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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 1l

SYSTEME INTERNATIONALE

d UN

ITES (METRIC

By JAMES E. AMRHEIN, S.E.*

*Director of Engineering, Masonry Institute of America

CONYVERSION OF MEASUREMENT SYSTEMS

English Measurement te §. ). (Metric) Measurement

S. 1. (Metric) Measurement 1o English Measurement

Unit Exact Conversion Approximate Conversion Unit Exact Conversion Approximate Conversion
Length Length
1 mile ... ... 1609 344 kilometres ..........1.6 km or 1%z km. 1 kilometre ........0.621,4 miles ..., 5/8 miles or 0.6 mies
1 yard 0814 4 metres .. 08 m or I metre 1 metre .. 3.280,8 feet or 39-3/8 inches 3 ft. 3in or 3 ft4
1 foot L0304 8 metres ... .03 m or 1/3 metre 1 centimetre ... 0. inches ..... ... 04 inches or 3 inches
1 inch _. 2540 millimetres ~ 25 mm or 1/40 metre 1 millimetre .. 0.039,4 inches .. 1432 inch
Speed

1 mile per hour .. 1.609 344 kilometres per hour 1.6 km/h or 1% km/h

1 foot per second 0.304 8

metres per second . 0.3 m/s or 1/3 m/s

Speed
1 kilometre per hr. 0.621,4
1 metre per second 3.280,8

miles per hour
feat per second or
39.375 inches per sec.

5/8 mph or 0.5 mph
3 ftfs or 1 ydis

Area
1 acre

4 046,856 square metres ... 4 000 m*

Area )
1 square kitometre 0,386,1 square miles or

2471 acres ... 1/3 mile” or 250 acres

1 square foot ....0.092 9 square metres ... 1/10 m*or1 000 cm’ 1 square metre 1196 square yards or
10.764 square feet . 1.2 yd® or 10 12
1 square inch ... 5452 square mitlimetres .. 6 ecm? or  650mm?| 1 square centim. 0.155 square inches ......... 1/6 inch®
Weight or Mass Weight or Mass
1 ounce (avdp) . 28.3% grams .. ... 30¢g gram .. ... 003527 cunces (Avdp) ... _ 1/30 ounce
1 pound .............. 0.433 59 kilo grams or 43559 % kg or 500 g 1 kilogram L2205  pounds ... .. 2% pounds or 2 pounds
rams ...
1 Kip e vvvennn., 453.59 Eilo grams .., . 300 kg or 05 Mg 1 mega gram ... 2.205  kips or 2,205 pounds . 2 kips or 2,000
pounds
1 Ton (short) ...... 907.18  kilo grams or 907 1M 1 giga gram .....1,102  Ton or 2,205,000 Ibs. 1000 Tons or 2 million Ibs
mega grams ...
Valume Volume
1 cubic yard ... 0.764 6 cubic metres or 34 mor 1 cubic metre ... 35,315 cubic feet or 35 ft* or 265 gal
764.56 litres .. 750 litras 26417 gallons ...
1 cubic foot ... 0.028 3 cubic metres or 1735 m" or 1 litre oo, 0.035,3 cubic feet or 1f4 gat or 1 qt or
28.217 litres ... 30 litres 02642 gal or 61.02 60 in*
1 cubic ifich ... 16.387  cubic centimetres ... 16 em® or cubic inches ... ..
16 000 mm’ I cubic centimetre 0,081  cubic inches . 1716 in®
1 gallon 37854  cubic centimetres 4 Q00 cm® or
or 3.785 litres ... 4 Jitres
1 quart . ... 94635  cubig centimetres or 1 000 cm® or
94 835 litres ... 1 [itre
Density Density
1 pound/cubic 1 gram/cubic
2131 S 0.016 G2 grams/cubic metre 16 kg/m® or 16 g/litre centimetre ... 8345 ib/gal or 814 Ibs/gal or 62 b}
16.018  kilograms/cubic me- 62.428 Ib/cubic feet

1 pound/gallon ... 0.119 8

119.83

tre or (grams/ litre)
grams{cubic metre .. 120 kg/m" or
kilograms/cubic me-  1/10 g/em®
tre or (gramsjlitre)

T kgfcubic metre . 0.008,354 1b/gal or

1/8 ozjgal or 1716
0,062,428 Ib cubic ft. th/ft’

Force Ferce
1 pound force 4.448 newtons ... 1 newton ... 0.224,8 pound force .. 1/4 pound force
1 kip force ... 4.448 kilo newton: 1 kilo newton . 2248 pound force .. .. 225 pound force
Pressure ) Freésum -
1 pound/square 1 pascal . 0.000,145 pounds/square inch
I ...B 8948 npascals .. 1 kilo pas 0.145 pounds/square fnch  1/7 psi
mega pasc 1 mega pascal ... 145 pounds/square inch 150 psi
Energy
1 BTU e 1 05435 joule or 1.054 kilo 1 joule ... 0,000,948 45 BTU .. .. 111000 BTU
joule ... -1 kj 1000 joule ... 0.948.45 BTY . . 1 BTU
Temperature Temperature
*Fahrenheit ... [{°F-3215/8] *Celsius °Celsivs v [(1B °C)4-32] °Fahrenheit
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ERRATA NO. 1

Paper No. 12,
Page 12-11: TABLE 2, Col. 4 (UNIT/(Vert)): Change 285 + 61 to 182 + 37
Change 182 + 37 to 285 + 61
Page 12-12: TABLE 6, Col. 5 (Small rptg unit (i1)):Change 10.7 in last
line to 11.7.

Paper No. 71.
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: Remove "AIA" after author's name.

Paper No. 84,
Page 84~12: Add under FIGURE 1l: 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 prevdils in the uncondifioned 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 1ine, 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 &' 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 curiag,
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 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. TFigure 1 shows
the relationship between the mean f'm (sample size 3} and each foundaticn
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 f'm value
of 3890 psi with a standard deviation of 434 psi for the 4-flute block.

o<
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Frem Figures 1 and 2, it is noted that there are three low prism
breaks. One in Set & (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 breagk 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. 1In 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 dispefsion 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 - £'m RANGE

Foundation 4~Flute

Building Block Block
psi psi
A 700 890
B 390 1770
c 410 1520
ARC 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
flouse Project was one where prism tests were used to establish and control
the ultimate compressive strength (£'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 NEEDS OF MASONRY CONSTRUCTION:

By John B. Scalzi?

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.

1Keynote address — North American Masonry Conference
’National Science Foundation, Washington, D.C.



THE NEEDS OF MASONRY CONSTRUCTION!

Dr. John B, Scalzi?

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 esgpecially in regions
which are prone to earthgquake actioms.

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.

'Revnote address - North American Masonry Conference
“National 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 cldest methods of building
structures and yet, I believe, it 1s 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 thogse 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
resecarch 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 masonty
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.
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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
masontry 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 regquire-
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 pericd
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
gpecifications, 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 actiom.

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
vhases 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.



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 interegsted 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 hehavior 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 cut 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 studieg become egssential 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 fiom
the general education of the undergraduate and graduate student.

We have seen the professicnals 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 tc 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 rvequired and essential tasks which lie ahead.

the help of the professionals in cooperation with the
zreat benefits can be realized to the mutual advantage of
sted participants. We can all look forward to great







BEHAVIOR OF CONCRETE MASONRY UNDER BIAXIAL STRESSES
by
G. A. Hegemier®, R.O. Nunn®, S.K. Arya®
ABSTRACT

Biaxial tests of full-scale concrete masonry panels under mono-
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 initial macrocracking 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 moduli 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 seismic response of concrete
masonry structures; they constitute the first biaxial experiments on
masonry. A brief description of the associated test setup, which is
unique in size and sophistication, is provided,

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

®pProfessor, Dept. Appl. Mech. & Engr. Sci., University of California,
San Diego, La Jolla, California, 92093.

8 Graduate Student, Dept. Appl. Mech. & Engr. Sci., University of
Calif,, San Diego, L.a Jolla, California, 92093,

e‘Principal 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 STRESSES
by
G. A. Hegemier, R.O. Nunn, 8. K. Arya®
INTRODUCTION TO UCSD MASONRY PROGRAM

General Remarks

Examination of recent surveys (2,8) relevant to the mechanics
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. FEach 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, most 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 undesirable 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

Research was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818,

®Professor, Graduate Student, Principal Development Engineer,
respectively, Dept. Appl. Mech. & Engr. Sci., Univ. of Calif.,
San Dicgo, La Jolla, 92093,



Foundation under project RANN (Research Applied 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 behaviar, and the behavior of typical
conhcctions 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 across 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
Inacroelements 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.

