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PREFACE

Research on earthquake resistant masonry construction is currently in progress

on an international level. Federal research laborateries and various universities
in the United States, as well as their counterparts in foreign countries are
conducting research which collectively covers the many diverse areas of technical
problems in masonry construction. Because the studies are spread worldwide and

masonry design criteria are still deficient, there is a need to:

1. Review the deficiencies and establish priorities for future research.

2. Assess, by professional consensus, the accomplishments of masonry research as

it applies to the development of improved or new design criteria.

3. Assess, by professional consensus, the accomplishments and scopes of the varilous
research projects and provide researchers with a critical review of their accom—

plishments and plans.

4, Initiate a continuing liaison between the various research laboratories and other

professional groups concerned with masonry construction.

To accomplish this, a National Workshop on Earthquake Resistant Masonry Construction

was held at the National Bureau of Standards (NBS) facility in Boulder, Colorado from
September 13 through September 16, 1976. It was conducted by the Center for Building
Technology (CBT) of the National Bureau of Standards and was sponsored by the National

Science Foundation (NSF).

The workshop was conducted on a basis of participation by invitation and consisted
of two parts. In the first, researchers whe have been recognized contributors

“to masontry research reported their achievements and future plans; also included
were reports from invited users of masonry design criteria (designers, code

officials, regularory officials, etc), representatives from the NBS and other
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Federal Agencies. The second part involved the development of recommendaticns

by the participants arranged into working groups. Each of the five working groups
was assigned the task of producing a critical review of the research projects
presented in the first part, and a set of recommendations, relating to one of

five designated problem areas in need of research. These were (1) Code Requirements
(2) Design Criteria (3) Mathematical Models (4) Test Standardization and Material

Properties and (5) Retrofit and Repair.

The number of attendees provided the best potential for obtaining a broad spectrum
of opinions, but at the same time producing the intended objectives by the close

of the workshop.
These proceedings are published with the intent that they can assist in assuring that

future Federally funded research projects for earthquake resistant masonry construction

are oriented toward national needs in current problem areas related to design criteria.
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SI CONVERSION UNITS

In view of the present accepted practice in this country for building technology,
common U.S. units of measurement have been used throughout this publication. 1In
recognition of the position of the United States as a signatory to the General Conference
SI system of units
table below. The
reader interested in making further use of the coherent system of SI units is referred
and ASTM E380-76,

on-Weights and Measures, which gave official status to the metric
in 1960, appropriate conversion factors have been provided in the

to: NBS SP 330, 1974 Edition, "The International System of Units"

Standard for Metric Practice.

Lepgth

Area

Volume

Force

Pressure
or
Stress

Energy

Torque

or

Bending

Moment

Mass

Density

Velocity

Acceleration

Customary Unit

International (SI) Unit

inch (in)
foot (ft)

inch? (inz)
foot? (£t?)

inch3 (in3)
foot? (£t3)

pound (1bf)

pound per square
inch (psi);

kip per square
inch (ksi)

inch-pound (in-1bf)
foot-pound (fr-1bf)

pound-inch (Ibf-in}
pound-foct (1bf-ft)

pound (1b)

pound per cubic foot
(pef)

foot per second
(ft/sec)

fOOt/secondésecond
(ft/sec”®)

*
meter (m)
meter (m)

meter? (mg)
meter? (m?)

meter (mg)
meter” (m”)

newton (N}

newton/meter2{N/m?)

newton/meterZ(N/m?)

joule (J)
joule (J)

newton-meter (N-m)
newton-meter(N-m)

kilogram (kg)

kilogram/meter?

(kg/m”)

meter/secound

(m/s)

meter/second/second

(m/s?)

Conversion

e

=

e

in=0.0254 m::
££=0,3048 m

1n2=6.4516 x 10°7 p2**
££°=9.290 x 10 " m

in3=1.639 x 1070 3
££3=2.832 x 1072 n3

1bf=4.448 N

2
pai=6895 N/m
ksi=6895 x 10° N/m>

in-1b£f=0.1130 J
ft-1bf=1.356 J

1bf-in=0.1130 N-m

1bf-ft=1.356 N-m

1b=0,4536 kg

pef=16.02 kg/m>
ft/sec=0.3048 m/s

ft/sec2=0.3048 m/s2

*Meter may be subdivided. A centimeter (cm) is 1/100 m and a millimeter (mm) is 1/1000 m.

* R
*Exact value; others are rounded to four digits.
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ABSTRACT

The National Workshop on Earthquake Resistant Masonry Construction provided an exchange of
information between researchers and practicing engineers for the purpose of orierting
pertinent research toward national needs concerning current problems related to design
criteria. These proceedings contain the reports presented by researchers and by users
of design criteria, as well as transcripts of the discussions which followed the
individual presentations. In addition, the proceedings include recommendations which
emanated from working sessions held by five working groups of participants. Technical
areas covered by the groups were (1) code requirements, (2) design criteria,

(3) mathematical models, (4} test standardization and material properties,

and (5) retrofit and repair. The recommendations were derived to identify research
which would lead to improved output in each of the technical areas in order to

benefit naticnal needs.

Keywords: Building codes and standards; design criteria; earthquake resistance; masonry
construction; seismic design; structural design; structural engineering;

structural research.
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INTRODUCTION TO THE WORKSHOP
John B. Scalzi

Program Manager, Earthquake Engineering
National Science Foundation

Welcome to the workshop on "Earthquake Masonry Construction” to which you have
graciously consented to give of your time and experience. The National Science Foundation

sincerely appreciates your contribution to this greatly needed activity.

It is a well known fact that masonry is ome of the oldest, if not the oldest, con-—
struction material known to man. From biblical times - to the present, the construction
methods have improved only slightly. The bricks are still placed one upon another with
the mortar as the binding agent. Relatively little has been dome to research the true
behavior of the material, either as a component or as a complete system with connecting
devices of various types. Analysis methods have usually been of the approximate type
with many basic assumptions to account for the lack of experimental data on the
behavior of the material. The principal reason for this approach is the lack of a good
understanding of the physical properties of the material, and the systems of construction
which do not lend themselves readily to analytical elastic solutions. The material is
more or less brittle and the complete range of physical properties is not easily determined

by tests.

