMPRESSIVE MEMBERS

The design of Walls and Columns is based on a short member capa
city, with a height reduction factor applied to that capacity.

The reduction formula R = 1 as given in the Uniform

Building Code is used to determine the allowable stress on walls and
allowable loads on columns. This load or stress reduction equation is
applied as a factor of safety against the possibility of buckling and
there is a bearing wall limit of hit of 25. The approximate reduction
factor and the limits are not precise, nor valid. This can be shown by
the following chart and discussion.

h .
- ratIo
t
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This plots the design curve for stress at the lower left, extended to
minus value for ~educto ad ab~~dum. It is plotted to the same scale as
the ultimate cutoff of the material and to the comparable Eulers long
column buckling factor, with a curved smooth transition between the two,
a Johnson-Euler curve, which would be a reasonable shape of ultimate
capacity.

Note the large factor of safety, which indicates that precise re
finements of the design capacity curve may not be pertinent.

The shape of the code value curve is obviously incorrect since it
comes to ° at a value of hit of 40, or a minus value at values above hit
of 40. The hit limit of 25 is also not valid, e.g., if a wall has a
good capacity at hit = 25 it will still have almost as much capacity,in
stead of dropping to ° capacity at hit of 26. The above are obviously
violations of natural laws of physics, which have not been repealed.

The capacity of columns is:

(.18 f~ Am + .65 fsAs) (times the same approximate reduction factor)

The masonry stress times the area seems reasonable, but the .65 fsAs
will be difficult to explain to a student. For example if a masonry
column of fm = 1350 psi (fm = .18 x 1350 = 244, E = 1,350,000 and n = 22)
is loaded with an axial stress of 244 psi, the steel shortens the same
amount as the masonry and must then be stressed to a value of 244 x 22 =
5,368 psi. This is not the .65 x 20,000 = 13,500 psi nor .65 x 24,000 =
15,600 psi that would be used in design. The equation must be explained
only as a reasonable approximation that shows empirical increase of col
umn capacity when steel reinforcing is added.

Obviously charts and tables showing many significant digits as an
swers are not stating true representation of the truth and precision of
those answers. They are merely academic manipulation of mathematical
equations and numbers, mental gymnastics rather than engineering.

However, the equations are good approximations of safe performance
and may be used accordingly.

INTERACTION

The clarification of interaction or capacity under combined bending
and direct stress can be easily explained if kept simple.

The simple interaction principle is that the fraction the element is
developed in bending plus the fraction it is developed in compression
shall not be more than 1 and is expressed by the equation:
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f- + f..F shaH not exceed 1
a b

WHERE:
IQ = Computed axial unit stress, determined from total axial load and

effective area.
FQ = Axial unit stress permitted by this Code at the point under con

sideration, if member were carrying axial load only, including
any increase in ~tress allowed

!b :: Computed flexural unit stress.
Fb = Flexural unit stress permitted by this Code, if member were

carrying bending load only, including any increase in stress
allowed

That simple philosophical statement, expressed by the equation would plot
in a simple curve on a P/M chart as:

p

M
However if one explains the interaction by the use of mathematics

based on the elastic assumptions there are immediate complications for
the student)but refinements that may be more correct, and may warrant
some higher capacities.

One may assume deformation of the plane of a section so that the
stresses will be as shown and plot the corresponding load P and bending
moment M and we will obtain values as shown in the following.
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1. Assume a plane deformation of a section so the uniform stress is
Fa = .2 f~, determine resulting P = .2 f~ bt

2. Assume the plane deforIllation so stress at the centerline, the aver
age stress, is Fa but so that the edge stress caused by bending is
Fb = .333 frh on one edge. The axial load P will remain the same
while theM increases to a value of (.333-.20) fJh bt2 /6

3. Continue assumed tilt of the plane till the stress is Fb on one side
and 0 on the other. P will decrease and M will increase.

4. Continue deformation till stress is Fb on the one side and a at the
center, where the steel is located. As P decreases M will increase
then decrease.

5. Continue deformation with Fb at edge and with steel beginning to
function in tension, until P is O. The M value then will be that
of the computed reinforced section with As and with d at t/2

This indicates that the student should receive some clarification
of what might have happened to a wall under actual loading of
various types, and a careful look at interaction and the connection
of 1-5.

1

,..
0..

:
.J
<!

2..
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This phenomena is because when the section is fully under compression
the full section modulus resists moment and full PxA functions, but when
the plane distortibn is such that tension will occur the masonry is not
assumed to act in tensibn. In effect the actual assumption is that the
full sectien acts, as unreinforced masonry with no steel functioning,
until tension can be provided as the plane shifts to cause action as re
inforced masonry at a d of 1/2xt.

A plot of the P and M capacity
the assumption of vertical load and
ment. This shows the small area in

The curves below show maximum P, or axial
concentric vertical load, that may be imposed on
walls for various stress conditions.

The dashed boundary line shows where the tension
stress due to bending force of wind is overcome by
the compressive axial load stress, so there is no
tension on wall.

Combinations ofP & h to the right of the boundary
are for compression over the entire section so no .
tension steel is required for moment, merely
minimum arbitrary percentage of steel is required.
The maximum load might be increased slightly by
the use of transformed area of steel, but this
factor is not included in this chart.

0
_.J.

T Nl Fl1
s i£r~i

I

f-

h t
" .. I

~,

of an 8" wall illustrates this for
a wind load of 15 psf causing mo
which reinforcing must be computed.

In the chart area where tension occurs, normal steel
is adequate for most conditions and special
calculation need be done for only a small area of
combinations, i.e., for the chart area above the
capacity indicated for arbitrary steel requirement of
either .077 or. 150 sq. in. per foot for hal/ow units,
not continuously inspected.
The capacity is reduced according to the 1970 USC
reduction factor for height. Due to the fact that a
1/3 increase is applied to the permitted stresses
for short time seismic or wind loads when combined
with vertical load the calculated capacities are not
reduced by the addition of such lateral loads.
Therefore the capacity shown is for static,or
dynamic conditions.
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These methods could be refined and presented in various manners and
explained so they will be suitable for practical engineering use. Many
of the design items are to be clarified and to be used for designing
parts of the structure, but keeping in mind that the practicing engineer
must provide a total building design, not just beams, columns, walls,
lintels etc. The total building design will consider the effect of all
portions on the seismic input, the effect on total vertical load and
total building performance and resistance.

This total building design concept has not, in the past been con
sidered as fully as it should be in some concrete, wood or steel courses.

CURRICULUM DEVELOPMENT

The chronology of past curricula development is rather short,and
will be mentioned only in part and partial.