Iltems Under Study

The basic experimental itemns 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 (pump
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mix, 8-10 inch slump) grout (ASTM C476); 2) "high strength' - light
weight hollow core concrete block (f. = 3750 psi), type M mortar
(ASTM C270), 3750 psi coarse (pump mix, 8-10 inch slump) 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 cilosed 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 optimum '"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 numerical program
will allow casec 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 saw-cut such that the bonds run at
oblique 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 stresses 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 obligue layup testing.
If the xq, XZ - axes are prmclpal stress dlrectlons, then the stress
resultants® NM, NZZ’ le associated with axes Xl’ XZ along the bed
and head joint directions are related to the principal stress resultants
Nygps N22 through

N - N
! N/ Nll i NZZ + 11 22 cos 28
11 22 2 2
N" _M sin 28
12~ 2 (1)

Equations (1) imply that any homogeneous stress state (N| ., NZZ’ le)
in a panel with surfaces oricnted parallel to the head and bed joints
can be obtained by selecting an appropriate layup angle & and direct
stress resultants N N,,. In particular, given a desired stress

/ Ill, . . F f .
state (Nll’ NZZ’ le), the combination (Nll’ NZZ’ 8) is selected
according to
!
tan 28 -Zle
an " ARt e
Ny - Mo
f s ¢ 4
N + N N - N
11 22 11 22 .
= F
N“, N22 > + 5 cos 28 le sin 28

(2)

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

'Stress resultants are related to stress by 055 = Nij/t, where tis
the panel thickness,
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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 alr-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'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 noalinear
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 compression 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 compressive loads, the central
region of the test specimen is subjected to a biaxial stress-state, Fig.
8, which is reasonably uniform over a centered circular area of dia-
meter equal tc approximately 20-25 percent of the diagonal. For the
64~by-64 inch specimen utilized, this diameter is roughly 1 to 1%
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, Py; the latter is based
upon the initial macrofracture surface as determined from the homo-
geneous tests. Data frormn 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 ''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 programs.
The Berkeley test setup is illustrated schematically in Fig. 9. Itis a
structural test and was not specifically designed 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 HOMOGENEQOUS STRESS STATES

A complete description of the biaxial tests (3,4, 5) is beyond the
scope of this presentation., TFor simplicity, attention is focused below
on sample results obtained to date under this program. DBrief discus~
sions are presented concerning the homaogeneous 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 stress 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’ N , or the principal stress vs. B-space
(N 1’ N ., 8, is amaJor unéertaking. This problem is, however,
allev1ate by two factors; 1) extensive calculations concerning shear
walls and other complex structures reveal that, in most applications,
the normal stress on head joint planes is small when compared with
normal and shear stresses on bed joint planes, i.e.

N’ <<N‘__, N’

11 22 (3)

12
and 2) experimental data reveals a weak dependence of strength on
the layup angle 8, i.e. the masonry under consideration is approxi-
mately isotropic - a point to be discussed later,

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

~ 2
Npp =-N,, tan" 8 (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 |8] » 15 deg., a brittle failure with a single crack was frequently
observed, as illustrated in Fig. 1l {(a}) (& = -45 deg. ). In the compres-
sion zone for ]E] < 15 deg., failure consisted of multiple cracks, as
shown in Fig. 11 (b) for § = -10 deg. For reinforced specimens,
multiple cracking was most frequently observed (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 assoclated 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. lay-
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,'' to account for anisotropy; this was
accomplished by allowing the uniaxial tensile strength to vary with 8;
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 O 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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Panel Tensile Strength

Table 1. Component Properties for Batch 6
Strengths (psi) Young's Mod. Poisson's
compressive tensile {10®% psi) Ratio
mean std, dev, mean std,dev, cmpr,  tnsl,
Block 3300 370 329 40 2.5 - 0.16
Mortar 2420 410 215 47 - - -
Grout 3870 350 266 39 2.6 2.3 0.16
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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 funciion 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 g.

Let us consider the problem of predicting the necessary tensile
strengths associated with the above models. For this purpose reference
is made to Fig. 15 and the open triangles. The open triangle for ""batch
6" at 0 deg. layup is based upon the premise that (in the absence 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, tensile 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 flaw type and distribution are known, is worth
noting at this point, however., Upon examination of the failure surface
assoclated 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 remaining area represented a flaw in which no bond
existed across the plane of failure. Based upon the measured
tensile strengh of the grout, and the measured area of integrity, the
tensile strength of the prism was predicted 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 specimen in uniaxial tension
is primarily a function of block strength. A typical failure pattern is
illustrated in Fig. 17. The head joints contribute little to overall
strength of a macroelement, and inspection of failed 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 macroelement 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 tests, 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 with 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 nanlinear post-macrocracking response, is of major coacern
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
0.6 in®, whereas the net cross-sectional panel area is 487 in®;
this gives a steel/masonry area ratio of ,00126 in each direction,

which exceeds minimum UBC 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' edge
of the hiaxial test; the plate is, in turn, hard bonded to the load dis-
tribution fixture; a soft bond is utilized on the '""compression'' edge.
Specimen fixturing was designed to provide a uniform (tensile) strain
field in both steel and masonry prior to macrocracking. Displacement
(or strain) control was employed on the "tensile' 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 dramatic
influence on crack distribution and on the individual crack size {open-
ing). Whereas single cracks were observed in unreinforced specimens
for l&] > 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 |6| 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,b and 24 a, b respectively, for
both monotonically increasing and cyclic (tensile) strains. The asso-
ciated macroelement tensile stress drop is observed to be dramatic
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
(sece Fig. 14). The strain interval over which the slope of the stress
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strain curve is negative (approximately .0l 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 may or 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 zeroc 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.

Elastic 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;n'

Typical variations of Young's modulus and Poisson's ratio with
8 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 € =0 deg. (compression across bed joint
planes) to 8 = 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, 8 = 15 deg. with 8 = 75 deg. for specimens 19, 20,
or 22 in Fig. 25, or compare 8 = 30 deg. with & = 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 f’ is shown in Table 4. The elastic modulus was
computed from panelrgata in the 20 to 145 psi compressive stress
range, and is in good agreement with data from five course prisms
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in a similar stress regime. The values of f’ employed were obtained
from five course prisms laid in stack bond. he ratio of modulus to
£' is in good agreement with the UBC (Table No. 24-H, 1967 version;
inspection 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 "linear 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 viscous damping.

The implications of the above observations may be considerable,
For example 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.

Cne 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



1-24

blow from a hammer (in-plane), a steel-ball-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 nonw-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, i.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 hommogeneous,
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, =733, 671 , 02=-23803-, T =0.707 Pd/ at (5}

where a, t, Pg denote panel edge length, panel thickness 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

o-l :633;— s O :-2186;’ (6)

2
at the paunel center.

In order to predict, from homogeneous biaxial tests, the load
Pgq 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 Py 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 (Gl)
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 experimental 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 associated 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 turn, are part of
a MTS closed loop hydraulic servo system. The top and bottom sur-
faces of the bond beams are ''rigidly" 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 macrocracking 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 stiffness degradation, and the proper hysteretic behavior., A
macromodel capable of reflecting these items is under development.

SUMMARY

Data from biaxial tests show that the teansile 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 combihation of bed joint
normal and shear stresses. Results from uniaxial tests are used to
modify slightly the macrocracking law te 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 macroelement tests are used to predict with good
accuracy the failure loads for two tests with complex nonhomogeneous
stress states.
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APPENDIX IL.—NOTATION

The following symbols are used in this paper:

a = length of edge of diagonal compression panel

f:: = masonry unit compressive strength
fr'rl = masonry compressive strength
NII’NZZ = principal stress resultants
N;l,NéZ,NiZ = stress resultants for layup coordinates
Pd = failure load for diagonal compression test
t = masonry wall thickness, 7.63 in.
X1, %, = coordinates in principal stress directions
xi, xé = coordinates in layup directions

¢ = layup angle

0,0, = principal stresses at center of diagonal compression
panel

T = 0.707 Pd/at



THE DEVELOPMENT OF A TECHNIQUE FOR INVESTIGATING THE DURABILITY OF
REINFORCING STEEL IN REINFORCEDN 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 resistance technique has been used to determine the amount
of corrosion that might take place on the steel contained in reinforced
masonry. This test procedure can be applied to the practical conditions
of site exposure and finished structures, is fairly simple, dut 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 indfcate conditions under which the steel might corrode.



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 prcblems 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 reinforced
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.

! Section Head, Construction Resgearch Department, Cement and Concrete
Association, Wexham Springs, Slough, Berks, England.
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SELECTION QF A SUITABLE TEST METHOD

Although a congiderable 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 autherities 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. 7The 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 zite 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 corrosione.

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

3. Electrode potential.

4. Galvanckinetic polarization.

5. Constant anodic current polarization.
6. Polarization resistance.

7. Electrical resistance technique.



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.

3. The rate of corrosion may be monitored.
L, 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 resigtance because
the corrosion products do not conduct electricity. The electrical
resistance corrosion gauges were made from proprietary mild stegl shim
and the ultimate tensile stress for the gauges was 640-800 N/mm™,
increasing with decreasing thicknesses of the ghim. 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
heyond 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 mg.,

The effect of temperature on gauge resistance was determined over
the range -5°C to 40°C 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 _ég * against temperature (related to a datum temperature of

R
o

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



o°c for R J. All readings taken on the site or in the laboratory are
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 galt solution to produce
severe corrosion. Preliminary results of log o against time are

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

R . .
The relationship between R and éL (failure stress at time T over

original failure stress) for the 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 o . It is apparent that corrosion occurs

in a more localgzed form sucﬁ 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

proportion of reinforcement remaining in the dimensionless form Tl

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 reduction in the area of
reinforcing steel. The relationship between W for the 6 mm diameter

R .
mild steel bars is related to log — R for the %hree thicknesses of
corrosion gauge in Figure 3,



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 Tigure. 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 inh 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, ig 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 additiomal variables, Typically,
390 x 190 x 190 mm dense-aggregate hollow concrete blocks were employed,
each containing two vertical cores. A 1:%.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:10 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 alsc 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.



Half-block specimens containing corrosion gauges were usually filled
on site using the same materials as were used in the main wall., These
contrel 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 passivity 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, 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 to + t1 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 extremely small compared to t, and in the case of
some of the exposure specimens deliberately given 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 ag 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 steafly 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.

Yor the very exposed sea wall, wall 2, both gauges corroded
completely. In the case of the gauge with the least cover thg corrosion

occurred at a faster rate and the curve crosses the line log — = 2 at
200 days._ The curve for the gauge at the centre of the core cPosses the
line log R - 2 at 500 dayvs.

o

Both walls were broken open after 700 days and the shims and
reimnforcing 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
Jjoints.



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 corrosjon had taken
rlace 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 mm 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 wvalidity 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 crossges the line 1log R 2 at 120 days.

This gauge was situated against the face of the b1ock 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, 3 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 3 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 blocks 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



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 emploved 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 recéntly instrumented exposure sites should be of considerable
value in due course. Inevitably, this type of information takes a
considerable period of time to collect.



It iz not possible to gquantitatively 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.