The time has come because of seismic safety and economy of construction to learn
the facts concerning the true behavior of masonry construction. I view this workshop,
comprised of experts in the many related areas of masonry construction, to be the spring-
board for a new era in research on masonry construction systems and methods. Through
your efforts the proceedings of this meeting will serve as a source of knowledge, yet
to be determined, by current and future researchers. I view the proceedings as a master
plan for research activities in masonry in the areas of analysis, connections, mathemat-—
ical models, elastic and limit behavior, design code provisions, design criteria, standards
of materials and tests, and, that very important area of rehabilitation and retrofit of

existing buildings.



As the results of this research program are generated and utilized by educators,
regulatory agencies, and model code organizations, you will realize the ultimate benefit
of your endeavors. These results will be brought to fruition by the safety and economy

of masonry construction.

I take this opportunity to thank all of you for your participation and to wish you

a most successful workshop.



INTRODUCTION TO THE WORKSHOP
Charles Culver
Program Manager, Disaster Mitigation
National Bureau of Standards

Good morping. On behalf of the Natiomal Bureau of Standards, I would like to welcome

you to the National Workshop on Earthquake Resistant Masonry Construction.

Earthquakes have been in the news quite a bit lately. Recent destructive earthquakes
in Guatemala, China, Italy and the Philippines caused considerable loss of life and
reinforced the need to improve the built environment to withstand these natural hazards.
The "Palmdale Buige" in Southern California and earthquake prediction activities have
created increased public awareness of the problem. The Congress has taken action; bills
were recently introduced in the House and Senate, hearings have been held and Federal
legislation appears imminent. The legislation recognizes the national scope of the
problem and the important role of earthquake resisitant design. This workshop is therefore

very timely.

You may ask, "Why devote an entire workshop to one construction material?" There
have been many conferences devoted to earthquakes. These ranged from sessions devoted
to research, to general discussions of problems associated with earthquakes and earthquake
resistant design. They produced numerous recommendations for action. In view of the
extensive use of masonry construction in the United States, the numerous research and
development efforts devoted to masonry currently underway, and broad-based input required
for a coordinated approach to develop earthquake resistant design procedures, the need

for this workshop was apparent.

We carefully selected the participants to achieve a2 balanced viewpoint - six Federal
agencies in addition to the National Science Foundation and the National Bureau of
Standards are participating (HUD, GSA, HEW, Dept. of Army, Dept. of the Navy, Air Force).
The three model codes are represented, State and local building officials from California,
Arizona, Missourl, Michigan and Tennessee are here. University researchers working on
masonry research with NSF funding are also attending. Hopefully, this will lead to some

lively discussion.



Our sponsor, The National Science Foundation, looks to this workshop as a means for
establishing a program plan for funding needed research. They anticipate similar workshops.
Planning is already underway for a workshop on erthquake resistant design of concrete
structures. We see additional benefits from this undertaking. Two of our workshop speakers
will provide a perspective view of masonry construction in the U.S. today. The research
presentations will summarize ongoing activities. The sessions will also provide a forum
for those involved in masonry construction programs and those‘concerned with building regula-
tions to identify pressing everyday problems. This interchange of ideas in itself should be

very helpful.

Perhaps more important, however, the second half of the workshop provides an opportunity
for all of us to work together in developing recommendations for the course of future
actions in this area. These recommendations, together with the papers presented at the
workshop will be published by the National Bureau of Standards. This report will be useful
for program planning purposes at the Federal level, for planning new research and for stimu—

lating implementation of improved building practices as they are developed.

It was not by accident that we titled these sessions a "Workshop" rather than a
conference. The program was structured to provide considerable time for small working
groups to address the problems of code requirements, design criteria, mathematical models,
test standardization and material properties, and rehabilitation for masonry comnstruction
and develop the recommendations. In order to provide everyone the opportunity to contribute
to each topic and to attempt to achieve a consensus on all the topics, general sessions
involving all the participants have been scheduled to review the individual committee re-

commendations prior to publication of the workshop proceedings.

The committees have much to do. Their success depends on your efforts. I was involved
in a similar workshop here in Boulder several years ago and the committees worked well beyond
midnight to develop their recommendations. I believe the success of that effort was dug

in large part to this conscientious participation.



We look forward to working with you this week and the opportunity this workshop provides
for achieving sigrificant progress in. the design-and construction of earthquake resistant” "
masonry structures. The session this morning is concerned with an overview of our topic.

The two speakers from the masonry industry will provide a perspective on concrete and brick
masonry construction in the United States. This will be followed by a presentation dealing

with the scope of needed research.






1. PRESENTATIONS AND DISCUSSIONS
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A PERSPECTIVE VIEW:
BRICK MASONRY CONSTRUCTION IN THE U.S.A.

Alan H. Yorkdale

Director, Engineering and Research
Brick Lnstitute of America

I. Introduction
First, on behalf of the Brick Industry, let me say how very pleased
we are that the NBS and NSF are holding this workshop, 1 am honored to be
asked to participate, I believe we have an opportunity to prepare the road
map that will guide masonry research and development for many years to come.
We are looking forward with a great deal of anticipation to the next
four days, and also to the document that will result from your participation.
Now, as to my own contribution to this effort, T was assigned the title
"A Perspective View of Brick Masonry Construction”. I interpreted this to
mean "Where Are We Now', so that we can go forward from here, As a consequence,
I have gathered considerable data and statistics that have not yvet been made
into illustratioms.
I will therefore only touch on some of the highlights.

II. The Brick Industry

The Brick Industry is rather small by comparison to some others in the
building industry, Historically, it is made up primarily of relatively small
family-owned operations. This is now changing to fewer, larger and publicly-
owned corporations,

For example, in the early thirties, it is reported that there were
approximately 1200 brick plants and 1000 companies in the United States, Now
there are approximately 400 plants owned by approximately 300 companies,

It is important to note, however, that the capacity has remained very

nearly the same, about 12 billion Standard Brick Equivalents per year.

Precediné ilaée blank



Since 1949, the level of production has risen from about 5,5 billion to
epproximately 9.0 billion SBE, with the highest year in that span being 1973,
The dollar volume of the Brick Industry has ranged, during the same period,
from $129 million in 1949 to about $451 million in 1973.