In the late 50's Albyn Mackintosh prepared a handbook, then 8eminn~s

on reinforced masonry, and some short courses at UCLA. Some partial
term classes were put on by W. L. Dickey at UCLA, USC, University of
Nevada and others, and he then collaborated with Professor Schneider,
who initiated a full term course of reinforced masonry at Cal-Poly on a
regular basis in about 1965. There were some classes at other univer
sities in which reinforced masonry was included as part of reinforced
concrete class, as by Amrhein at Long Beach State. There were some other
short time classes and there was one recent full time class set up by
Nolan at the University of Colorado.

There have been many other recent activities, and there is great
promise of many more to come, to fulfill the responsibility of the teach
ing profession to engineering of this major construction system.

A course outline would be a variable depending on many factors,
units required, extent of other classes, structural design classes,
personality of the instructor, etc.,so a specific one would be difficult
to suggest in this presentation.

RECOMMENDATIONS

1. Liberal use of visual aids is suggested. There are good movies
available for visual demonstration of successive steps of installation.
There are some data sources such as Masonry Institute of America,and
others similar, which have available items such as Masonry Design Manual
containing design use information, Reinforced Masonry Engineering Hand
book, which contains many design aids, charts and tables, and a long
list of articles on various portions of the subject.
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2. There will be a college and graduate level textbook published
soon by Prentiss-Hall on "Reinforced Masonry Design." This will overcome
one of the obstacles to providing design courses, i.e., the current lack
of a textbook. Also, since there has been little past formal class
schooling, the textbook will provide for graduate and extension courses
for those engineers who have not had the benefit of undergraduate study
in reinforced masonry.

It will also be a tool for "continuing education" of practicing
engineers and others in the construction industry, a growing activity of
academia.

3. It is suggested that instructors' training include a session in
actual mason apprentice training (and even some field experience) (close
field observation would be a second option). from the mortar mixing. use,
placement of units, mortar, steel and grout.

One good visual aid is a field trip to masonry under construction.

4. Another item is care in explaining items. Very few students
will have had actual experience with masonry installation and details so
pictorial description must be clear, lucid, and probably repetitive, more
than in some other subjects.

5. Use long hand solution to the engineering problems rather com
pletely before going to the short cuts of charts, tables and design aids.
The actual design is quite simple.
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Rffect of Sand on Water Permeance of Masonry

by

Kenneth Gillaml

ABSTRACT

The paper details the results of sixty (60) E514 water
permeability tests of masonry wall systems. The principle
variable in the program was sand gradation and its effect
on water transmission with different types of masonry mor
tar. The results tend to indicate that sand plays a major
role in a wall system's overall effectiveness and that test
method E514 is not highly reliable in producing meaningful
results.

I Administrator Medusa Cement Company Technical Center,
Wampum, Pennsylvania 16157
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EFFECT OF SAND ON WATER PERMEANCE OF MASONRY

by

Kenneth Gillaml

INTRODUCTION

The use of masonry has historically produced a structure
with extremely durable performance characteristics. One needs
only consider the achievements of the Egyptians and Romans in
masonry to reach this realization. Continuing architectural
advances have furthered the use of masonry with thinner wall
designs and structural qualities. These more recent structures
still possess asthetic appeal and are highly durable but an
annoying problem of water transmission to the interior of the
building will occasionally spoil the overall effect.

Three major factors are involved in constructing a build
ing which does not transmit water to the interior. These are
design, workmanship and compatibility of materials. The three
intertwine, one with another and all must be considered when a
leaking failure occurs.

Water transmission through masonry walls was first evalu
ated by Fishburn(l) during the 1930's and 1940's. His in~tial
work resulted in a series of NBS reports (2,3,4,5,6,7,8,9)
which concluded that workmansnip is a principle factor in pro
ducing water impermeable walls. Palmer & Parsons (10) deter
mined that material's compatibility also played a major role
in leak resistance of masonry structures.

Recently, under the auspicies of Medusa Cement Company's
Technical facility, a study was undertaken to update the level
of understanding of the water permeability phenomenon utilizing
currently available masonry materials. To that end a compre
hensive program was outlined to investigate primarily material's
compatibility with sand and ASTM test method E5l4 and its reli
ability in producing meaningful results.

The study has culminated with the construction and testin1
of sixty wall systems according to ASTM designation E5l4-74.(1 )
This report details the results of that study.

RESEARCH OBJECTIVES AND SCOPES

The objective of the research study was to determine the
effect of two distinct sand compositions on water permeance of
masonry with varying sources of masonry cements. The method
selected for evaluation was ASTM E5l4-74. Four type "N" prepared

lAdministrator Medusa Cement Company Technical Center,
Wampum, Pennsylvania 16157



118-3

masonry cement mortars from different manufacturers, two Port
land cement/lime type "N" mortars with the Portland cement be
ing varied, two type "s" prepared masonry cement mortars from
different manufacturers, and two type "M" prepared masonry
cemer.t mortars from different manufacturers were selected for
the evaluation. A coarse and fine masonry sand, both of which
were within ASTM C-144 gradation specifications, were selected
as primary variables for the study. A single brick and concrete
block type were used throughout the testing program. The basic
constituent materials were tested for their physical properties
by applicable ASTM methods.

WALL CONSTRUCTION

Walls were constructed at the Medusa Technical Center by
a single experienced journeyman mason to help reduce the effects
of workmanship in construction as a variable. All walls con
sisted of a four inch wythe of brick and a four inch wythe of
concrete block. No back parging and no structural wire ties
between the wythes was utilized. The cavity between the two
wythes was kept as free of mortar droppings as possible and
that opening was nominally 5/8 of an inch. Extreme care was
exercised to insure full bed and head joints throughout the
wall construction process. The flashing was embedded in ac
cordance with E514 criteria and the assemblage sealed as per
test requirements. Mortar proportioning was accomplished by
volume measure and held within compliance of ASTM C-270 speci
fication. All mortar joints were tooled with a round jointer
after sufficient time had elapsed to achieve the proper con
sistency for tooling.

The author was present during the construction and test
ing of all walls.

MATERIAL'S PROPERTIES

Results of tests for brick and concrete block properties
are presented in Tables I and II. Mortar properties are pre
sented in Table III with testing performed in accordance to
ASTM C-91 requirements. Water permeability results are report
ed in Table IV with additional information relative to mixing
water used and the air content of the mortar produced. The
gradation for the two sands utilized is presented in Table V.

PERMEANCE TESTS

All wall specimens were stored in laboratory air for at
least twenty-eight days prior to testing. It should be noted
that only a six degree difference in temperature (66-720 ) was
experienced and the relative humidity varied from 68 to 81 per
cent. To reduce additional variables five test chambers were
constructed. Five test specimens were constructed each week
and these specimens were tested at not less than thirty days
or more than thirty-five days after construction.