The
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APPENDIX II - NOTATION

following symbols are used in this paper:

= resistance of corrosion gauge at commencement of test

= resistance of corrosion gauge after a given time

= time to onset of corrosion

= timefrom onset of corrosion until limit of acceptable corrosion
= original weight of reinforcing steel

= weight of reinforcing steel after a given time period

= time from the commencement of the test

= original failure stress of specimen

= failure stress after a given time period

= R ~R
(2]



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

|

(1) (2) (3)
Diameter of Weight loss Roti (2)
reinforcement over 28 weeks atio (1)
(mm ) (g) (g/mm)
a
6 M.S. 0.27 0.045
10 M.S. 045 0.045
16 M.S. 0.67 0.04L2
16 H.Y.D 0.54 -
a ,
MeSe = Mild steel

bH.Y. = High yield steel




TABLE 2. -~ Summary of Parameters under Investigation at the Exposure Sites

. D i i
Site escrlpt%on of Variables
location
Wall 1 ?1de level of Depths of cover gauges at
inner harbour .
Lowestoft centre of core as against
Wall 2 On sea wall exposed face of blocks.
Part of Depths of cover - gauges at
Nant-y-Geifr watercourse centre of core or against
retaining wall exposed face of blocks.
Wall 1 Depths of cover 95, 85, 75,
65 and 55 mm to gauges.
Gauges at centre or side of
Wall 2 Test panels in blocks. Three designs of
Wexham Springs protected infill mix.
environment
Wall 3 As wall 1 but soaked twice
a weekly with salt solution.
Wall k& As wall ? but soaked twlce
weekly with salt solution.
Gauges at sides or centre of
vertical cores.
Part of =il . . . s
Hurley ar _0, silage Horizontal gauges in bed joints.
retaining wall .
Thermo-couples used to monitor
temperatures.
Wall 1 Depths of cover 50, 55, 60, 65,
70, 80, 95.
Wall 2 Type and size of block,
Allington Near sluice in 1:4:3 and 1:1:6 mortar.
9 Wall 3 River Medway 0.05 and 0.15 mm thick gauges.
Specimens of reinforcing steel
Wall & with same range of covers as
gauges.
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ABSTRACT

Results of a series of shear tests on cores taken from masonry
walls are presented. The influences of wall height, grout admixtura,
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*

by
R.O. Nunn, M. E, Miller, G. A, Hegemier?
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 coanvenient,
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 (l). 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

*Research was sponsored by the National Science Foundation under
Grant NSF ENV 74-14818,

®Graduate Student, Associate Development Engineer, Professor,
respectively, Dept. Appl. Mech. & Engr. Sci., Univ. of Calif.,
San Diego, La Jolla, 92093,



Fig. 3. Spallation in Shear Wall Test

Figs. 4a, b, Spallation in Earthgquake 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. QOur 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 stress 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 a 5-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) STD VIBR:
standard grout, consolidation by vibration with a WACO 5000 rpm head
vibrator; 3) ADM: admixture grout with puddling; and 4) ADM VIBR:
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Face Sheil

Grout

Yoke [ |TTT 7" et

Load Cell

Base

Fig. 6. Test Fixture

Table la, Component Descriptions

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

Table lb. Component Strengths (psi)

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

Table 2. Peak Shear Stresses (psi)

STANDARD ADMIXTURE

Panel Front Back Panel Froat Back
68 A 6 251" 67 A 136 51
B 26 grout failure B 132 44
G 89 0 C 162 118
A 213 0 71 A 76 164
Fig. 7. Fracture Along B 187 0 B 0 292
a Grout Flaw C [l 145 C 165 81

STD, VIBRATION ADM. VIBRATION
Panel Froat Back Panel Froat Back
65 A 76 ¢ 66 A 118 208
B 216 141% B 32l 275
Cc 0 Bl c grout failure
W A 31 21 69 A 142 242
5 265 99" B 286 51
] 61 148 (o} 118 63

&

T4 A 158 0 3 A [+ 138
B 283" 6 B 120 . 84
] 145 67 (¢} 156 145

#For these tests the grout and block did not separate cleanly,

Fig. 8. Mottled Surfaces

&



admixture grout with vibration. All grouting was performed in 8-foot
lifts. The block, mortar, grout, and admixture are described in
Tables la, b.

The tests were performed with a single shear fixture, illustrated
in Fig. 6, which was attached to the fixed crosshead of an 80 kip
Tinius-QOlsen 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
a2 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 bhonds., 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 grout in those regions
had been air cured. In Fig. 10, core 67 C back, for example, only
the central vertical strip seeins 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 Fig. 10. Partially Bonded Interface
Table 3, Bond Strength vs. Core Location
A B C

No. Less Than 10 psi 5 3 3
Mean (psi) 102 149 97
Standard Deviation (psi) 87 113 57

Table 4, Bond Strength vs. Grout Type

STD STD VIBR ADM ADM VIBR
Mean (psi) 83 100 118 155
Std. Dev, (psi) 98 90 76 90
100
0- 10 psi

g% 10- 70 psi

& 75 . .

S B >70 psi

[¢B)

a

=

> 50| i

[

L

0

2 esf —

o

m

0 AN RN ] e
STD STD VIBR ADM ADM VIBR

Fig. 11.

Bond Strength vs, Grout Type



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 hond 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 assist 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,



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.

SUMMARY AND CONCLUSIONS

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 MASONRY?!
by
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ABSTRACT

Joints or interfaces in concrete masonry assemblies constitute
planes of weakness 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.

1Resecarch was sponsored by the National Science Foundation under Grant
NSF ENV 74-14818.

®Professor and Principal Development Engineer, respectively, Dept. of
Appl. Mech. & Engr. Sci., University of California, San Diego, La Jolla,
California, 92093

SProfessor, Dept. of Civil Engr., San Diego State University, San Diego,
California, 92182

*Professor and Research Assistant, respectively, Dept. of Appl. Mech.
& Engr. Sci., University of California, San Diego, La Jolla, California,
92093.



ON THE BEHAVIOR OF JOINTS IN CONCRETE MASONRY?

by

G. A. Hegemier®, S,K. Arya®, G. Krishnamoorthy®, W, Nachbar®
and R. Furgerson®

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 microscales.

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.

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

®Professor and Principal Development Engineer, respectively, Dept.
of App. Mech. & Engr. Sci., University of California, San Diego,
La Jolla, California, 92093

®Professor, Dept. of Civil Engr., San Diego State University, San
Diego, California, 92182

*Professor and Research Assistant, respectively, Dept. of Appl.
Mech. & Engr. Sci., University of California, Sar Diego, La
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SOME OBSERVATIONS 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. la) and field (Fig. 1lb)
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, itis
necessary to observe the evolution of failure in the laboratory.

An example of a complex failure evolution process is furnished
in Figs. ld-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. le,
together with additional head joint fractures. As the peak amplitude
continues to increase, face shell 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 twe 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 necessary
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 thickness bedding.
The component materials consisted of Grade N-1 normal weight con-
crete block (ASTM C 90), Type S mortar (ASTM C 270), coarse
grout (ASTM C 476) with f7, = 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 compression tests
(ASTM C 140), direct tension tests, 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 stress ¢ across the joint planes was generated
by use of Miller Power Company 4-inch diameter hydraulic cylinder
with a 2-inch stroke. Tomaintain a constant normal stress in the
presence of axial deformation due to mortar degradation, 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,
the variability of the normal stress was reduced to approximately 10
percent for a 0.25-inch change in specimen length, Actual measured
changes in specimen length during most tests were less than 0.080 inch.
Thus, the normal stress was held constant to within 3 percent. The
complete normal stress loading system, including reaction rods and
plates, is shown in Figs. 5a, 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
machine {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 due, for example, 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 8. 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) and shear
stress tests, joints were subjected to uniaxial tension. This was



Fig. 6b. Side View of Fig. 6a.
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Fig. 8. Cyclic Triplet - Test Fixture and Specimen in
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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) an HP 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 accurnulator 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 (LVDT'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 0 (or normal force P) across the joint planes, and then by dri-
ving the center block under displacement (8) 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 Q. 500 in. fsec, 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 Figs. 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 0, 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 extremely 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-block tests.

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

T = pt o (1, p» O in psi) (1)

where P, g denote average (based upon net mortar area) shear and
normal stresses, respectively, ¢ is algebraically positive in compres-
sion, and the constants p, u represent coefficients of adhesion and
friction, respectively. For bed joints p = 36 psi, p = 0.89 in the range
0 < g £ 400 psi while for head joints p = 45 psi, ' = 0. 84 in the range

50 < ¢ <400 psi. Equation (1) is illustrated as solid lines in Figs.

13a, b for the above constants. For head joints in the range 0 < g <

50 psi it appears appropriate to use p = 15 psi, u= 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, . =0.88 for 0 < g < 200 psi. Benjamin and Williams
(2) proposed p = 220 psi, p = 1.1 for 100 < g < 600 psi in the case of
brick and three mortar compositions: 1: 1/4:3, 1: 1/2 1 4 1/2 and
1:1:6. Meli and Reyes (2,4) proposed p = 26 psi, p = 0. 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, p =0.61 for 1:1:6 mortar and p = 54 psi, u = 0,64 for
1:1:4 1/2 mortar with 0 < g < 300 psi. It is of interest to note here that,
with the exception of the later case, and with use of p = 0, 90 as a norm,
the values of u from all tests lie within a 22 percent scatter band (the
significant difference in p in the case of Self and Balachandranmay 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 0 2 0, and a linear fit for

0 50. Accordingly, one obtains (units are psi)

162 + 1,460 - . 00114 o2 (g = 0),
162 ( 1+ ¢/45.6) {c < 0).