Incidentally, of these totals the Brick Institute of America represents
approximately one~third of the number of companies, but zbout two-thirds of
the productioun.

These numbers are of little value, however, until they are related to
construction values.

For example, it was estimated by the Arthur D. Little organization, in
a 1972 study of the Brick Industry, thar the cost of brick accounted for only
about 16 percent of the cost of the construction in 1970, By extrapolation
then, brick masonry put in place represented approximately $1.8 billion,

This is not too far off, as the U.S, Department of Commerce's “1967 Census
of the Construction Industry" estimated the total value of all masonry as
$2,142 billion, or more than 5 percent of the total of building construction,
The 1972 census figures are out now, but I was not able to get the report
in time for this meeting.

So much for the size of the industry.

III. Where is Brick Used?

Again using data from the 1972 Arthur D. Little report, buildings or uses
of brick were broken down into (7) seven categories as follows:

1. Commercial Commodity

2. Prestige

3. Institutional

4, Miscellaneous Buildings

5. Single-Family Housing

6, Multi-Family Housing

7, Non-Building (chimneys, fireplaces, paving, etc.)
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The distribution of brick use in these categories is as follows:

For the entire United States —

1, Commercial 12%
2, Prestige 1%
3, Instituticnal 11%
4, Miscellaneous 2%
5. Single-Family Housing 34%
6. Multi-Family Housing 27%
7. MNon-Building 13%

A better grouping for our purposes might be:
1. Commercial~Institutional 26%
2. Housing 61%
3. Non-Building 13%
Naturally, these figures vary on a regional basis. TFor example:

In the New England States, the Commercial-Institutional represents 38%

In the South Atlantic States, the Housing represents 73%

In the Pacific States, the Non-Building represents 60%

It is apparent that the primary structural (loadbearing) use of masonry is
in Multi~Family Housing, Hotels, Motels, Dorms., etc. Knowledgeable people
estimate that about 307% of this grouping is structural brick masonry, and about
half of that is in combination with concrete block masonry.

IV. Masonry Design

As we are all aware, building with masonry dates back into prehistory,
according to some, for 10,000 years. Even up to the beginning of thig century
the "Master Bullder Architect" knew intuitively how to "design" with brick
masonry. He used rules-of-thumb and empirical methods that were developed
from experience over the previous thousands of years. He knew how high, thick,

etc., he could build a brick wall.
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It should be remembered that we haven't progressed very far from that era,
Even our early building codes and so-called "Desipgn Standards' were merely a
formalization, or writing-down, of the o0ld rules=-of~thumb,

The masonry industry is really quite young in the field of "rational design",
The first complete rational design procedure in the United States only dates back
to 1966, and it was, and still is, working stress design,

The Design Procedures that are currently in use for masonry are:

1, ANSI A41,1-1953 (R 1972) for all masonry products — unreinforced
and totally empirical.

2, ANST A41,2-1960 (R 1972) for all masonry products — reinforced,
partially rational, mostly empirical,

3. UBC Chapter 24-1976, for all masonry materials — reinforced and
non-reinforced, some rational but hampered by a great deal
of empirical requirements.

4. DoD Tri-Service Manual, for all masonry materials — reinforced and
non-reinforced, some rational design but alsc hampered by a lot of

empirical requirements.

5. BIA Design Standard, for brick only -~ reinforced and non-reinforced,
mostly rational but only working stress design.

In addition there are, of course, others that are combinations of the above,
and they have their limitations also,
There are other design standards now in the development stages. Among
these are:
1. The ATGC+3 Document (all masonry)
2. BIA/NCMA (compﬁsite masonry)
3. ACI 531 (concrete masonry and composites)
4. BIA (hollow brick)
The problem is few of these address the question of seismic design, exzcept
through the use of empirical requirements.
V. Risk Maps
Which leads me to the subject of Risk Maps. I am aware that this is probably
not within the purview of this workshop, but if we are to really do any good here,

we need Rational Risk Maps,
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We would be hard put, as engineers, to explailn to an owner about to build
a structure that — Charleston, South Carolina is identical to Los Angeles,
California, or that Bostom is just like San Francisco.

And pity the poor man in Memphis who, by the stroke of a pen, must begin
to design his building for an earthquake that, according to some, will mot
occur again for over a thousand years.

I believe that we should demeand more rationale in preparing these so-called
"Rigk Maps".

VI. Seismic Performance

Because of the problems experienced with unreinforced, lime mortar masonry
in the early U.S. earthquakes of 1906 in San Francisco, 1933 in southern California
and others, masonry construction received a lot of unfavorable attention in the
western part of the U.8, It was primarily due to this experience and performance,
plus the lack of forthcoming rational deslign information, that seismic design
of masonry was and is now almost entirely empirical,

Rational design procedures based on structural performance research are a
relatively recent development in the masonry industry, with the first U.S, Standard
adopted in 1966. Consequently, seismic performance experience is almost non-existent
for this type of structural masonry, However, there have been some modern rationally
designed brick masonry structures that have experienced seismic events of some
magnitude., Failures and damage have occured primarily where poor construction
practices and/or poor design were involved. Where good construction practices
and good design procedures were followed, the buildings performed very well.

Reports from the two most recent severe seismic events, the Alaska quake and
the 1971 San Fernmando quake, support these findings.

An example of & brick masonry bullding that has been subjected to strong
seismic actions and activity and has performed quite well is the Veterans

Administration Hospital, Sepulveda, California.
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Other structural brick masonry buildings built in seismic zones and
subjected to somewhat smaller seismic events have also suffered no damage.
Among these are:

1, Park Mayfair East, Denver, Colorado, Architects — Andersons and
Loome, AIA; Engineers — Sallada and Hanson, (This building has been
subjected to several minor and moderate seismic disturbances in the
Denver, Colorado area without suffering so much as cracked plaster.)
{(Figure 1).

2. Married Student Housing, Montana State University, Bozeman, Montana.
Architect — McIver and Hess, AIAj; Structural Engineer — Sallada and
Hansoun,

3. Senior Citizens Apartmentg, London, Ontario, Canada, Architect —
Hagerty, Buist, Breivik and Milics; Structural Engineer — B, A. Hastings.