118-4
Each wall underwent twenty-four hours of preconditioning and
were then allowed to stand at least twenty-four hours or until
all apparent moisture had disappeared from the block surface.
The walls were then subjected to seventy-two hours of continuous
testing in accordance with the test method. Results were tabu
lated in accordance with E514 requirements and are recorded in
Table IV.

TEST RESULTS AND ANALYSES

Correlation of test results is extremely difficult due to
the wide scatter noted within the testing. Also extreme caution
must be exercised in making generalizations based on this data.
The method is not precise and imposes boundary conditions which
negates this type of extrapolation.

Effect Of Sand On Performance - The data indicates rather
cleariy that sand plays a significant role in the overall ability
of the masonry system to resist water penetration. Note specif
ically: MC-II type "N", PCL-I, PCL-II, MC-II type "S", MC-I type
"M" and MC-II type "M". It should be noted that the specific
sand gradation may perform favorably with one given product and
unfavorably with a second product. Therefore, any evaluation of
water permeance must take into account this potential incompat
ibili ty.

A clear example of potential misinterpretation could result
if MC-II and PCL-I with sand A were compared for product super
iority. The obvious conclusion of that study would be that MC
II is highly superior to PCL-I. Overall indications are that
MC-II is slightly superior to PCL-I but no clear verdict can be
rendered. Therefore, any effort to establish product superiority
where no significant variables are introduced can lead to false
conclusions or even predetermined conclusions depending on which
variables are excluded.

Effect Of Mortar Type - The results would tend to indicate
that a type "s" mortar exhibits less probability of producing a
system which leaks than does any other mortar type. In general
type "N" prepared masonry cement mortar, Portland cement/lime
type "N" mortar and type "s" prepared masonry cement mortar tend
to perform better under the condition of test than does type "M"
prepared masonry cement mortar.

Once again caution should be exercised in that the testing
procedure requires movement of the panel between construction
and testing. With the type "M" system being more rigid the move
ment may in effect damage the structural integrity of the wall
system. Therefore, this method of test may unfairly penalize
that mortar type. Once again no clear cut verdict can be reached.
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Effect Of Air Content - The presence of greater or lesser

amounts of air in the mortar does not appear to play a signif
icant role in the ability of a wall system to resist water pene
tration. PCL-I and II contained significantly lower air content
than did MC-I to IV but no apparent superiority exists within
that group.

Also, in general, masonry sand B tends to entrain more air
than masonry sand A and yet no apparent superiority tends to
exist by grouping the data in this matter. Please note MC-II
type "S" as an outstanding example of the opposite situation.

Overall Materials Compatibility - As indicated previously
all materials (brick, sand and masonry cement type) playa role
in the overall ability of a wall system to resist water penetra
tion. Product superiority is not indicated by the data developed
within this study. In certain instances one product appears to
be slightly superior to another and yet with a variation in sand
that apparent superiority is negated. All materials present in
the construction of a masonry structure significantly affect the
performance of that structure.

It must be restated that other factors, workmanship and
design, also play an important role in water permeability. Mat
erials compatibility is the variable most easily tested by ES14
but may be less significant than other parameters. It is quite
possible to have highly compatible materials for construction
and produce a structure with serious leaks. Although materials
compatibility is important, it represents only one third of the
finished building's ability to resist water.

Effect Of ESl4 On Test Results - At best ES14 is a semi
quantItative method for evaluating water permeance of a masonry
wall system. The rating system places too much emphasis on ob
served phenomenon as opposed to measureable phenomenon. Appear
ance of first dampness and extent of dampness is a primary tool
for determining the rating of a wall system. Rate of flow through
the wall is much more readily determined but plays only a second
ary role in performance rating.

The test method does not require that an exact flow rate be
determined. Our data is reported within a flow range as required
by the method. This flow range, not the normal ES14 procedure,
was used to determine the rating for the wall system.

Specific recommendations for improvements of test method
ES14 will be made to ASTM committee E-6 and C-15.

SUMMARY AND CONCLUSIONS

The following conclusions can be drawn from the data de
veloped:

a) Sand gradation plays a significant role in the
overall ability of a wall system to resist water
penetration.
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b) Type "s" mortar appears to perform more favorably
under the condition of test than does any other
mortar type.

c) Air content does not appear to have a significant
influence on a wall system's ability to resist
water.

d) The test method appears to introduce more variables
that produce inconsistency than it does resolution
to a difficult problem.

e) All data was developed under highly defined bound
ary conditions and are applicable only under that
set of conditions. Any attempt to generalize from
this data or other data developed by test method
E514 is highly suspect.
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TABLE I - PHYSICAL PROPERTIES OF THE BRICKS USED

Properties of Bricks

Average Dimensions (inches)
Width
Length
Depth

Average Dry Weight (lb)

Gross Area

Net Area

Absorption by Total Immersion (lb)
24 Hour Cold

5 Hour Boil

Saturation Coefficient

Absorption by Partial
Immersion (1 min. suction)

Modulus of Rupture (lb/in2 )

Compressive Strength of
(full-bricks (lb/in2 )

Type Of Brick

"A"

3~

8
2~

3.92

27.30

15.51

4.02
4.04

0.77

6.60g

700

12,490
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TABLE V - SAND SIEVE-ANALYSES

Weight Percent Passing u.S.
Sand Supplied By Standard Sieve No.

8 16 30 50 100

Masonry Sand A 99.9 98.2 89.2 30.4 1.5

Masonry Sand B 97.2 83.9 61.2 27.5 5.6

ASTM C-144 Sand
Requirement 95-100 70-100 40-75 10-35 2-15
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TECHNIQUES FOR EDUCATING THE STUDENT, INSPECTOR, ENGINEER AND ARCHITECT
IN THE DESIGN AND CONSTRUCTION OF MASONRY STRUCTURES

By James E. Amrhein, S.E.*

ABSTRACT: This paper provides information on the techniques of teaching
masonry design and construction. The author has much experience in
this area and points up some of the methods that can be utilized in the
dissemination of knowledge and the training of personnel.

Included are course outlines that may be used in colleges and
schools for the teaching of masonry, and also a list of publications
and films that are available to assist those interested in teaching
masonry or obtaining more information on masonry.

*Masonry Institute of America, Los Angeles, California
*California State University at Long Beach, California



119-2

TECHNIQUES FOR EDUCATING THE STUDENT~ INSPECTOR~ ENGINEER AND ARCHITECT
IN THE DESIGN AND CONSTRUCTION OF MASONRY STRUCTURES

by James E. Amrhein~ S.E.*

For a material that has been used for 6000 years by man to
construct walls for his shelter, there has been little formal training
and information in the characteristics, qualities~ design, construction
and performance of masonry.