T
T

(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 § in the
triplet tests suggested that the post-fracture regime could be represented
by solutions of the differential equation

4 _ ]
E Ve = V() -V 1, (3)

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

6
w(5) J v(ghds’ . (4)

01

For a single test, experimental values V; are obtained at displacements
§i,» 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:

' 8 p
V_(é)-_vﬂ_ - - - [W (61)] d5l +h (5)
T }

In this fit, P is taken to be either zero or else a theoretically plausible
value of 1/3, and the constants ¢, b and V, are regression parameters
determined by an extremum procedure. The scale for § is shifted in
Eq. 5 and in the following, so that §, = 0; i.e., & is measured from the
displacement corresponding to the maximum shear force V,.

A procedure for iterative determination of regression parameters
is described as follows; First, the parameters € and b are determined
for the test data by minimizing a guadratic form M (T, b, V) which is
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defined by the following set of equations for i =1, ..., n:

5 \
£ zf W (87 db’ , (62)
o
SR LA o
v, -V,
??.i. =< Ei +b (6c)
n o - 2
M(E, b, V) = .2 (Vi - Vm) (’71 - "i) : (6d)

The values used for V'i are the mean values over the several runs
(or samples) of the same test, The value of ¢ is chosen to be either
zero or 2, depending upon whether the estimated sample standard
deviation of V as a function of § did not or did, respectively, vary
with the sample mean. In‘either case, standard methods for the
linear regression of pon { enable T and b to be obtained explicitly as
functions of V through solution of the pair of equations

M = g, M =0 . (7)
3T db

These expressions for © and b in terms of Vi permit the residual
sum of squares divided by n, a quantity called fm’

fn T IT iéll [V1 -V (ﬁ’i)]2 ’ (87

to be expressed as a function in which the only remaining unknown is
the regression parameter V_ which minimizes f,,. This is determined
by computer computation of £, as a function of V, for the values of
Ve less than V.

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 §. 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
were obtained for this series, This data can be found in (6)., The
values of V_ for each run were also compared with the V_ calculated
for the sample mean, This statistical analysis indicated that the
estimates of V,, based on sample mean values of V; are acceptable.



Three types of tests were fitted to this model, and results of
V (§) vs. §for various confining pressures are shown in Figs., 14-16.
Full lines in these figures indicate values of V (6} 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_ 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, V_ is divided in each
instance by the appropriate bearing area Ay to show r_on the ordinate
of Figc 19’

w o=V, /A . (9)

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

T T WU 0 (10)

for constant coefficient of friction u . There are two explainable
exceptions. At 500 psi, the concrete blocks themselves were observed
to fracture and spall, and the planet interface sliding theory that under-
lies Eq. 3 above is no longer valid. These two points were therefore
omitted for calculation of VI 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
pressure. This point was omitted in the linear regressioefl to calculate
M e Test data for further tests at this pressure have shown V_ lying
very close to this linear regression line, however.

The values of U» from the linear regression lines shown in Fig. 19,
are; 0.55 for ungrouted bed joints {BJ-F-NG), 0. 60 for he ad joints (HJ-
F-NG), and 0, 66 for grouted bed joints (BJ-F-G).

Selected Numerical Results

A local finite element interface-slip model for both pre- 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 gquations are then modified to simulate the actual state
of each double-node pair. The details of the modification process are
given in (1),

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:

e
<

TH =pt po (11)
where 7% = allowable shear stress, o = normal stress (algebraically
positive in compression}, and p, i = cohesion, coefficient of friction,

Both p and p are assumed to be nonlinear functions of the relative
tangential displacement as follows:

2(py - P1) (e - P
p =p -—_:-,:Jr—o——x2 0 =x < x (12a)
0 x x* P
P P
2(p ) - 1) (b, 1)
B E g -——x }+ —a X 0 =x 5 x (12b)
o x X i
B B
P =P s X2 X ;B =14H,xXx>x , (12c¢)
P -
where x = sum of tangential displacements (absolute values), p_ = co-

hesion before cracking, p, = minimum cohesion after cracking, x, =
maximum x at which p, is attained, p = coefficient of friction before
[}



4-19

cracking, p, = minimum coefficient of friction after cracking, and x =
maximum x at which p, is attained. i

Finite element simulations of the joint tests, described above,
were performed to determine the quantities for the coefficients p , py»
etc. The triplet tests for finite element simulations included bot
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-dimensional 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 assurning
that the axial rigidity of a composite 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 they appear to be reascnable.

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.

Force-deflection Curves for Grouted Specimen -

Table 2. Interface Properties Used
in the Analysis

Material Young's Modulus Poisson's Interface Type
Identification  Description (E), psi Ratio Coefficient Units Block-mortar Grout-grout Description
! Steel 2.970 x 107 - 29 Py psi 100 475 Cohesion before
i
2 Alurminum 1.0s%0 x 107 .33 cracking
3 Neoprene 1,000 x 10% .40 21 psi 30 150 Minimum cohesion
after crackin
4 Very soft 1,000 x 10% .40 g
art\tlc.lal x inch 1 1 Maximum x at
material [ R N
which p_is
5 Composite attaine
material !4
Ungrouted specimen 0.200 x 10° .25 H, 7 .15 Goefficient of
Grouted specimen 1. 190 x 1o® .25 friction before
cracking
3 Concrete black #0,600 x 10 .25
.4 . ini
7 Composite K 98 M ot
material 2% COIC ‘:clen o
Ungrouted apecimen 0.292 x 10° .25 frlctlof‘l after
Grouted specimen 1.290 x 10% .25 eracking
8 Mortar 0. 877 x I10® .25 xp. inch .5 1.00 Maximum x at
which p is
None Grout 51,500 x 10% .25 attained
c"f‘ psi &0 240 Tenstle strength

* Quantities determined expe rimentally.
t Equivalent matcrial representing the corce and the block side walls.

+ Equivalent material reprecscnting the core and the mortar side walls,

Note: x = sum of the absolute values of the relative incremental
diaplacements in the tangential direction.



In the absence of precompression, joint behavior is brittle. For
such cases, and for thematerial combinations studied, ungrouted joints
exhibited relatively low (5-70 psi) shear strengths with large data scatter.
For all practical purposes head joints possess 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:

Ay, = bearing area;

c,b = regression parameters;
P = normal force;
V = shear force;
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W = work done by interface friction;
b = displacement;
0 = normal stress;
T = shear stress;
Cr"r“l,"r* = allowable normal and shear stress, respectively;
T, = shear stress at infinity;
1N, £ = regression parameters;
P, = cohesion, coefficient of friction, respectively;
M, = coefficient of friction at infinity;
Py P, etc. = coefficients of nonlinear cohesion law;
uo, ly , etc. = coefficients of nonlinear coefficient of friction law,

[t}
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STRUCTURAL PROPERTIES OF BLOCK CONCRETE

By Thomas A. Holm, P.E.*

ABSTRACT: Engineers have considered cencrete 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 757 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 alsc 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 origin 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. 1In
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.



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 producetrs 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 c¢ylindrical
specimen has been verified by Nilsson [17] and Davies and Bose [27].
While the strength levels of concrete masenry may start somewhat lower
than structural concretes (2000 psi as opposed to 3000 psi or 14 MPa
versus 21 MPa), the results of indirect splitting tests on 1007% 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 conctrete. In general, the ratio of tensile to compressive
strength (fg fé) 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,
[3] 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 arrarigement that is powered by a hand jack and measured by a
convent jonal 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 1s 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 l16-in. (203 by 203 by 406 mm) 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%
gsolid units was conducted and the results are shown graphically in
Fig. 4. The mix design, ingredients, curing, and machine cycles were
identical for beth 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 fact 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 MPa; aluminum, 10,000 ksi or 68 950 MPa) and easily de-
formable materials have low moduli (wood, 15,000 ksi or 10 340 MPa).
Hardened concretes have moduli that for design purposes have been ap-
proximated by the formula (from ACI Code 318-71).

E. = 33 W '-° .ng

Where Ec is the modulus of elasticity in compression (psi), W is the
air-dry density (1b/ft?), 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 1b 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:
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Ec = 22 W l-s‘ifé

Where W is the oven-dry density (lb/ftg) and fé is the compressive
strength (net) (psi).

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 technigues have, however, allowed the de-
velopment of a reasonably complete stress-strain curve, Following the
recommendations of Hedstrom [4], 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 (Tig. 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 om 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 1is really one of degree, as
all cast-in-place concretes contain entrapped air (* 2%} and concretes
exposed to the weather generally contain 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 veid 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 partice-
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% reduction in the interstitial
void system is roughly paralleled over a limited range with block con-
crete [5]. With different aggregates and mix designs, this reduction
factor may be as much as 8 to 107 per 1% reduction of the interstitial
void content. In the development of high strength masonry units (3500
psi or 24 MPa 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 = f/E, 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) \!f' =0.75x 6.7 % ‘Szoo = 225 psi
SV Te = 22 x 95 1-°

Modulus of elasticity = 22 W !- 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 C;EZ— = 6.7 \ 2000 = 300 psi
Modulus of elasticity = 22 W '*° Jf_ 'x 135 *-° x d 2000 = 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 nmust
perceive the changes, 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 locad-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 hetter structural efficiency.
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Influence of Unit Properties on Masonry Strength’

An incisive study by Hilsdorf [6] 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 masonry units more closely
approximates the results of field and lab tests than the conservative
(fn vs fé) relationships generally espoused in masonry codes.

Substitution of the physical and 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 introducticn 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-
ting strength of
concrete
cylinder.

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 | —indirect tensile strengih tests of 100% solid lightweight
concrete masonry units of various ages randomiv sampled from
rwelve concrete block plants.

Oven-Dry Compressive
Concrete Tensile Strength
Biock  Density,  Strength fe, psi, fid il
Plant In/fr 3 fi, psi Net Area \)f? 1
1 89.0 302 2620 590 0.i15
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 5.3%9 0.104
6 933 340 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
11 97.4 390 2990 7.13 0,130
12 93.5 305 2320 6.33 0.131
Avg 90.8 309 2689 59 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
coipressive 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 theoxy by tests of the
lateral strength of full-sized walls.