4. Augustana College Dormitories, Sioux Falls, South Dakota, Architect/
Engineers — the Spitznagel Partners, Inc,

5. Library-Classroom Building, Eastern Montana College, Billings, Montana,
Architect — Cushing, Terrell and Associates; Engineer — Wilbur J,
Bennington,.

6., Park Lane Towers, Denver, Colorado, Architect — Joseph T, Wilson
Associates, ATA; Structural Engineers — Sallada and Hanson and
Asgociates,

7. Housing for the Elderly, St, Paul, Minnesota. Architect — Brooks Cavin;
Structural Engineer -~ Frank Horner Company,.

Under the current building code requirements and design procedures, structural
and non-structural masonry in zones two and above are required to be "reimforced”.
For the purpose of the code “reinforced masonry" is arbitrarily defined as

masonry ... in which reinforcement is embedded as required in such a manmer
that the two materials shall act together in résisting forces., The winimum
area of steel shall be not less than 0.002 times the cross-sectional area of
the wall, but with not more than two thirds of the steel te be used in either
direction., The maximum spacing of the principal reinforcement in general shall
not be more than six times the wall thickness and no more than 48 inches',
Although more advanced analysis techniques, including dynamic structural

analysis, are available and applied to other structural materials (steel and

14



Figure 1 Park Mayfair East Apartments, Denver, Colorade under
construction: 17-story, ll-in., reinforced, brick

bearing wall, building.
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concrete), their application to brick masounry structures has been limited due
to the lack of understanding of the behavior of brick masonry structural systems
under dynamic exitation,

As previously stated, it is believed by many engineers that the seismic
design requirements for masonry now contained in most building codes and
standards are quite restrictive and very conservative, Many feel that masonry
design technology has not progressed sufficiently to change the requirements.
Because of this, masonry design is precluded from the use of most of the newer
analysis techniques,

Because of the lack of knowledge, and the need to improve the seismic
design requirements for masonry, considerable research is now underway or
proposed in this field. Much of this research is sponsored either partially
or wholly by the various segments of the masonry industry; materials, labor,
and contracting. Some of the research is sponsored by the National Science
Foundation, and some is sponscred by various federal government agencies.

As the results of this research are exafined and digested by the engineering
profession, it is anticipated that the techmology for seismic design of masonry
will inevitably become more rational in both concept and application.

VII. Conclusion
In conclusion, as T see it, we have a lot to do in these next few days.

I loock forward to working with you all,
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A PERSPECTIVE VIEW:
CONCRETE MASONRY CONSTRUCTION IN THE U.S.A.

Thomas B. Redmond
Director of Technical Services
National Concrete Masonry Association

INTRODUCTION

To obtain a perspective view of Concrete Masonry Construction in
the United States, it would be well for us to briefly review the
development of the concrete masonry industry, then cover the products
and applications of today and then look into the types of products
and applications that are expected for the future. Further, recog-
nizing that our purpose this week is to develop a workshop recom-
mendation on the research needed to further develop the structural
considerations in our codes, particularly as they relate to earthquake
resistance, we should also keep in mind developments which effect
the non-structural properties of concrete masonry, If we do not
keep in mind the properties of thermal resistance, fire resistance,
sound transmission loss and weather resistance, we may end up
working on structural research and code development that has no prac-
tical value. My purpose then is to provide background on the con-
crete masonry industry and review product and design considerations

that will effect its future growth.
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DEVELOPMENT OF THE INDUSTRY

Early attempts at producing a precast bujlding block in America
took place in the 12th Centrury using powdered quick lime and moist
sand molded by pressure into a block. The natural heat generated
formed a silicate of lime which held the material together. The
blocks were solid, oversized, very heavy and exceedingly hard to
handle. During the 1800's there followed a series of patents rela-
tive to the molding of hollow building block in wooden or iron molds.

The first real advancement came with the development of a hand
tamp block machine patented by Harmon S. Parmer in 1900. The
machine had removable cores and adjustable sides but still produced
a hollow block so large it had to be set with the aid of a hand
cranked derrick. Shortly thereafter additional machines were pro-
duced with which & three man crew could turn out 200 &x8x24™ blocks
in a ten hour day. Men from all walks of 1ife rushed into the business
which required only 100 dollars in capital investment and a backyard
shed. By 1905, 1,500 companies in the U. 5. were manufacturing
concrete block and selling them at a price very close to what it
was in 1970.

However, today the typical investment required is a million
dollars but a three man plant crew can produce 15,000 blocks in the
same ten hour day.

Concrete block producers were the first to produce lightweight
aggregate concrete on a commercial scale. Approval for the use of
c¢inderblock in the borough of the Bronx, New York came in 1900.

This was also the start of our 67 year history in recycling of waste
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materials. The use of the steam boiler cinders produced a block that
was lighter, nailable and which had an improved fire resistance. By
1917 a patent had been issued to cover the manufacture of lightweight
aggregates from clay and shale.

During the early periocd of materials, machine and product develop-
ment, the industry was loosely organized with a relatively small per-
centage of the producers belonging to the National Concrete Products
Association. The National Concrete Masonry Association was formed in
1929 (formal adoption of the name came in 1934). This came about
primarily since the 1928 peak in construction had already started its
decline before the 1929 crash. By 1933 construction activity was only
25 percent of the 1928 level. Throughout the depression years, NCMA
sponsored comprehensive programs of tests at the Underwriters Labora-
tories, the National Bureau of Standards, the University of Wisconsin
and the University of I11inois. Also during this period the PCA
Laboratories fire-tested 215 concrete masonry walls.

During reconstruction, concrete masonry construction grew in
terms of volume and quality. By 1941 production reached the then all-
time high of 500 million 8x8x16" block equivalents. Machines had
become automated and the industry had come of age. Over the 30-year
period of 1943 to 1973 the industry grew from & production of 1/2
billion 8x8x16" block equivalents to 3-3/4 billion 8x8x16" block
equivalents. Our current recession has resulted in a decline in
construction activity and block production,but the figures for the
first half of 1976 indicate the start of a new era of increased

usage of concrete masonry walls.
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THE PRESENT

Many guestions have plagued industry during the past few years.
High interest rates, air and water pollution regulations, the occu-
pational safety and health laws, and the energy crisis, have been at
least partly responsible for the reduction in construction activity.
The block industry as many others has begun to learn to accomodate
these factors and it would be appropriate to review where we stand
now with regard to raw materials, the production process, products
and construction applications.