When we compare use of masonry~ its history and the limited
amount of published material available for training~ education and
learning to a relatively new material such as concrete~ we should be
appalled. Concrete, because it was a new material~ sparked the imagin
ation and curiosity of the researchers. Because masonry has been around
for thousands of years, it has been assumed that masonry is designed
and built by experience, by rule-of-thumb, for it was a low technolog
ical material and unsophisticated construction system. If it is built
stout enough, it will perform; if one builds it and it falls down~ it
is to be built stronger. These have been the techniques by which we
designed and built masonry structures. Teaching this approach and
information in today's technological world is unsatisfactory. The demands
for economy, the demands for guarantees and assurance that the building
will not only be serviceable~ but will perform in catastrophic circum
stances and will be economical in competition with other materials
requires a more sophisticated approach to design and construction of
masonry structures.

The use of masonry, the characteristics of masonry~ the tech
nical design of masonry, the construction of masonry must all be described,
explained and presented in such a manner to those interested that they
will not only be able to use the material properly~ but they will be
able to recognize some of its deficiencies and thus open up areas for
research to obtain answers to these deficiencies for an improvement of
the material.

We seek avenues and opportunities whereby we can impart in
formation and knowledge to those who are or wish to be involved in the
masonry field. It is imperative that we conduct courses in masonry at
all levels. Whether it is the apprentice learning to lay masonry units~

whether it is the inspector insuring that the masonry units and walls
are being properly built in accordance with plans and specifications and
in accordance with accepted practice of construction, or whether it is
the engineer designing a high rise masonry structure or the architect
designing the overall concept of the building, they all must have correct
information.

*Director of Engineering
Masonry Institute of America
Los Angeles, California

*Professor, Civil Engineering (Part Time)
California State University
Long Beach, California
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How do we impart this information to the recipient? There
are a number of techniques, and to state a few, there are:

(1) lectures
(2) seminars
(3) courses
(4) demonstrations and participation
(5) laboratory training
(6) field trips
(7) audio-visual aids
(8) publications

(1) Lectures. This is probably the easiest approach because
it is a one-time opportunity. Even right now, I am presenting this
paper in verbal form. We assemble a number of people at a coffee break,
a lunch break, or after work, and present the latest information on any
particular topic. Normally, a lecture is confined to one item so that
it doesn't get either too long or too involved. Lectures are hard
hitting, pointed, and can answer immediate questions that do arise.
They can spark and stimulate the opportunity for more detailed investi
gation and further lectures on the subject of masonry.

(2) Seminars. Seminars are classified as extended lectures.
Perhaps you have a series of three, four or more hours making up a
seminar. At the end of this conference, we have a series of seminars,
which we call workshops,which are three hours of intense explanations
and activities in a well-defined area. Seminars to inspectors may be
on construction, grouting, masonry laying, and/or steel placement.

To laboratory personnel, seminars would be on masonry unit
testing, prism testing, material testing for grout and reinforcing, and
explanation of ASTM specifications and testing procedures.

Seminars to engineers would be on the mathematical design of
masonry systems. Projects such as a retaining wall, an industrial build
ing or a high rise building may be the subject of a seminar.

Seminars to architects can include specifications, waterproof
ing, details of assembly for masonry systems, connection details, modular
layouts, color, texture and patterns of masonry systems.

(3) Courses. It is desirable not only to give lectures and
seminars, but to obtain the recognition of universities that masonry is
a major construction material that warrants a course in the engineering
and/or architectural schools.

We have design courses in concrete, steel and wood; there
should be a design course in masonry also. We have been fairly success
ful in having such courses introduced into a number of schools as teach
ing materials have become available. It is imperative to have the
schools offer these courses and to have professors sympathetic to the
use of masonry. One way of doing this is to have the school do some
research in masonry. All schools look for grants; they look for tech
nical problems to solve; they look for assistance in senior projects
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and graduate projects for their students. Seed money, it need not be
much, will help tremendously in getting engineering departments, archi
tectural departments and professors interested in pursuing uses and
research of masonry. Sparking their interest will create the oppor
tunity for them to present lectures, seminars and full courses at their
schools. As part of this paper, attached are a series of course out
lines which have been used at many schools.

(4) Demonstrations and participation. I am a firm believer
that not only talking is important, but seeing and doing are even more
effective. I saw a sign in an apprenticeship school which I would like
to share with you. It read, "1. hear and forget, 2. see and remember,
3. do and understand", and this is the progress that I like to encourage
everyone to use in order to get across the message of masonry.

As part of the process of "do and understand", demonstrations
and participation in the demonstration activity is of primary importance
to get the proper feel of materials. Talking about mortar and talking
about the various proportions of mortar is one thing - it is quite
abstract and does not mean much - but if mortar is mixed up in the
various proportions of Type M, S, N or 0, and the participant will not
only mix the mortar in those proportions but will then actually use the
trowel to see how it spreads, he will get a very definite feel of the
characteristics of each of those mortars. By taking a Type S mortar
and varying the amount of sand, he will learn immediately the spread
ability from a very harsh material to a very smooth material. The use
of lime in the mortar from zero to an all lime mix will indicate how
lime adds to the smoothness and spreadability of the mortar. Therefor,
demonstration and participation in demonstration give first-hand know
ledge as to the materials.

The use of demonstrations and participation may require a
laboratory facility or some sort of facility where one can not only
show the materials, but the people can participate. The area required
need not be very large; even a patio would do. In fact, I have con
ducted demonstrations with participation outside the classroom in the
patio area of the engineering building at Long Beach State University,
and it worked very well. There is some planning to be done along these
lines because equipment and materials are required; however, a hands-on
activity teaches more than all the discussion in the world.

This type of participation is also reflected in a workshop
activity, as will be carried on at the end of this seminar. I refer
to workshops where those attending also do some of the work. It can
be in design, by doing homework or actually solving problems in design,
to get a gut feel of the techniques of design and what the answers mean.
This, again, is participation in the process of learning masonry infor
mation.

(5) Laboratory training. As mentioned above, the use of dem
onstrations and participation is important. Laboratory personnel must
be trained, particularly as new personnel keep coming onto the scene.
They must be trained in making grout and mortar specimens, building
prisms, etc. They must be trained in the proper use and operation of
the testing equipment; therefore, seminars, laboratory demonstrations
and teaching laboratory techniques are important in the dissemination
of testing for masonry systems.
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(6) Field trips. I believe we learn more on one field trip
than from three lectures in a classroom. Field trips stimulate ques
tions of Why do they do this?; What did that mean?; What is this equip
ment? Although we may talk grouting in a lecture, to see a grout pump
and its operation is far more meaningful.