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
instinet rather than design. Proper design rules in Great Britain
start from the 1948 Codel » Wwhich was bagsed on some early experiment-
al work at the Building Research Station? subsequently improved by
the 1964 revision3 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 Assoclation.

The early work’, establishing the relationship between brick
strength and storey~height wall streungth under both axial and
cecentric 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 collapse®©,

It then became evident +hat the new wind CodeT, 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 tests 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.



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 tying®.

This paper describes experiments tc 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 caleium silicate
and clay bricks under compressive loading is also described.

2. LATERAT, LOAD RESISTANCE
2.1 Experimental

The standard small wall specimens for BS bricks (face 215 x 65mm)
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 215mm a
larger format is required.

All the wallettes were tested under four point loading in a
vertical aspect with hydraunlic bolsters to spread the load over
surface irregularities. One of each pair of bolsters was pivoted at
its mid~point to permit aligmnment 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 klN/min. Five replicates
were tested in each format and the mean recorded.

In all 61 batches of clay bricks were tested from all over Great
Britain covering the range of compressive strength from 22.3 to
117.6N/mm2, water absorption from 2.1 to 29.h4 per cent and suction
rate from 0.07 to 3.87 kg/m®.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, 1k, 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 mm and 290 x 90 x 90 mm and 290 x 90 x
65 mm have been included. :

Walls and wallettes were constructed according to the requirements
of SP 56 "Model Specification for Load-bearing Clay Brickwork"? and
clay bricks with an I.R.S. of more than 2 kg/mz/min were immersed in
water for a short time before use. Most of the clay bricks have
been laid in 1 : & : 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 gcod relationship. No such distinction ean be made with
caleium silicate bricks, and concrete block flexural 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 : 4 : 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—
tie 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 ag 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 : 2 : 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 mm blocks for the draft Code. In
Table 1 all the values proposed for the Code are shown.

Table 1
. 2
Characteristic flexural strength of masonry (ka) in N/mm'

Plene of Plane of
failure parallel failure
to bed joints perpendicular to
bed joints
Mortar grade 2:d:301:3:03 &f1:2:901:d:301:3:03 &l1:2:9
1:1:6 1:1:6
Clay bricks having &
water absorption
less than 7% 0.7 0.5 o.L } 2.0 1.5 1.2
between T% and 12% 0.5 0.L 0.35] 1.5 11 1.0
over 12% 0.4 0.3 0.25) 1.1 0.9 0.8
Calcium silicate
bricks 0.3 0.2 Q.9 0.6
Concrete blocks of
compressive strength:
2.8 0.25 0.2 0.k 0.4
3.5 0.25 0.2 0.45 G.h
7.0 0.25 0.2 0.6 0.5
10.5 0.25 o.2 0.75 0.6
1k.0 0.25 0.2 0.9 0.7
and
aover
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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+l N/mm® give an orthogonal ratio (1/n)
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 given in Table 2.

Table 2

Mean values of flexural strength and orthogonal ratio

Mortar Flexural strength
Mean Normal Parallel
Mix compressive Mean of
proportions| strength % of % of lorthogonal
N/m?  |N/om®{1 : 2 : 3{§/mm2{1 : % : 3] Ratios
:3:3 17.69 2.10 100 0.73 100 3.13
:1:6 5.98 2.1L 101 0.71 o7 3.23
12:0 244 1.86 89 0.57 78 3.30

Statistical analysis shows that there is no difference between
1:4:3 and 1:1:6 mortars. Detween 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-C 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 affeets 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 avallable experimentally in
the United Kingdom some tests to verify this were carried out on
three bricks with the results shown in Table 3.



Table 3

Effect of modifying 1:1:3 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/mm® 1.80\ 2.24 3.k6
Flexural strength (parallel) N/um2 0.61 | 0.87 1.07
Orthogonal ratic 3.0 2.6 3.2
Sarabond mortar
Compressive strength N/mm? 32.99 33.3 35.23
Flexural strength (normal) N/mm® 2.52 | 3.59 3.37
Flexural strength (parallel) N/mm® 1.9% | 1.6h 1.87
Orthogonal ratio 1.3 2.2 1.8
Wanlip sand
Compressive strength N /mm® 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 is
reflected in the lower orthogonal ratio which averages less
than 20 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 improve-
ment in the critical parallel direction is small.



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 102.5m wythes with a 80mm gap between). The method of
testing has been desribed'® ana 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 1s a

semi~-dry pressed deep frog common brick. X is 1:4:3 mortar and
Y is 1:1:6.

Figure T 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

where 7p 1is 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)

_ h
L, = L/h
where LE is the effective length

L 1s the actual length

h is the actual height

h_ is the storey height {(2.6m)
By combining these two equations k can be replaced by a function of the
flexural strength fy and Figure 9 shows the result when the

experimental failing pressure adjusted for height is plotted against

fx . The best straight line is given by
i

2.6 (1.8 +12.7 £ )

p = — k_N/m2

1,2

where p is the failing pressure in kl/m?
I, is the length in m
h is the height in m

£ is the flexural strength in N/mm2



The intercept on the ordinate can be explained as the contribution

of in-plane forces., QOther 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 waltl
may be taken as the sum of the moments of resistance of the two leaves.

The first butterfly wire tie tested {wall 800) 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 increased resistance.

3. COMPRESSLVE STRENGTH OF CALCIUM SILICATE BRICKWORK

A very considerable body of data is avallable 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 requirements of the Code,

The bricks were from five manufacturers, both sand lime and
flint lime, solid and frogged, built from three mortars, 1:1:3,
1:1:6 and 1:2:9 cement:lime:sand, The wall specimens were
1.37m long, single wythe {nominal brick width, 102.5mm), storey
height {nominal 2.6m) thirty four courses built within a jig on
a concrete plinth seb 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-



pUTWIS39P JOU.z °*p°uU NooTq 93edaa83e asusq = ¢ XOoOTq 939a5U00 pPaledsdy = T3 T®91S 3STMI TEOTIIGA = I
NOOTq 939a0U0D YMT = 1T doorq 92s8adqg = 3T1 ATyasiing = ¢
. 9:T:T
oT'T 0e°'1/20°2 G9°'¢ L S*g 8S0T 1-€
oe°'T Se*§ L G*S €60T 9:T:T
8T°T 1°e/eo0'e 0T*Ss G8°h L S°S 890T a-q
‘pru ‘pru/Lie 08'¢ g 9'e ST1T
‘pru ‘pru/ete 0s°¢e g S*h eTTT
[A0N oz'¢ g S*S ¢T1T
IT°T ST°¢ I S°q w801 9:T:T
6T°T €8°0/20°2 Lz'e 8c*'¢e L S*S 6h0T o-€
mwm&-WUmm ut uxs13ed
2anTTRF JUBISIIT( tS°0 The g G*S 008 9:T:T
IXANY 8E'T/LE T 9L h L §°S 018 i-v
0C°'T S8°€ &L S*g L8QT 9:1:1
0¢°'T €8°0/LE"T gg°e S8°¢ L S°S £S0T oxﬂ
hT'T 0°S 2 G§°g 8BTTT a
sa13 ordnapend gh°T w9 €L S°¢S LSOT 9:7:T
16°0 zo'e/LeTe 0°h &L S§°S 2eot g-v
9:T1:T
HT°T c0°e/zo'e 6G h €L 5°S ThoT g-4g
¢6°0 98°¢G €L S°S (475
€6°0 48§ £6°G L S*§ 06L RRER ¢
06°0 8T"€/8T ¢ cL'S &L S°¢g 88L V-v
SsARST JO ur/ NO{ ZU/ N NE\zx 9T, w *ON JRLIAOH
SJUBUWOY uns peor mucwam>w:wm pro1 saniTej e Jo 2dfy y13uar TTEM /satun
oTaey Jes] oT3urg TeJs1e] UBal peoT Teasie]

sTTeM L3TARD ySToy-Asa01lg

h J19vVr




fondu cappings onto the top of the walls on the day 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 Figuresl1O andll regression lines have been
inserted on graphs of mean wall strength against brick strength
for the three different mortars. Although little mccuracy can
be eclaimed 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 Figurell shows
a moderste degree of correlation between wall strength (y) and
brick strength (x). The calculated linear regression equation

is
¥y = 9,137 + 0.09035z

and the correlation coefficient is 0.619.

Equivalent equations calculated with a common intercept for
solid and perforated clay brickst3 are

Solid y = 8.88 +0.1162

Perforated Y 8.88 + 0.059x
These equations show relationships in the same region as that for
calcium silicate bricks.

In Table 10 of CP 111 : 1970%* by interpolation a load factor
of 8 is stipulated for these conditions of wall testing. In Figure 12
a to ¢ 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 ecalcium silicate bricks perform satisfactorily
and that under axial compressive loading calcium silicate brickwork
behaves at least as well as clay brickwork.

L. SUMMARY AND CONCLUSIONS

The work of & 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.



The work on gas explosions was necessary to make govermment 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 calecium silicate brickwork, however, was
determined to satisfy 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 4.p.e. 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 mascnry 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 enviromnment that it provides.

ACKNOWLEDGEMENTS

The author thanks Mr. A. Dinsdale, 0.B.E., Director,
British Ceramic Research Associabion, Tor permission to publish
this paper.

A11 the work reported has been carried out by the constructio
and testing team under the divisional Chief Engineer, Mr. H.R.
Hodgkinson, who regularly performs the impossible and to whom no
thanks can be too great.

Since January 1977 the research on lateral load resistance has
been funded by the Building Research Establishment.



10.

11.

12.

13.

1k,

APPENDIX I

BRITTSH STANDARDS INSTITUTION, Structural Recommendations
for Load-bearing Walls, CP 111:1948.