Availability of Raw Materials

There 1s no shortage of materials necessary for the production

of portland cement. The energy requirement is substantial but it is

less than half that required for raw steel and glass, 1/12 of that

required for plastic resins, and 1/25 that required for primary copper.
It requires 7.25 MM BTU per ton (dry process) of product. However,

this amount becomes less significant when considering that only 1/10
of this amount goes into the energy cost of concrete masonry. With

the use of pozzolans (siliceous and aluminous materials) the amount

becomes even less significant.

Sand and gravel and crushed stone, the normal weight aggregates,

are produced in a quantity of nearly two billjon tons yearly. It is
expected that in six to 15 years there will be shortages of sand and
gravel in deposits close to metropolitan areas. There is no

general shortage anticipated but it is expected that costs of
delivery to block plants will increase.

Expanded shale, clay and slate industry did not really begin

until after the expiration of original patents in 1946. In 1873
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a peak production of twelve millien yards was reached but 1976
production is running at about sixty percent of capacity. These
aggregate prices increased as a result of the Clean Air Act and were
further escalated by the Arab 011 Embargo. The jndustry has the
capacity today of expanding its production without major expenditures
and it is expected that costs will stabilize.

Blast furnace slag is not as widely available as natural aggre-

gates but is obtained from any location where the steel industry is
currently operating.1 Molten slag is processed by three methods:
Air Cooled slag results when the liquid is allowed to cool gradually
in the air.
Expanded 51ag is produced when a limited amount of water is injected
into a stream of the molten slag and,
Granulated Slag is produced when the molten slag is quenched in large
volumes of water.

Expanded stag is ideal for use in concrete masonry units
because of its light weight, high fire resistance rating and thermal
resistance. With national emphasis on energy conservation and recycling,
and with two new techniques for expanding slag, its use is expected to
increase.

Vesicular volcanic materials, such as pumice, scoria, breccia and tuff, are

used as block aggregates. Of these, pumice is the most prominent and
is in abundant supply in the Western United States. Imported pumice
{shipped as ballast) has been used in the Eastern U. S. in recent

years but its future supply is guestionable.

1States: Alabama, California, Colorado, I11inois, Indiana, Kentucky,
Maryland, Mickigan, New York, Ohio, Pennsylvania, Texas, Virginia,
Utah and West Virginia.
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Coal Cinders, 1ike expanded slag,is a by-product material. Both
anthrarite and bitummium coal produce cinders suitable for concrete.
The use of cinders or expanded slag to produce C/M serve the purposes
of

1. Providing a 1ightweight aggregate with 1ittle use of new
energy.

2. Producing a good product from an industrial waste material.

3. Providing increased thermal resistance at low cost.

With new interest in coal as a fuel, it is expected that the
supply of usable c¢inders will increase.

Pozzolans are siliceous and aluminous materials that will react
with the free lime in portland cement concrete to extend the binder
materials. The principle pozzolans for concrete masonry are fly ash
and ground pumice and research has shown that the use of these
materials to replace a portion of the portland cement normally used
in the mix results 1in equal or greater strengths. In the interest
of energy conservation and increased costs, fly ash has grown in usage.

Block Machinery

Most block machines are produced in the United States and in
recent years hundreds have been shipped to countries all over the
world. It is estimated that there are over 2,000 block machines
in the U. S. with an average individual production capacity of about
1,200 8x8x16" equivalent blocks per hour. (New machines produce 1,600
blocks per hour). Most of the block handling operations have been

completely automated.
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Curing of Concrete Masonry

While concrete does not reguire elevated temperatures to cure,
there is the time-temperature relationship which facilitates rapid
production when elevated temperatures are used. During the rapid
growth in use Of concrete masonry during the forties, fifties and
sixties, most plants installed kilns or autoclaves for either
atmospheric or high pressure steam curing. With these methods,most
of the curing could be accomplished within a six to 24 hour period.
The autoclave process alsc resulted in the formation of a different
type binder, (8 monocalcium silicate vs. the di-, and tricalcium
silicates formed with atmospheric steam or normal curing} which
changed some 6f the physical properties of the block. Since the
energy ¢risis, the number of autoclave plants has decreased from
200 in 1973 to about 150 today. It is believed that the autoclave
process will continue to be used in areas where slag and cinder
aggregates are available, for the production of concrete brick
and very high strength block, and where low cost substitutes for
portland cement are available.

Low pressure steam curing, the principal method used by the
industry, does not use much energy. The average total amount of
energy used for L. P. curing and all other operations {includes
distillate fuel oil, natural gas, propane, electricity and gasoline)
included in block production and delivery in 1973 was determined to be
about 310,000 BTU's per ton of block produced., Since the energy
crunch it is estimated that the average is now closer to 250,000
BTU's per ton of block. The advantages of lower curing tempera-
tures (150 vs. 185%F.) with the return to the 24-hour curing cycle

is being considered by most in the industry. The kilns of the

future will probably be held at a temperature range of 120°F. to
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to 150°F so that walls, roof and built-in racks will not be subject

to heat loss between cycles. This procedure will require a greater
kiln capacity for most plants.

Comparable Energy Use

It is common today to consider the long term availability of
building materials, the energy required for production, and the im-
pact on ecotogy. It has already been noted that there is no fore-
seeable end to the supply of aggregates, pozzolans and portland
cement.

It would be of interest here to estimate the energy consumed
in raw material production and delivery to the job of concrete
block. For our estimate the following combination of materials

is considered:
Million Ingredient

Ingredient Weight, Tbs. BTU/ton BTU's-Thousand
Portland Cement 160 7.5 600
Pozzolan 40 0.10 2
Aggregate

{Natural or by-product) 1700 0.10 85
Water _100 Negligible 0

Total 2000 687.0
Raw Materials/ton 687,000
Manufacturing and Delivery of Block/ton 250,000
937,000

Assuming an average block weight of 32# for 8x8x16" equivalent,

Then A11 Energy per Block = 29,281 BTU/Block or 35,400 BTU/sq.ft.
of wall area.

This is much Tess than the energy required to produce a square
foot of wall of glass, gypsum, steel or aluminum.