I recently had the good opportunity of being part of a dele
gation that went to Russia to exchange information on the seismic design
of concrete and masonry structures. Although we had many technical con
ferences on their engineering and design, we learned far more by the
field trips to the construction sites.

Field trips to construction sites not only reveal the types
of construction and the structural systems being used, but also give
immediate visualization of the quality of construction, the quality of
the materials and the quality control that is being exercised on the job.
}1y experience in the Soviet Union indicated that they are very competent
in the field of design and engineering, but in the construction of their
structures there is much to be desired. There was a tremendous gap
between the office technology and the field construction and, after all,
when an earthquake comes, it doesn't shake the paper that the building
is designed on, it shakes the real building.

Taking a class to a construction site, explaining the modular
layout of masonry units, the techniques of sawing masonry, the low lift
and high lift grouting methods of construction, pleacement of steel and
all the other details that make the structure will give realization to
the lectures previously given on the subject.

(7) Audio-Visual aids. Many times it is very difficult to
take large classes out into the field, or perhaps the scheduled time
for the trip is not convenient for field construction; accordingly, we
may substitute real field trips for a second best, which is audio-visual
aids such as movie films and slides. The various masonry institutes,
such as the National Concrete Masonry Association, the Brick Institute
of America, my own organization, the Masonry Institute of America, have
many films and slides that are available to use in presenting informa
tion and assisting in educational opportunities. These films are both
entertaining and informational, as well as detailed in construction
methods and research activities.

The use of audio-visual aids provides the "hear and see"
which will help explain and understand the process of masonry con
struction and design.

(8) Publications. There are many publications available on
the use of masonry, its layout and design. One of the areas that is
really deficient is the availability of textbooks for schools and
colleges. When we see the number of texts on reinforced concrete design,
structural analysis, field design, etc., we recognize, then, that there
is practically nothing on masonry design. If a course is to be taught
on masonry, instructors have a hard time locating texts and materials
that are adequate and will be aimed at the level that they wish to teach.
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There are books on how to lay masonry for the bricklayer; there are pub
lications on estimating masonry; but there are only a few publications
on the design of masonry. There are technical notes from the Brick
Institute of America and the National Concrete Masonry Association that
give much information on the use of masonry, however, these are generally
not available in book stores and they must be obtained from the various
institutes.

There is one book out, that is the REINFORCED MASONRY ENGIN
EERING HANDBOOK, third edition, which is geared to engineering design
of masonry systems. It is available and has been used by many colleges
and professors. It is based on the 1976 Uniform Building Code with its
latest revisions and includes both design techniques (design aids in
the form of tables) and design examples to assist the architect and
engineer. It has in it a course outline and homework problems. The
course is geared for senior engineering, three units, 15 weeks for a
45-hour course. This can be cut down as needed based on time available
and information wished to be covered.

The homework design problems are very important in the teach
ing of masonry design to architects and engineers because solving prob
lems is their techniques of work, and the solving of homework problems
is the first step in becoming competent in the field of masonry design.

The learning process is not easy. If it were easy, we would
all be experts and geniuses. When I was a youngster, I would wish that
I could put a book under my pillow, sleep on it, and during the night
all the knowledge would go into my head. This, of course, never occurred
because learning is a slow, arduous, difficult process, but by going
through the process and taking advantage of the expertise of other
people -- lectures, demonstrations, audio-visual tools, publications
we can make the learning process a little bit easier and a little more
interesting than trying to ferret everything out for ourselves.

Rather than provide in this lecture or paper a detailed ex
planation on grouting, testing masonry, inspection or design, I believe
each one must gear their presentations for the audience that will be
participating and to whom it is delivered.

I wish to impart the concept that education is the key up
grading masonry; it is the key to advancing the use and technology of
masonry; it is the key that will bring masonry from the rule-of-thumb
techniques,which I previously mentioned, to the sophisticated techno
logical materials of today.

With the advancement of education of masonry systems to every
one involved in its use and design, it will raise masonry to a primary
major construction material and system along with the other materials
of construction.
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CALIFORNIA STATE UNIVERSITY, LONG BEACH

CE 457 - Reinforced Masonry Design Professor James E. Amrhein

Lecture

1

2

Subject

Introduction, Course Organization, Publications, History,
Materials, Mortar; Types, Materials, Tests, ASTM Requirements
FILM: MAN AND MASONRY QUALITY CONTROL OF MASONRY, PART I
High Strength Mortar, Sarabond, Threadline

Brick; ASTM Requirements, Face & Building Brick, Hollow Brick,
Clay Block, CIB Ratio, I.R.A., Color, Tolerances, Types,
Sizes, Texture, Manufacture, Bricklaying
Film: QUALITY CONTROL OF MASONRY, PART II

3 Block; ASTM Requirements, Strength, Moisture Content
Film: QUALITY CONTROL OF MASONRY, PART III
Prisms; hit correction, Effect of Joint Thickness,
Grout; Requirements, Coarse and Fine Grout, Low and High Lift
Construction, 4' Grout
Film: MASONRY MEETS A CHALLENGE

4 Film: CONCRETE MASONRY TESTING
Lab Tests; Mortar Mixing, Grout Mixing; Test Specimens
Prisms; Reinforcing Steel; Joint Reinforcing, Minimum Size,
Amount of Reinforcing, Expansion and Shrinkage Joints

5 TEST

6 Test Review: Structural Design, Code Requirements, Beams,
K = M/F; np; Design, Shear Design, Bond, Tension Reinforcing

7 Retaining Wall Design, Stud Method, Earthquake Pressures

8 Wall Design, Load and Non-Load Bearing, hit Limitations,
Interaction Design; Deep Beams
Film: MASONRY PREFAB-FABULOUS

9 Column Design, Projecting and Flush Pilasters, Combined Stresses,
Minimum Dimensions, Reinforcing, Ties, hit Limitations

10 Industrial Building Design, Walls, Lintels, Lateral Force
Design, Shear Wall Analysis, Diaphragms, Flexible, Rigid,
Connections

11 TEST

12 Test Review; Earthquake Forces, High Rise Design, Fixed and
Cantilever Walls, Coupled Walls, Managua and San Fernando
Earthquake Slides
Film: EERC - EARTHQUAKE SHAKING TABLE TEST



119-8

CALIFORNIA STATE UNIVERSITY, LONG BEACH

CE 457 - Reinforced Masonry Design Professor James E. Amrhein

Page 2

Lecture

13

Subject

Film: HIGH RISE, BEARING WALL CONCEPT
High Rise Design continued, Floor Systems; Connections;
Special Considerations

14 Fire Ratings
Film: INCENDIO - SAO PAULO
Veneer, Fireplaces and Chimneys
Special Products; Structural Coatings; Waterproofing;
Specifications; Review

15

Text:

FINAL EXAMINATION

REINFORCED MASONRY ENGINEERING llANDBOOK
by J.E. Amrhein

References:
1977 Masonry Code and Specifications
Handbook on Reinforced Grouted Brick Masonry Construction
Reinforced Grouted Brick Masonry, Field Inspectors Handbook
Reinforced Concrete Masonry Inspectors Manual
Brick Construction Specifications
Block Construction Specifications
NCMA and BIA TEK Notes
Numerous Publications by Masonry Institute of America
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PORTLAND STATE UNIVERSITY

EAS 410/510M - Graduate Course
Design of Masonry Structures
By George Laszio, P.E.