DAVEY, N.and THOMAS, F.G., The Structural Uses of Brickwork,
Tnstitute of Civil Eng. Struct. and Building Paper No. 2k,

1950.
PRITISH STANDARDS INSTITUTION, CP 111:1964 (revised edition).

HALLFR, P., The Properties of Load-bearing Brickwork in )
Perforated Fired Bricks for Multi-storey Buildings. Schweiz.
Bauztg., 76, (28), 1958.

WEST, H.W.H., HODGKINSON, H.R., BEECH, D.G. and DAYENPORT, S.T.E.,
The Performance of Walls Built of Wirecut Bricks with and
without Perforations. Proc. Brit. Ceram. Soc., 1T, 1970.

ASTBURY, N.F., WEST, H.W.H., HODGKINSON, H.R., CUBBAGE, P.A.,
and CLARE, R., Experiments to Determine the Resistance of

Brick Buildings to Gas Explosions. Proceedings Second
International Brick Masonry Conference. Edited by H.W.H.

West and K.I. Speed, Stoke-on-Trent, B. Ceram. R.A., 1971L.
BRITISH STANDARDS INSTITUTION, Code of Basic Data for the Design

of Buildings Chapter V Loading:Part 2 Wind Loads, C.P.3, Chap. V,
Part 2:1972.

BRITICH CERAMIC RESEARCH ASSOCIATION, Design Guide for Strapping
and Tying of Load~bearing Brickwork in Low-rise Construction,
B.Ceram.R.A., Spec. Publ. 93, Stoke-on-Trent, 1977.

BRITISH CERAMIC RESEARCH ASSOCIATION, Model Specification for
Load-bearing Clay Brickwork, Revised (1975) Edition, B.Ceram.R.A.,
Spec. Publ.56, Stoke-on~Trent, 1975.

WEST, H.W.H., HODGKINSON, H.R., and HASELTINE, B.A., The
Resistance of Brickwork to Lateral Loading, Part I:Experimental
Methods and Results of Tests on Small Specimens and Full-sized
Walls. The Structural Engineer Vol.55, No.10,411-421, 1977.

HASELTTINE, B.A., WEST, H.W.H., and TUTT, J.N., The Resistance
of Brickwork to Lateral Loading, Part 2:Design of Walls to
Resist Lateral Loads. The Structural Engineer, Vol.55, No. 10,
422-430, 197T.

BRITISH STANDARDS INSTITUTION, Metal Ties for Cavity Wall
Construction, B.S. 1243:1972,

WEST, KE.W.H., HODCKINSON, H.R., BEECH, D.G., and GOODWIN, J.F.,
The Compressive Strength of Caleium Silicate Brick Walls under
Axial Loading, B.Ceram.R.A. T.N. 262, 1976.

BRITISH‘STANDARDS‘INSTITUTION,.StruCtural Recommendations for
Load~bearing Walls, CP 11l:Part 2, 1970.



10,

11.

12.

LIST OF FIGURES

Wallette format

Flexural strength/water absorption 1:%:3 normal
Flexural strength/water absorption 1:4:3 parallel
Flexural strength of calcium silicate wallettes 1:1:6
Flexural strength of calcium silicate wallettes 1:2:9
Typical failure patterns of walls

Relationship of failing pressure to length

Walls of varying height reduced to effective length

Relation of failing pressure to ratio of flexural strength to (leng‘th)2
for 102.5 mm walls

Calcium silicate bricks: wall strength/brick strength 1:%4:3 and 1:2:9

mortars
Calcium silicate bricks: wall strength/brick strength 1:1:6 mortar

Mean wall strength divided by & compared with permissible stress:

(a) 1:2:3 (b) 1:1:6 (e) 1:2:9 mortar






7-1

EFFECT OF CONSTITUENT PRCOPORTIONS ON UNIAXIAL
COMPRESSIVE STRENGTH OF TWO-INCH CUBE SPECIMENS OF
MASONRY MORTARS

By Donald J. Frey!, Robert J. Helfrich?, and Chuan C., Feng®

ABSTRACT: Relationship between the constituent proportions of
masonry mortar, consisting of portland cement, hydrated time,
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 established 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 specimenrages 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 linear for
higher cement-water ration values., Graphs for each of the three test
specimen ages are developed.

1 Engineer, Crowther Architects Group, Denver, Colorado
{‘EFormerly Craduate Student, University of Colo. Boulder, Colo.)
‘Technical Director, Colo. Masonry Institute, Denver, Colo.

3-.prof, of Givil Engrg., Univ. of Colo., Boulder, Colorado



EFFECT OF CONSTITUENT PROPORTIONS ON
UNIAXIAL COMPRESSIVE STRENGTH OF TWO-INCH
CUBE SPECIMENS CF MASCONRY MORTARS

By Donald J. Fr‘ey1, Robert J. Helfr‘ichQ, and Chuan C. Femg8

INTRODUCTION

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, [t 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 compressive strength of mortar,

Test specimens for this investigation consisted of two inch cubes
of portland cement-lime mortar made in precision molds. These
specimens were tested for compressive strength in a universal
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-lime mortar" as used in this report is a
mixture of portland cement, hydrated lime, sand and water.

CBJECTIVE

The standard test, as established by the American Society for
Testing and Materials (ASTM) for determining mortar compressive
strength, f., 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 after 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
constituent proportions have on the 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., Testing cubical specimens in compression is
an easy test to perform and is simply a standard test commonty
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 mixing, molding, storing, and testing specimens
as well as specifications for equipment were all in accordance
with the appropriate ASTM recommendations. (1)2 The
compression testing machine was fitted with a large swivel head
as is usually used for concrete cylinders 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—-lime mortar are portland
cement, hydrated lime, and masonry sand. Water is added to
these three ingredients to produce a fluid mix with a flow in the
range of 110+ 5. This study is limited to 44 different mix pro-
portions, The proportions used are shown in Figure 1, entitled
"Portland Cement-L.ime Mortar Proportions by Volume". In the
masonry industry, mortar mix proportions are normally specified
by volume and the ingredients are expressed in a standard order,

2Numer‘als 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 dpries 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.

For 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 normalized

in this way so that the abscissa expresses parts of sand by
volume 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 lines 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,C, and K, and are shown in Fig. 1.

In Table 1 the portland cement-lime mortar proportions by volume
are shown which 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-lime
mixes are represented by 183 test specimens., FEither 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 targe
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.



TABLE

i

PORTLAND CEMENT-LIME MORTAR
PROPORTIONS BY VOLUME

Mortar Parts of Parts of Parts of

Type Portland Cement Hydrated Lime Aggrepgate

M, . 1 L Not less than
2% and not

S .. 1 over § to % more than 3
times the sum

N, 1 over 4 to 1} of the volumes
of the cement

0.. 1 over 1} to 2% and lime used.

K.. 1 over 21 to 4

TABLE 11

COMPRESSIVE STRENGTH, fc’ OF CUBES

MADE FROM THE DIFFERENT TYPES OF MORTAR

Mortar Type ﬁigign%?ij&?gf Compressive Strength,
M.......... 2500
S 1800
N.......... 750
O.......... 350
. 5




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. For this reason the charts

can be entered either by volume or by weight. The architect and
engineer work with 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
samples. This chart incorporates all the features which have been
mentioned, 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 SAC+S) x 100)". To caleculate 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
multiplied by 100 as indicated by the formula. The ordinate,
labeled "Percent Lime of Cementitious Materials L/ L +C) x 100)",
is calculated by dividing the weight of lime by the sum of the
weight of lime plus 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 &nd
ordinate values, and finding the strength value at that point by
interpolating between lines 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 volumetric lime.
They start at % part lime and increase to three parts lime 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 inrterpclating 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
volumes and alsco with weights when designing a mix. The chart
eliminates this confusion by displaying volume and weight
simultaneously.

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 dnd ordinate corresponding to
proportions by weight were chosen after investigation of alternative
forms. The two main criteria for the selection of the axes are
that each mix have a unique point in the plane and that constant
strength lines 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 = LAL+C) x 100 H

and is labeled "Percent Lime." This equation uniquely specifies
the lime content and also allows lines of constant lime by
volume to be horizontal. The equation established for the
abscissa is:

Abscissa = S/(C + S) x 100 €25}
and is labeled "Percent Sand." This equation uniquely specifies

the sand content and also allows lines of constant sand by volume
to be vertical, In the above eguations "S" equals the weight of



sand, "C" equals the weight 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
normalization procedure previously explained 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 lines of constant strength.

In this way the values of cement, lime, sand and strength are
expressed on one chart in both volumetric and weight form.