The ecology benefits are obvious when it is remembered that
many millions of blocks are produced each year using by-product wastes

such as expanded slag, coal cinders and fly ash.
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Today's Products

Products produced today that have been proven for at least the
past ten years include the following catagories:
Standard 4,6,8, 10 and 12 inch block units with fittings.

Standard 6, 8, 10 and 12 inch block units for reinforced concrete
masonry.

Units for veneer, composite and,

Cavity walls such as brick, split block and slump block, (usually
higher strength units).

Architectural units produced for single wythe walls and veneers
such as scored block, split ribbed, profile, block, fluted
block, etc.

High strength (3500 psi net area) and extra high strength (5000
psi or > net area) block for high rise load bearing construction.

Special application units,from high density block for radiation
shielding to patic block and screen block.

The vast majority of this product mix is used for non-loadbearing
applications or loadbearing applications of three stories or less. How-
ever, an ever increasing market potential is for C/M loadbearing struc-
tures from four to 50 stories. It is this application of non-reinforced,
partiaily reinforced and reinforced concrete masonry that requires the
greatest attention indesign. Possible revision of the seismic design
map and a recent concern for progressive collapse is expected to lead
to an increased use of reinforced and partially reinforced masonry.
Consideration of provision for progressive collapse seems less critical
since no high rise masonry building has ever failed in this manner and
it is very difficult to define the parameters for unusual Yoading and
the expected frequency. Even with this lack of definition, the PCA,

BIA, NCMA and masonry designers are working with the Federal Government
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to perform pertinent research in order to improve wall-floor con-
nection details and provide design criteria for continuity through

alternate loading paths.

The NCMA Creep and Shrinkage Study on High Strength Block Wall
Columns loaded to the equivalent of a 50-story building has recently
been completed by PCA. This work provides creep data needed to design
buildings over 20 stories with confidence. fne 50-story building design
was sponsored by NCMA and completed as a Master's thesis in association
with Fazlur Xahn.

Some of the actual high rise reinforced and unreinforced concrete
masonry buildings built over the last ten years are described briefly
in the following Tist:

A 9-Story Travelodge, Harbor Island, San Diego, California

8" Reinforced Concrete Masonry Walls

B - 13-Story Essex House in Ottawa, Ontario (Apt. House)
Non-Reinforced C/M Bearing Walls (23" to 8" Walls)

C - 14-Story Apartment in Honolulu
Threadline {thin joint) Reinforced Concrete Masonry
Bearing Walls

D - 16-Story Cabriilo Square Jdob in Los Angeles, one of
tallest in Earthguake Zone 3

E - 13-Story Holiday Inn in Jefferson City, Missouri
8" Reinforced L. B. Walls — 1966

F - A college dormitory in Southern California (Zone 3)

of 8" Reinforced Bearing Walls designed by Albyn
McIntosh

G - 18 Story Travelodge, Disneyworld, Ortando, Florida

12" Solid, 8" Solid and 8" Hollow L. B. Walls
Threadline Mortar

H - Two 22-Story apartments in the Pittsburgh area designed by
Richard Gensert.
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Figure 1 - Nine-story Travelodge at Harbor Island, San Diego, California.

{8-inch block, reinforced concrete masonry, load-bearing walls)
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Panelized Construction

To date, only a few C/M high rise buildings have been built with pan-
elized construction. There was a surge of interest in panels and
modular construction elements during the days of Romney's, "operation
breakthrough” but this has not developed rapidly. There are perhaps
a dozen producers that are plant-fabricating block panels.

Masonry panels may be fabricated on site or off site, with
machines or with masons, conventional mortar or special mortar, rein-
forced or unreinforced, and with special masonry units specifically
for prefabrication usage, conventional brick and block or composites
of brick and block. The methods can be divided into 5 general categor-
jes which are: hand-laying, casting, special equipment, special units
and special mortars.

The hand-laying method of prefabrication is achieved in the same
manner as conventional in-place masonry, except it is accomplished in
an area removed from the final location of the masonry element.

The casting method of fabrication involves the combining of masonry
units and grout into a prefabricated element similar to precast
concrete. The casting method is performed with the element either in
a vertical or horizontal position which often uses automated equipment.

The special equipment used in prefabrication as practiced today
varies widely. It ranges from simple hand tools to highly sophisticated
automated machinery.

The most recent innovation in manufactured panels involves high
strength steel strapping, surface bonding and urethane foam. Blocks
are semi-automatically placed in running bond on an 8'x 18" Tilt
Table (while horizontal) as they come from the block machine area. The

panel is squared up with steel angle stops and heavy steel strapping is



laced through the the dry stacked panel and drawn tight. Pick up
rods are inserted from the top and threaded into 2-1/2" x 3-1/2"
anchor plates. (Rods are returned to the plant for reuse}. Then
urethane foam is injected into the cores for insulation. The Tilt
Table is then elevated and the panel is picked up and moved to a
four-position carousel for spray application of surface bonding.
Prefabricated unit masonry is & relatively recent entrant in
the construction picture, it has made its presence known. Prefabricated
masonry is not a cure-all nor the ultimate solution to masonry con-
struction. Prefabrication must be recognized for what it is, another
methed for fully utilizing the many good properties of masonry.

Design Codes & Research

Present design criteria provide a large margin of safety with
respect to static vertical loads on loadbearing masonry walls. The
margin of safety provided against an increase in moment without an
increase in vertical loads is not as conservative.

It has been suggested by Dikkers, Mathey and Yokel that wall
capacity can be conservatively predicted by the moment magnifier
method. It is further suggested that a rational design procedure such
as the moment magnifier method, wﬁich includes design variables not
presently considered,would be feasible and desirable in the interest
of both safety and economy.

Some researchers suggest that the two-block prism test produces
high values for assumed value of masonry compressive strength.

The effect of test machine platen restraint is the primary reason
but the negative effect of no end restraint of adjacent masonry for
the prism versus actual wall construction is a strength reduction

factor. Perhaps the use of fiber or gypsum board for capping should

29



be studied. The use of Teflon has been investigated, but its expense
is too great. Greater prism heights should not be considered as most
commercial Tabs could not conduct the test.