Session

1

2

3

4

5

6

7

8

9

10

11

Introduction; masonry materials, bricks, hollow clay concrete
blocks, etc. ASTM requirements and testing. U.B.C. require
ments. Mortar, grout.

Flexural theory, development of flexure tables. Flexure design.

Design for shear; bond considerations.
Movie: "First Principles." Presentation by Mr. Ray Wimer,
Executive Director, Masonry Institute of Oregon.

Compression members, theory.
Movie: "A Day in the Life of a Block Field Inspector
and General Inspector."

Mid-term examination.

Design of compression members, development of tables; combined
bending and axial load; walls, retaining walls, columns.

Introduction to lateral loads: seismic and wind, etc. U.B.C.
requirements.
Movie: "Travelodge Building in Portland."

Design of one-story buildings - wall rigidities, connections,
U.B.C. requirements.

Design of multi-story buildings.

Summary discussion.

Final examination.

Text Books Used: "Reinforced Masonry Engineering Handbook" by J.E. Amrhein
"U.B.C."; "lLB.C. Standards"
"1970 Masonry Codes and Specs"
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ARCH. E.
FACULTY:
TIME

Session

1

2

3

4

5

6

7

UNIVERSITY OF COLORADO

431 Masonry Structure Design
Professors Rathburn & Fang, Lecturer - Noland
Wednesdays, 3:00 to 4:40 p.m.

Course orientation: Definition of masonry,
Types of units/mortar; Basic structural concept.
History of masonry, masonry today.

Structural systems for masonry buildings.
Design loads for buildings. Design projects.

The design process, code8, internal loads
distribution of masonry buildings. Project.

Materials: mortar, grout, clay units, concrete
units, reinforcement. Relevant standards and tests.
Design proj ect.

Topic of 9/22 continued.

Manufacture, dimensional tolerances, strength
characteristics, etc. of clay and concrete units.
Design project.

Allowable stresses in masonry.
Design proj ect.

8 Masonry Building Design
Design proj ect.

Case study.

9

10

11

12

13

14

15

One-hour exam. Design of structural elements.
Design proj ec t.

Design of structural elements.
Design project.

Design of structural elements
Design proj ect.

Construction: methods and quality control.
Design project.

Construction: Case study. Design project.
Earthquake effects San Fernando 1971

Special topics. Turn in projects.

Review

16 Final
Text: REINFORCED MASONRY

ENGINEERING HANDBOOK
by J.E. Amrhein
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CALGARY, CANADA

Fall September-December 1977

MASONRY BEHAVIOUR and DESIGN

Course Instructor: Dr. E. Jessop

OUTLINE

1. Masonry Materials and their Physical Properties

2. Materials Standards and Construction Specifications

3. Aspects of Construction Practice*

4. Structural Behaviour of Masonry Elements

5. Practical Design of Masonry Buildings

6. Design Theory

7. Structural Design of Masonry Elements

8. Prefabricated and Prestressed Masonry

*Includes a site visit

REFERENCE MATERIAL

1. Course Notes (to be handed out)

2. Structural Masonry, by Sven Sahlin

3. Reinforced Masonry Engineering Handbook, by James Amrhein

4. Masonry Design and Construction for Buildings, GSA 8304, 1977
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UNIVERSITY OF TEXAS

Course No. ARE 377K, Masonry Engineering Lecture Schedule
Monday, Wednesd'ay, Friday: one hour each day
By Clayford T. Grimm, P.E.

Session
Number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Subject

Course Orientation
Masonry in Architectural History
Masonry in Architectural History
Quiz on Architectural History
Masonry Structural Systems
Aesthetic Theory
Visual Properties of Masonry
Color in Masonry
Aesthetics Quiz
Brick Manufacturer
Masonry Units Specifications ASTM C62, C216, C55, C145
Mortar
Auxiliary Materials
Materials Quiz
Strength of Brick Masonry
Strength of Brick Masonry
Strength of Concrete Masonry
Quiz on Masonry Strength
Dimensional Stability
Dimensional Stability
Dimensional Stability
Dimensional Stability Quiz
Masonry Construction
Masonry Construction Safety
Masonry Specifications
Masonry Specifications
Masonry Quality Control
Mason Productivity
Estimating Masonry
Masonry Construction Details
Masonry Construction Quiz
Water Permeance
Heat Loss
Heat Gain
Fire Resistance
Fire Resistance
Environmental Control Quiz
Curtain Walls
Bearing Walls
Bearing 1;valls
Reinforced Masonry
Masonry Shells
Masonry Arches
Structural Quiz
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Directory of
Masonry Publications
and Films

Technical Information

Engineering Assistance

The following publications and films
cover materials, construction, inspec
tion, design, engineering, code require
ments and developments in the field of
masonry. They are available from the
organizations listed.

SUBJECT SERIES i

100 BRICK MASONRY

200 CONCRETE UNIT MASONRY

300 GROUTING

400 MULTI-STORY LOAD BEARING

500 CODES & SPECIFICATIONS

600 TECHNICAL DATA

700 RESIDENTIAL MASONRY

800 GENERAL INFORMATION

900 VISUAL AIDS

100 BRICK MASONRY

101 Brick In Highway Structures
A report presenting photos of brick
highway buildings, bridges, plazas,
etc. $ .75

102 Reinforceable Hollow Brick
Describes hollow brick and includes
information on fire ratings, design
stresses and specifications. $ .15

103 Reinforceable Hollow Brick,
ICBO RR No. 2730.
Approval of the use of hollow brick.
'; .15

104 Specification for Hollow Brick
Standard Specification for Hollow
Brick for reinforced brick masonry
issued by Western States Clay Products
Association. Covers physical require
ments, dimensions, strength and toler
ances. $ .15

105 Brick Ideas
A series of informational pamph
lets. $ .40 each.
• Brick Retaining Walls
• Walls and Fences
• Entranceways
• Outdoor Brick Paving
• Outdoor Rooms