The design chart discussed above does not coniin any information
about water. Water is the fourth ingredient in portland cement—
lime 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. One 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
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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
columns 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
coniunction 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 10,317 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, O, and
K, are indicated with dark outlines. They are defined by wvolu-
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 58500 psi. Type C 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 values 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 have 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



desired strength the mix ratio can be designed. For example,
for a volumetric mix ratio 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, f..
For a cement-water ratio less than .85, the curve follows the
parabolic equation:

f, = 111.6 - 1038.4 (C/W) + 3664.3 (©/W2 €©)

For cement—water ratio values greater than .85, the curve
follows the linear equation:

fc = =3347.6 + 6146.8 (C/W) (4

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

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
IT1I. 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 70C0 psi. in increments of 500psi. The
loweast 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, O, and K, are indicated with
dark outlines. 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



TABLE IN
PORTLAND CEMENT =~ LIME MIX DATA

Molumetric Portland Hydrated Masonry (b) Average  Average
Mix Ratio Cement Lime Sand C/w 7-Day 28 Day
c.L _S(a) (Grams) (Grams) (Grams) Strength Strength

o (psi) (psi)
1: £:2 706 75 1202 2.21 8112 10317
1: 3:2 655 139 1114 1.72 5604 7542
1:1 12 571 243 972 1.39 kiis 5298
1:14%:2 506 323 861 1.12 2619 3406
1: 2:2% 626 67 1331 2.02 7400 8800
T: %:2% 585 124 1244 1.54 L687 6396
1:2 :2% 420 357 893 .89 1592 2123
1:24:2% 384 408 816 724 931 1243
1: £:3 841 90 2151 1.83 6400 7817
1: %:3 465 99 1188 1.57 k711 6388
1:1 :3 425 181 1088 1.23 3048 4333
1:14:3 426 272 1088 1.015 2060 2925
1:2 :3 390 332 995 0.814 1235 1873
1:2%:3 358 381 915 0.716 933 1355
1:3 :3 332 423 847 0.604 578 866
1: A:34 763 81 2275 1.623 5056 6406
1: %:3% 482 102 1435 1.30 3276 4834
1: L:4 L43 94 1507 1.16 2579 3929
J:23:4 317 337 1079 634 728 896
1:3 :4 296 378 1007 .548 421 574
1: L:4% 429 L6 1644 1.34 3194 4529
1: L:41 k10 87 1569 1.18 2407 3625
1:1 :43 562 240 2155 1.03 2198 2962
1: 1:5 381 81 1622 .976 1722 2685
1:4 :5 526 223 2241 .956 1769 2512
1:14:5 325 208 1385 .833 1348 1887
1:2 :5 303 258 1291 .721 928 1196
1:3 :5 267 341 1136 .562 475 634
1: +:6 334 71 1708 .954 1703 2308
1:1 :6 311 132 1589 L840 1193 1847
1:1%:6 436 279 2227 .739 930 1317
1:24:6 257 274 1314 .590 552 771
1:1 :7 279 119 1664 .744 1025 1346
1:14:7% 251 160 1601 .635 642 370
1:2 :73 354 303 2274 .638 589 777
1:24:73 225 240 1439 542 453 606
1:3 7% 215 274 1370 477 320 429
1:14:9 220 141 1689 .564 506 698
1:2 :9 210 179 1609 .506 377 541
1:2%:9 301 319 2305 .501 372 527
1:2 :104 188 160 1684 470 341 472
1:25:104 181 192 1615 43 234 364
1:24:12 164 175 1680 410 239 344
1:3 12 159 202 1620 . 346 139 190
E') C = Portland Cement, L = Lime, and S = Sand

a =
b} C/W = Cement - water ratio by weight
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to 3850 psi. The type C 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 lines of constant
strength have shifted position. It, too, allows strength to be
determined from a known mix ratioc, 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, f,. For
a cement—-water ratio less than 1.35, the curve follows the
varabolic equation:

fo = =178.1 +76.2 (C/W) + 2014.2 (C/W)2 )

For wvalues of cement—water ratio greater than 1.35, the curve
follows the linear eqguation:

fc= -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 eliminates 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 82812 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% : 104 to twenty—seven percent for a mix
ratio of 1 : 2 : 74,

Figure 6 is a plot of cement—water ratio versus strength at six



Compressive Strength, fC (PST)

|20ty

=
=
.-

=
=
- -

ERRG

4

Y
T Based on 183 samples.
Flow value of 110 + 5,

2008y

: + e e LA B
N N ) N ) BN B
= 1 = I = 7 I8
S N - - N N m

Cement-Water Ratio (By Weight)

Fig, 5 - Cement-Water Ratio Versus Compressive Strength
for Portland Cement-Lime Mortar at 7 Days,



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
¢:L:8(®  (Grams) (Grams) (Grams) Strength  Day
(psi.) Strength
1:4 :8 841 90 2151 1,83 9312 19,1
1. 4:3% 763 81 2275 1.623 17846 22.5
1:%:3% 482 102 1435 1.30 5573 15,3
1:%:4 443 94 1507 1.16 4562 16.1
1:% 4% 410 87 1569 1.18 4206 16.0
1:1:4% 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
1:1%:6 436 279 2227 L1139 1617 22,8
1:1%:7% 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: 28:9 301 319 2305 . 501 635 20.5
1:22:10% 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 = Sand

(b)

C/W = Cement - Water ratio by weight
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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 ratic producing a flow of 110 % 53,
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 results,

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 parabolic equation,

fo = 217.1 - 1550.9 (C/W) +4547.9 (C/W)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,

fe = =8919.3 + 7229.1 (C/W). =
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SUMMARY

The relationships between the compressive strength of 2 -~ inch
cubes of portland cement-lime 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_ ., 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 ratic versus compressive strength are also
established 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 £ & and the temperature throughout kept at approximately 72°0F.

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 cbjective
has been reached and a number of conclusions have been made
for the mortars tested.

The conclusions are:

1. l.aboratory standardization of tests has been established.
Using these procedures, tests results are repeatable.

2. Regardless of the mix ratio, the strength at twenty—eight days
exceeds the strength 2t seven days. And, the strength at six
months exceeds the. scrength 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. 8.}

4, The design charts contain regions which correspond to mortar
types M,S, N, O, and K as defined by Table II in ASTM
Specification C 270~-71.

(Fig. 1, Fig. 3.



5. Compressive strength, f,, can be predicted for the materials
used in this study from the cement-water ratio.
(Fig. 2, Fig. 4, Fig. B

6. A portion of the cement-water ratio versus compressive
strength, f, 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. B

7. For the mortars tested, the compressive strength fc, decreases
as the amount of lime increases while sand and portland cement
content are held constant.

8. For the mortars tested, the compressive strength, fg,
decreases as the amount of sand increases while lime 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 and 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-lime mortar on a plot of "sand by
volume" versus "lime by volume," if the portland cement value is
normalized 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 cof 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. Brilef 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.



SINTERED COAL REFUSE LIGHTWETIGHT MASONRY AGGREGATE

By Jerry G. Rosel

INTRODUCTION

The demands for guality 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 guality natural
aggregates (8,11).2 Envirconmental 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 gquality 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, ete.,, 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°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.

Z2Numerals 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 c¢oal 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.
In underground mining it is sgometimes 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 thesge
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 ceal 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. Scme 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-guality, 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 preoduct, 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 $21.00 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 inveolved,
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 ccal refuse responded to rotary-kiln
procegsing 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, Chic. The test
apparatus consisted of a balling disc and a sinter test pot to which the
refuse responded favorably. Laboratory analyses of the small gquantity
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 gsintering system.

PILOT PLANT PROCESSING

Following the favorable preliminary results, pilot plant tests were
conducted using an improved sintering procegs 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 cperation, and
thig 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 "sintering”.

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 c¢oal preparation plants



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. Thig 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

TENNES SEE

SEI - South-East Coal Co., Irvine Plant
ICP - Island Creek Coal Co., Pevler Plant
Beth-Elkhorn Corp., Pike Plant

ECB ~ Eastover Mining Co., Brookside Plant
USsSC - U, S. Steel Corp., Corbin Plant

w

jis|

d
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FIG. 2. - Preparation Plant Refuse Sampling Sites



FIG.

TABLE L.

3. - Raw Refuse as Sampled

~ As Sampled Raw Refuse Data

Plant SEI SEI-BC ICcPp BEP EOB gssc
Bulk Density, lb/ft® 76.9 - - - - -
Moisture Content, % 8.1 10.6 12.5 - 2.1 11.6
Size, inch -1.0 -3/8 -3/8 -3/8 -3/8 -3/8
Ash,* 3 80.2 g6.1 57.6 74.5 77.0 71.6
Volatile Matter,* % 12.0 8.4 1913 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/1b 1380 970 4900 2500 2460 3430

*Moisture-Free Condition

wide by 18-foot long traveling grate machine positioned over active wind
boxesg, as illustrated in Fig. 4.
accomplished with natural gas ignition torches.
percentages of returns, bed depths, machine speeds, ignition times, and
recycle and exhaust wind box flows were investigated.
plant was stabilized, as evidenced by relatively uniform conditions of

Ignition of the nodulized feed was
Various feed rates,

When the pilot



operation, the plus one-inch product (sinter cake) produced during the
specific period was collected and saved for subsequent evaluations. The
minus 3/8-inch size was used for returns, as was a portion of the minus
one-inch to plus 3/8-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 guantities 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 c¢lay 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 guality 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 wvalue 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

SINTERING COOLING

STACK

ENVIRONMENT
CONTROL

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,
deletericus substances and concrete-making properties were evaluated in
accordance with the test procedures specified by ASTM C 331. In addi-
tion, hulk gpecific 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 drv-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 lb/fts. As
noted in Table 3, all unit weights were much lower, ranging from 39 to
49 1b/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 1lightweight
aggregates are slightly heavier and have smoother surface texture.

FIG. 5. - Sinter Cake and Crushed Block-Graded Material



TABLE 2. - Sintered Aggregate Block Grading

Sieve Size Percent Passing By Weight*
1/2 in. 100

3/8 in. 90-100

No. 4 65-90

No. 8 35-65

No. 16 -

No. 50 10-25

No. 100 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 liguid above the test
sample is compared with a reference standard colox. 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 ICP sample, the loss on ignition
values were all less than the five percent maximum specification.