The behavior of mortar joints under combined compression and
shear is receiving considerable attention by researchers. Considerable
work is being done with diagonal tensjon tests but mostly with
ungrouted or fully grouted masonry, neither of which is representative
of most reinforced or partially reinforced concrete masonry.

The diagonal tension type racking test can be analysed up to
first cracking and consequently is of interest to the researcher,
code writer and designer.

Shear walls constitute the primary structural element in high
rise masonry buildings. An understanding of their behavior in all
types of floor plans under seismic loading is of prime interest to
this conference. A better understanding should lead to a combination
of greater economy and safety. If economy of design and construction
is not considered,there is not much need to be concerned with safety.
PROBING THE FUTURE

In our thinking of future construction technigues, it may be well
to examine some quotes from the Engineering News Record's Centennial
Issue, "Probing the Future", which is a forecast of the year 2000
and beyond, only 24 years away.

Quote—"Concrete will continue as a mainstay of construction in the
next century and probably increase, proportionately, as wood use declines.
There is no lasting shortage of its components in view except possibly

of good natural aggregates at some locations."
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Quote—{Concrete) “"Strengths of over 60,000 psi may be obtained for
special purposes and strengths of 20,000 psi may be routinely obtained
in production. Tensile strengths of one-half the compressive strength
may also be available."

Quote—"An adhesive polymeric mortar that improves structural proper-
ties of masonry and reduces costs in relation to masonry bonded

with conventional mortars may also be widely used."

Quote—"With refuse incinerators operating at extremely high tempera-
tures, glossy residues similar to fly ash and slag may be produced and
put to use in concrete."

Quote—"New reinforcement materials and techniques that are in experi-
mental stages now will be developed for special uses.™
Quote—"Available strengths {of steel) today are in the 30,000 to
100,000 psi range, far short of the 300,000 psi range that may be
common before the next century. Even at 300,000 psi, steel will have
reached only 10% of the theoretical strength of the material, in the
neighborhoed of 3 million psi."

Most of these predictions do not seem far fetched. A great deal
of work has already been done with organic and organic modified
mortars. Concrete masonry homes have already been built with block
made with glass residue. Steel, glass and other fibers are already
being used for applications such as foundation slabs and surface bonded
masonry. High steel strengths for special applications are now avail-
able. High bond mortar is now being used to some extent.

There is a growing international mood that, "the city has lost
its human qualities, It is overcrowded, noisy, and crime-ridden;

most important, not enough attention has been paid to human scale and

dimensions". For example, this mood has brought about the recent
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rebirth of the use of pavers for streets, sidewalks, roads, play
areas, and malls in Europe. It is now a potential for an impressive
amount of construction in the United States. In the past vear about
ten U. S. block producers have started to manufacture pavers and

the machinery manufacturers report orders for molds from another 20
block plants.

Interlocking paving stones were not new even 2,000 years ago,
when the ancient Romans used them to pave their roads. Surviving
numerous earthquakes, many of these roads still exist today. It
would appear that people all over the world are tired of the vast
ribbons of unrelieved concrete and asphalt that disect their cities.
Urban planners are looking for something with more human warmth and
scale and masonry walls and masonry pavers are such materials. The
pavers are designed as a flexible system but should failure occur
in earthquakes, the units can be easily replaced over the repairsd
road beds.

Structural Design Will Be Affected By Energy Standards

A major consideration that will have greater effect on the design
of building envelope walls is thermal transmittance. If holiow block
walls are fully grouted they cannot be insulated as economically as if
Joint reinforcement were used for horizontal steel and vertical steel
was extended to its maximum feasible spacing.

Regarding the developing codes on energy, we can only hope that
reason and technical accuracy will prevail. Today there are some
prescriptive standards which dictate a U-Value of 0.10 BTU/ftz/oF.
This is. an ineffective approach and has no significant bearing
on energy conservation. If U-Values must be used in a prescriptive

manner, we should learn from the European countries who have
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experienced high prices and shortages of fuel long before us. In
many of these countries where prescriptive standards are used, they
have settled on a U-Yalue of 1.0 (mwetric) for masonry which converts
to 0.176 in English units. This is a more reasonable and cost effec-
tive value for masonry which provides the extra benefits of thermal
inertia or capacity insulation., The Italians have related their
standards to the real 1ife interaction of resistance and capacity
insulation.

The Italian U-Values are related to wall weight (as a measure of

heat storage capacity) and when converted to English units are;

{Sample)

Wall Weight U Construction
Ib/cu.ft. Value Type

4 0.09 Frame (wood or metal)

10 0.125

20 0.165

40 0.22 8-in block

60 0.276 8-in block, reinforced

80 or > 0.286 12-in block, reinforced

Exciting prospects for more realistic methods of computing energy
required for heating and cooling are presented in two important papers.
Dr. Francisco Arumi, University of Texas, in a paper, "Thermal Inertia
in Architectural Walls" has presented a practical method of integrating
the effects of thermal inertia and thermal transmittance. The paper
points out how walls with low insulating values and high thermal inertia
may perform as well as walls with high insulating values and Tow
thermal inertia. The paper was a joint project of ERDA and NCMA.

In another paper, "Comfort Range Thermal Storage" by Dr. A. L. Berlad,
et al, researched under contract for the U. S. Energy Research and
Development Administration, (to be presented at 1976 ASME Annual
Meeting), it is pointed out that "Ordinary Masonry or Phase Change
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Masonrz(PCM) structures can be space conditioned in the comfort range

at substantially lower cost than an equally well insulated frame struc-

ture if the masonry or PCM Structure is insulated exterior to its high

mass structural elements.” Phase Change Masonry are concrete block
that have phase change materials incorporated into the block mix. The
paper points out that gypsum board cannot be usefully charged for more
than a few minutes while masonry c¢an be usefully charged/discharged
over a period of hours. Masonry offers the important potential
savings to be derived from the use of low cost off-peak electrical
energy and the only real hope for reasonable initial cost solar heat
systems.

Why talk about thermal when seismic design is the subject? The
exterior wall must often serve both structural and shelter functions.
it is important to be aware of trends in products and walls in
planning future structural research. With that in mind these are trends
that should be considered:

A - Lightweight block are generally more expensive than dense
agqgregate block and will therefore be used principally on
exterior walls where their resistance and capacity insula-
tion can be used most effectively,

B -~ Dense aggregate block will be used for separation and corri-
dor walls except where 4-hour rated walls are required.