106 Brick In Community Design
Graphic examples of use of brick in
civic construction. $,45

107 Handbook on Reinforced
Grouted Brick Masonry Construction
This Handbook explains reinforced
grouted brick masonry construction
and provides information for proper
inspection of masonry. This publica
tion includes information on brick
veneers. $2.50
(107A Northern California pocket edi
tion. $ .75)

110 Tall-Thin Brick Walls
A 32-page booklet by Western States
Clay Products Association describing
the use and benefits of "Brick Masonry
Deep Wall Beams", including examples
and example calculations. $2.00

200 CONCRETE UNIT MASONRY

202 How Big Is a Block
Three-page article by W. L. Dickey
which discusses the nominal, actual
and engineering sizes of various types
of concrete block such as split, 51ump,
scored and patterned units. $ .20

203 Concrete Masonry Struetures
Design and Construction-Report of
ACI Committee 531
Recommendations for design and con
struction of reinforced and non-rein
forced concrete masonry structures
including control joints, veneers and
screen walls. Two hundred masonry
terms are defined in the appendix.
$4.50

206 Reinforced Concrete Masonry
Inspector's Manual
A pocket-size review of basic construc
tion facts and inspection methods. By
California Concrete Masonry Technical
Committee. $ .75
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208 Concrete Masonry Units
An article by James E. Amrhein and
Raymond H. Cooley that discusses
strength, web thickness and moisture
content of masonry units as required
by ASTM C90-70. $.20

300 GROUTING

301 Filled Cell Concrete Masonry
High Lift Grout Method
Specification is reprinted from School
house Section of the California Office
of Architecture and Construction, Cir
cular No.9. $ .20

302 High Lift Grout Method-Brick
Specification is reprinted from School
house Section of the California Office
of Architecture and Construction, Cir
cular No. 10. $ .20

303 High Lift Specifications-Block
A specification for high lift grouting of
block construction developed by the
California Concrete Masonry Technical
Committee. $ .35

304 High Lift Specifications-Brick
A specification for high lift grouting of
brick construction prepared by the
Brick & Tile Association. $ .35

305 High Lift Grout for Block
A short but definitive explanation of
high-lift grouting facts relating to
block construction. By Walter L.
Dickey $ .15

306 High Lift Grouting in Brick
Masonry
A discussion of the procedures, advan
tages and limitations of masonry's new
construction method. By Walter L.
Dickey. $ .20

307 Grout, The Third Ingredient
Grout as a material, its makeup and
how it is used in masonry walls. It
presents code requirements, construc
tion requirements and testing proce
dures. By James E. Amrhein, S.E.
Price $ .20

308 Put Your Grout Where the Steel Is
This is a field research program in
which it explains how grout can flow
horizontally in a wall when the wall
is grouted only where the steel is, as
in partially grouted walls. This article
describes the test program in San
Diego and Los Angeles. By William
McCullagh. Price $ .25

400 MULTI-STORY LOAO BEARING

401 Multi-Story load Bearing Brick
Walls
Explanation of the benefits, advan
tages, and seismic design of load bear
ing brick buildings, from three to 18
stories high. $3.00

403 A look at load-bearing Masonry
Design
An article by James Kesler, Consulting
Structural Engineer which expands
and clarifies many of the design de
tails, aspects of layout and improve
ment in the efficient application of
this useful system. $ .20

404 Reinforced Masonry Bearing Walls
in 13 Story Buildings
A reprint from ASCE Civil Engineering
magazine by Robert Higgins which
described the construction and cost of
reinforced masonry for multi-story
buildings. $ .20

405 Prestressed Hollow Core Plank
and Masonry load Bearing Walls for
High Rise Buildings
A brochure outlining the use, design,
construction and specification of pre
stressed concrete plant floors with
concrete block walls for low rise and
high rise buildings. Includes connec
tion details. $ .35

500 CODES & SPECIFICATIONS

501 1977 Masonry Codes and Speci
fications
Excerpts from the latest codes and
standards such as ICBO, California
State Code, ASTM, etc., that pertain
to masonry. $2.50

505 Masonry Veneer
This contains clarification 'of the 1973
U.B.C. requirements and the differ
ences of other jurisdictions with aids
for the design, detailing and use of
masonry veneer. $3.00

506 Specifying Glazed Structural
Units
A Construction Specification Institute
limited scope study covering the speci
fication and use of Glazed Structural
Clay Units, including details of special
uses as approved by Los Angeles City.
$.75

507 Joint Reinforcement
Clarification of code requirements and
types of joint reinforcing most appro
priate to masonry construction in the
West. Illustrated with typical design
details. By Walter L Dickey. $ .20

508 Composite Construction
Design details showing various combi
nations of common brick, glazed brick
and glazed tile within different por
tions of structural walls. $ .20

509 Marble Veneer
A 16-page brochure containing in'for
mation, details and code excerpts for
the detailing and installation of marble
veneer. $2.00

510 Changes in the 1976 UBC Masonry
An article by James E. Amrhein, S.E.,
which explains and clarifies the changes
in the 1976 edition of the Uniform
Building Code that are pertinent to
masonry. $ .20

512 GuidelinesforClearWaterproofing
Masonry Walls
A 24-page guideline specification for
masonry waterproofing and masonry
caulking, including examples of details.
$1.00

513 Anchor Tied Masonry Veneer
A brief but detailed description of
various anchors used in masonry.
Specific references to 1976 UBC Sec
tion 3006 are cited and diagramed.
$.15



600 TECHNICAL DATA

601 Masonry Design Manual, 2nd
Edition
This 384-page manual covers the full
subject of masonry, including brick,
concrete block, glazed structural units,
stone and veneer. $14.00

602 Reinforced Masonry Engineering
Handbook, 3rd Edition
A complete handbook on the engineer
ing design of reinforced masonry
structures conformi ng to the requi re
ments of the 1976 UBC: Contains ex
amples of retaining walls, industrial
building and high rise building design,
along with design tables and aides for
many masonry strengths and two steel
strengths. By James E. Amrhein, S.E.
340 pages. Price $20.75

604 Shear Concrete Masonry Piers
A report on a blOCk snear tesIing
pro gram conducted by Professor
Robert S. Schneider at Cal-Poly Col
lege at Pomona, California for Ma
sonry Institute of America. $3.00

605 The Shear Truth About Brick
Walls
A clearly illustrated report based on
Blume & Assoc. test of the shear
capacities. Written by R. Harrington
and W. L. Dickey. $1.00

606 Effective, "b" Test Report
Report of test made to determine the
effect of spacing of reinforcement, i.e.,
the "b" or width of wall assumed to
work with a bar. $1.00

607 Masonry Wall Beams
A brochure describing the high test
capacities, effect of openings and typi
cal details of use. By Dr. R. Mayes,
Chen Shy-Wen, and W. L. Dickey.
$.25