CONCRETE MAXING 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°F. At an age of
geven dayvs, 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°F 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 c¢ycling
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 aggredgate 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 £ill the jar are taken after wvarious
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 1s 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 calculated 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 wvolume 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 100-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 100-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. BAbsorption 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. 2An approximate two-hour slow heating period
brought the room temperature to 140~150°F 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

FIG. 8. - Sintered Aggregate Block



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 limestcne 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 1b block cement. This was proportionately reduced to an amount
(volume) that could be eagily handled in the laboratory mixer: 250.0 1b
of limestone block mix and 23.4 1b 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 preduced by
using only 160.0 1lb of sintered aggregate in place of 250.0 1lb 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 cchesion and low "green" strength and toughness, thus aglime was
added to the sintered mixeg 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
1b of sintered aggregate, 50.0 1lb of aglime and 23.4 1b 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 Limestone Limestone
Aggregate Contrel Control
Mixes Mixes (UK) Mixes (LCP)
Sintered Aggregate, 1lb 127.8 - -
Agricultural Limestone, 1lb 50.0 - -
Cement,* 1b 30,4%% 23.4 23.4
Limestone Block Mix, 1b - 250.0 250.0
Water, lb 13.2 15.1 ?
*"Speed" block cement.
*%30 percent increase over control mixes.
TABLE 7. = Block Aggregate Data
Sieve Size Individual Percent Retained
Sintered Agricultural Limestone
Aggregate Limestone Block Mix
3/8-inch 0 0 0
No. 4 6.8 2.8 7.8
No. 8 36.5 39.7 41.5
No. 16 22.0 24.8 22,3
No. 50 19.2 17.4 13.9
No. 100 4.1 4.5 3.4
No. =100 11.4 10.8 11.1
Moisture content, % variable - -
Bulk specific gravity (OD) 1.53-1.68 2.49 -
Bulk specific
gravity (SSD) 1.59-1.77 2.59 -
Bulk specific
gravity (prevailing) - -




Compressive Strength

The testing of compressive strength of concrete masonry units was
done in accordance with ASTM Methed 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 sguare 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 ICP 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 contreol 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 tc convert the data to six-inch egquivalent block size. Saturated
weights exhibited the same trends as the dry weights.

Table 8 contains absorption data for the various block units. BAb-
sorptions for the sintered units ranged from 12.7 to 15.1 lb/ft3. ab-
sorptions for the limestone units were arcund 10 1b/ft3. ASTM C 90
specifies that the maximum water absorption of blocks with a dry density
less than 105 1b/ft3 should be 18 1b/ft3 and that normal weight units
which have a density of greater than 125 lb/ft3 should have an absorption
of less than 13 1b/ft3, 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 vield.

The yvield of the limestone control group was calculated by dividing
the total weight of material in the mix by the saturated weight of the
bloeck, 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 enerqgy conservatilon 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
ratic of the difference between the average temperatures of two surfaces
with steady state in effect, as noted in ASTM C 168 (19).

Heat Flow
Temperature Difference

Thermal Resistance =

The specific mechanism employed in measuring heat flow through large
gsections 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 eguipment 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 Figqure 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/°F (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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TABLE 9. - Thermal Conductivity of Concrete Blocks
(6 x 8 x 16-inch, 3-Cavity - Empty)

Surface Temperatures Material Density Thermal Conductivity (U)*
(°F) (1bs/Block) (Btu/hr, ft2/°F)

Hot Side Cold Side

100 68 29.3 (Regular) 0.57
120 71 29.3 0.58 (0.58 avqg)
135 72 29.3 0.60
102 70 20,7 (Lightweight) 0.30
125 72 20.7 0.32 (0.32 avg)
140 75 20,7 0.33

*Includes 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 prowvided
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 eguipment 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.

Conarete blocks produced using sintered aggregate met all gquality
requirements specified by the American Society for Testing and Materials
for hollow load-bearing concrete masonry units. Compressive strengths
were well in excess of the specifications and absorpticn 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 dquring the gintering 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 c¢lay 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 clogely related to the compressive strength of the
brick walls.



INHERENT COMPRESSIVE AND TENSILE STRENGTHS OF STRUCTURAL BRICK

By Parviz T, Radl

INTRODUCTION

The structural brick is currently being reconsidered by the con-
struetion 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. However, 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 expansiocn of the brick is facilitated by
lubrication, a compressive strength of 3322 psi is achieved and 1f the
restraint is minimized by using a one-half or one-eighth brick, com—
pressive strengths of 3261 psi and 2241 psi is achieved, respectively.

The purpose of the work reported here is to determine the com-
preseive 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 frem 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 direetion
of extrusion and the directicn 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, IFive samples were tested for com-
pressive strength for each of three directions, x, vy, z. The com~
pressive strength was obtalned 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, 5.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, ¥z,
ZX, X2, 2¥, ¥yXx. The tensile strength was determined by calculsting the
term 2P/TID where P, L and D are the ultimate load, length, and diameter
of the cylindrical specimen, respectively,

RESULTS AND DISCUSSION

Table 1 shows the compressive strengths of the Riehtex and South-
ern Bricks in each of the three corthogonal 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 gll three direc-
ticns is 3560 psi. The average compressive strength of the Southern
Brick is L4794 psi, Table 2 shows the strength of various prisms made
wilth thege two bricks and using standard ¥ and M mortars as well as
Sarabond-treated mortar, The average prism strength for Southern Brick
is 5283 psi whereas that of Richtex Brick is 3h06 psi. The average
prism strength correlates c¢losely tc the overall average inherent com-
pressive strength determined from the test cylinders, Thelr 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 sirength
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 overgll 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 cach axls separately it
becomes apparent that the average ratic of compressive strength to. ten-
sile strength for the Richtex Brick is 2.25 in the x direetion, 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 CONCLUSICNS

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 compresslion 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.

Southern Brick Richtex Brick
Prisms, psi Prigms, pei
I mortar 4832 28L2
M mortar 3732 3969
S mortar 7286 3711

Average 5283 3406
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BEHAVIOR OF CONCRETE MASONRY STRUCTURES AND
JOINT DETAILS USING SMALL SCALE DIRECT MODELS

By Harry G. Harrisl and Ivan J. Becica
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. 1In 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 Univ.,
Philadelphia, Pa.
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BEHAVIOR OF CONCRETE MASONRY STRUCTURES AND
JOINT DETAILS USING SMALL SCALE DIRECT MODELS

By Harry G. Harris1 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;cgfsfully 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 concreté
masonry block and the mortar that is used to bind thg§e units together
to form masonry structures were studied in detall 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 subijected 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.

Table 1 Pertinent Varizbles for the Modeling of Reinforced
Masonry Structutes Under Static loadings

Basie
Symbol Definirion Dimension

(a) Structurzl Psramecars

& Daflection at any point L
£ Straim at any paint -
v Poiasen’s ratic -
f; Compresaive strength of mpsonry FL‘Z
E Tenstle strangth of masonry 'E’l’.‘2
£ Yieid stremgth of the reinforcement n
1 Wall thickness L

A Area of net saction LZ

E Young's modulus of masonry ot
E, Toung’s modulus of reinforcement FL
8 Homent per unit leogth F

4 Axilal compression per unit langeh FL

{b) Loading Parameters

q Prassure loading FL
w Line load A

Q Poirt load P
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Table 2 Pradiction and Dasign Equations for
Reinfarced Masoney (nder Staric Loading

(a) Predictian Equations {b) Desigm Equations

Thickness

o
[

Strain in medal L5 same as in procotype e =

L,
Daflactions; 3, 3 zz is the lenger seale A=
L} L}

o
a8
.

Areas

Banding moment par unit langth
E =E Young's modull

o
®

Campression load par unit length (f;‘)m = (:;)P Compressive Stremgth of masonry

=] B=
.
rm"“'v l_&:/‘.'\)‘:’:l r‘w Lﬂo. -

Yy om gt
(E:)m (!:)p Tecaile stremgth of masoncy
(fy)m = (fy)P Tield strength of the reinforcement

Yo * Y Poisson's racio

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 cornmer 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. L.

Because available test data on full scale hollow core masonry in-
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

1 7383 {(15827Y

192" 2"

{100~

cubes, The development of model ek

masonry mortars must take into

account the workability of the mix -
in selecting the aggregate gradation . _;f_;_Lfiq"
and mix proportions. In additionm, MQDEL DIMENSIONS

IPROTQTYPE. DIMENSIONS)
FIGURE 1

the very small model joints exhibit
material volume effects on the
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strength determination which L
must be taken into account(2), i i 3
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)

. I
! [ M:ANWLIES

°  IESKED WET
o ~ EsiED oy JMOLOF 12/
o - JESIED WET, ALl OTHCR MEES

4
. j—l_s_r'ﬁ_{—ﬁr o —r—r — ,
and the National Concrete f 77"ﬁ f"" ERSASIES NI
Masonry Association (NCMA) OURE 2 STRENGTIH flfrﬂiRVEs FOR 12 CYLINDERS OF MASONRY

presently recommend a prism

not less than sixteen inches

high with a height-to-thickness ratio of two. The ASTM E447- 74( ) 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. Alsoc, 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

LOAD, x I02 1ta

L4y -

- 224

— 204

L J

[-2=]

_ Unratnforcad

Gile = & im,

Strain gage
data

blal gage- -
daca

Golo = 4 in.

ata

4 0 Q Dial gege

| data

. Reipforced

- o Strain gage-—
d,

erratic behavior between
the strain and dial gage A T D I O S T3
readings. All compres- ‘ L e o, ad ™ . e - .
sion prism specimens

failed by end splitting

(Fig. 5) ag is normally ob-

served in prototype masonry.

5 4 6 8 10

PIGURE ll- COMPRESSIVE LOAD STRAIN CURVES
FOR MODEL MASONRY. PRISMS

Since masonry strength is directly related to the mortar
strength(4o9,10),the adjusted model strengths are compared to the pro-
totype data(l 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. 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

Prisms

Figure 5 Failed Compression
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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
gpecimen 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.

<
- B [ et ——— . ——————— e @
A_ ] Fog e -
e oc - - ;
a @
&r 1
Ok ~ A
25 S0 v % ecc., loading
"] o
-
T / gy~ Model data
p / ©~ Prototype Data
/ Reference 9
O T S |
ol 1000 2000 4000 5000

3000
MORTAR STRENGTH, psi
FIGURE 6 MASONRY PRISM STRENGTH VS. MORTAR STRENGTH SHOWING PRUTOTYPE/MODEL CORRELATION

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.(10)and as described in ASTM E149-66. The
prisms were constructed of regular stretcher units with face-shell and
end web bonding. The prototype specimens in tests by Yokel et. al.(10)
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 Figure 7 Flexural
adsorption is a probable contributor to the Bond Specimen
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 