608 Noise Control
This brochure by John Van Houten,
P.E., accoustical specialist, sets forth
the California State standards for noise
insulation and how masonry walls
comply with the requirements. It in
cludes definitions of terms, isolation
vs insulation, sound transmission con
trol and other subjects. $2.00

609 Reinforcing Steel in Masonry
This 40-page handbook presents de
tails, specifications and construction
practice for the use of reinforcing

1~1 in masonry structures. By James
!\mrhein, S.E. Price $3.00

700 RESIDENTIAL MASONRY

701 Standard Details for One-Story
Concrete Block Residences
Standard designs and details for resi
dential walls and beams showing rein
forcing requirements, by R. H. Cooley,
published by California Concrete Ma
sonry Technical Committee. $3.00

702 Fireplace and Chimney
Handbook
A 96-page pocket handbook that in
cludes· design, specification, construc
tion and code requirements for resi
dential masonry fireplaces. $1.50

703 Residential Fireplace and
Chimney Details
A short form that can be filled in to
obtain a building permit. Includes de
tail drawings, minimum code require
ments and specifications. $ .25

704 Residential Garden Fence Design
ICBO approved designs for 4', 5', and
6' high garden fence of 4" thick and
6" thick block. Designed for 5 psf
wind load. $ .25

705 Subterranean Garages
A brochure explaining the simplicity
of design, economy and speed of
construction of masonry basement ga
rages. $ .50

706 Ideas in Residential Masonry
Design
A 32-page well illustrated book that
presents ideas and know-how on using
masonry for the home, patio and
garden. $1 .50

707 Great American Brick Fireplaces
A 12-page pictorial issued by the Brick
Institute of America depicting several
fireplace designs from Early America
for contemporary living. Construction
details included. $.60

800 GENERAL INFORMATION

801 Design Aids
A series of single-sheet ideas on design
and construction of masonry wall.
$ 1.25 per set.
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804 Masonry Stresses by Prism
Testing
Technical article by W. L. Dickey on
the techniques of establishing masonry
strength, f'm, through the use of
prisms. Sets forth procedure for test
ing and a relationship of the strength
of component materials. $ .15

807 Why Reinforce Masonry Walls:
Why This Amount of Steel?
This article by J.E. Amrhein and J.L.
Noland explains why reinforcing is
required in masonry and why the mini
mum amount is specified in the code.
$.15

808 Metric Conversion: The S.I. is
Coming (systeme internationale)
This 4-page article by J.E. Amrhein
explains the use of metric terms both
common and technical. It provides an
extensive table for conversion from
the English system to the metric system
and visa versa. $ .20

809 Glass Block
A 4-page article explaining the new
uses and advantages of glass block in
construction. $ .20

810 Cable Clamp Splice Connections
for Reinforcing Steel
This two-page article describes the
capability and capacity of cable
clamps for short splices in reinforcing
steel. By Dr. Robert Alexander and
Robert Patterson. Price $ .15

811 Table of Alluwable Stresses for
Reinforced Solid and Hollow Masonry,
1976 UBC
Extended table of stresses for 16
masonry strengths. By James E.
Amrhein, S. E. Price $ .15



Visual aids are for Masonry Industry use or purchase. Those showing pflces can
be purchased, others shown are for use or rent only.

Slide presentations available on request.
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900 VISUAL AIDS

901 Quality Control of Masonry
Part I
16 mmcolor-sound film is the first of
series devoted to educate the masonry
inspector and others concerned with
improving construction quality _ Th is
part considers preparation, site, lay
out, and materials. (18 minutes)
$325.00

902 Quality Control of Masonry
Part II
Second film in series deals specifically
with brick construction and inspection
procedures. 16 mm color-sound film.
(18 minutes) $325.00

903 Quality Control of Masonry
Part III
Third film in series features block
masonry construction and quality con
trol methods. 16 mm color-sound (1'6
minutes) $325.00

904 High Rise, Bearing Wall Concept
16mm color-sound film on speed and
construction methods of multi-story
earthquake resistant bearing walls. (16
minutes) $300.00

905 Effective "b" Test
16 mm color-sound film showing a
dramatic test for effectiveness of rein
forcing spacing, and the flexibil ity of
reinforced masonry. (10 minutes)
$250.00

906 Shear Test Program, Brick Walls
16 mm color-sound film showing test
method and results of shear tests on
brick masonry. (18 minutes) $325.00

907 Concrete Masonry Shear
16 mm color-sound film on shear
resistance of reinforced concrete ma
sonry. (15 minutes) $300.00

908 Friendly Enemies-Safety Film
16 mm color-sound film that shows
how a useful, friendly tool or con
strllgtion condition can be turned into
a dangerous, hazardous enemy through
improper or negligent use. (23 min
utes) $350.00

909 First Principles
16mm color sound film. Prof. Scully
traces load bearing design from Had
rians Villa and Pantheon to modern
examples such as Kahns Exeter and
Dacca. By 1M!. (17 minutes)

910 On a Bigger Scale
16 mm color movie of the masonry
prefabrication of high rise buildings.
Benefits described by BM & PIU
President Murphy. (10 minutes)

911 Masonry Prefab-Fabulous
16 mm color-sound film showing ex
amples of masonry prefabrication
from seismic and non-seismic areas,
with methods at site and off site, by
hand and by machine, illustrating the
coordination of designer and erector.
(17 minutes) $325.00

912 Concrete Masonry Test Lab
Techniques
16 mm color-sound film showing pro
per methods of sampling, curing, hand
ling, capping and testing mortar, grout,
block and prisms. By California Con
crete Masonry Technical Committee.
(30 minutes) $ 350.00

913 Man and Masonry
16 mm black-and-white sound film is
devoted to the design and aesthetic
qualities of masonry_For architects,
designers and students. (15 minutes)

914 In the Wake of the Quake
16 mm black-and-white sound film of
the devastation following the Alaska
earthquake. Depicts the effects of con
struction failures. (22 minutes)

915 Masonry Meets a Challenge
16 mm color-sound film traces the
development of High Lift Grouting.
Primarily of interest to architects and
engineers. (18 minutes) $ 325.00

916 Three Little Pigs
16 mm color-sound correctly illus
trating benefits of house of bricks
compared musically with houses of
straw and sticks.

917 Man From Monticello
16mm color-sound film describing
Thomas Jefferson's influence on brick
in architecture throughout history of
the United States. Shows brick archi
tecture at University of Virginia,
Monticello and discusses Jefferson's
role as an architect and pl<mner (13
minutes).

918 Abstract Definitions
A10-•. linute film depicting the play of
light, shadows and color through glass
block masonry units. Of interest to
decorators, interior designers and
architects.