€ - It will be desirable to insulate cavity walls in the cavity,
rather than on the interior, from the standpoint of using
thermal inertia to its fullest potential.

D - New Shapes of Block for single wythe walls developed to
accommodate reinforcing and at the same time increase
thermal resistance.

E - For residential construction, new shapes are being developed.
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They will accommodate low-cost iﬁsu]atiOn, accomnodate reinforcing,
reduce cost of electrical installation, accommodate plumbing, and
increase weather resistance.

There is a good possibility that masonry will be reconsidered for
more non-Tcadbearing interijor partition walls. Another strong
possibiiity is that even office buildings will be designed with
permanent masonry loadbearing division walls. The reasons for this
are: (a) Studies have shown that most temporary walls are not moved
and, (b) Interior masonry walls provide sufficijent thermal storage
capacity to permit the use of off-peak power for heating and cooling,

Research Recommendations

With these considerations or restraints in mind, it is recommended
that the foTllowing areas of structural research be given consideration.
Masonry walis are multifunctional building elements capable of sustain-
ing high load, reducing energy consumption, providing fire resistance
and Tow sound transmission,

1. It is important to consider at least three strength levels

for the brick., block, mortar, grout and steel in research
evaluating the performance of reinforced and partially
reinforced masonry,

2. It is important to develop the prism test as a job site check
of masonry units and mortar and to determine allowable
stresses for designers. Recognition of commercial labora-
tory capabilities should be considered.

3. It is important to consider new masonry wall systems for
structural research.

4. A variety of floor systems should be considered in research

work evaluating their interaction with masonry walls.
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The use of joint reinforcement to satisfy horizontal steel
requirements should be studied. Investigation should in-
clude the considerations of using joint reinforcing for the
non-principal stresses associated with shrinkage cracking

and creep.

The interaction and compatibility of the block-mortar-grout-
rebar composite of reinforced concrete masonry construction,
investigation should cover consideration involving strain
compatibility and stress transfer between reinforcing steel,
dense-, and lightweight grout and block/mortar entities.

The quality control of materials and quality assurance

testing to determine allowable stresses for proper engineering
designs. It is imperative that the proper testing procedures
are adequately performed in accordance with uniform procedures
adopted by ASTM.

Concerning new systems or methods of construction, for concrete
masonry structures, additional research into the areas of sur-
face bonded construction needs in-depth research similar to
that maintained in (6.) above. Also, the use of prefabricated
paneis and the interaction of such panels used as infilling in
structural frameworks is quite fmportant. Research has been
performed to date relative to infills and frame interaction,
but no simplified method for frame design using this additional
load resisting capability has been formulated.

Additional research is needed on design and construction
details to deveiop continuity between walls and floor and

to aliow complete structural integrity for both static

and dynamic load effects.
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10.

11.

2.

13.

Damping and ductility coefficients for masonry structures
should be researched.

Stiffness coefficients and a rational method of computing
masonry building periods should be determined and verified
with measurements on actual structures.

New construction methods for resisting overturning due to
seismic loads should be analyzed, such as post-tensioning
masonry structures.

Additional studies are needed to determine what is rein-
forced masonry. What is the ratjonale behind the maximum

spacing of 4 ft.?
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EARTHQUAKE RESISTANT MASONRY CONSTRUCTION:
A PERSPECTIVE VIEW OF NEEDED RESEARCH

Robert A. Crist¥®
National Bureau of Standards

Abstract

An overview of the areas of research needed for improved engineering design of
earthquake resistant masonry construction is given and followed by a presentation of
the information in the form of a 3-dimensional matrix model. The elements of the matrix
representing areas of research and their coordinate intersections (combinations) are
used to develop the structuring of a workshop in which 5 major areas of consideration
are shown to emerge. These 5 categories of: design criteria; standardized tests for
material properties; mathematical models; rehabilitation and retrofit; and code require-
ents; together with respective task statements are each described, in order to organize

corresponding workshop groups for accomplishment of the tasks. In conclusion, an order
of assigning priorities to needed research is established.

Key Words: Building codes and standards; design criteria; earthquake resistance; limit
states design; masoury construction; materials testing standardization; mathematical
models; rehabilitation; retrofit; seismic design; structural design; structural research.
It is appropriate at this time to provide some background of the creation of this
workshop. The National Bureau of Standards has been involved for several years in a
cooperative program with the masonry industry, federal agencies, and with its own effort
in a modest program but none the less one that has begun to provide technical information
to identify needed research. Industry was represented through the trade organizatiomns
of the National Concrete Masonry Association, the Brick Institute of America, and the
Masonry Institute of America. The government agencies involved were represented through
the Tri-Services Committee comprised of delegates from the Office of the Chief of
Engineers, the Naval Facilities Engineering Command and Headquarters, United States Air
Force. The NBS cooperative program has had primarily two areas of study: the identi-
fication of research needs and the resistance of plain masonry to seismic loads. In
the research program the effort has been primarily aimed at failure hypotheses (and
their experimental verification) for plain masonry construction involving both grouted
and ungrouted concrete and clay masonry systems. Also involved in the research portion
was a program of standardization of tests for determining material properties of masonry

systems. This research will be presented by Dr. Fattal in this workshop.

*Chief of Structures Section, Center for Building Technology, IAT
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The workshop, in its format, stems from the identification of research needs by

the NBS cooperative program.

The design of structures to resist earthquake loads will have to be considered
for almost the entire United States as indicated by the 1976 Uniform Building Code.
Even more demonstrative of the seismic risks in the United States is the preliminary
seismic map by Algermissen and Perkins (fige. 1). This map is continually going through
consensus processes and 1s considered in one form or another to be a source of information
for seismic requirements. Thus it is not hard to conclude that seismic resistance

of masonry construction is going to be required to be well defined in the future.

it was, therefore, necessary to identify a planning model that could be used to
establish the research needs and thus supply some rationale to the chaos of research
requirements that are currently being discussed. The model presented is a first trial
and, hopefully, by the end of the workshop this model will have served as a starting
point for an improved one resulting in recommendations from the workshop., To visualize
this model a three dimensional coordinate system (matrix) was created and represented
by the rectangular solid shown in figure 2. Each plane or coordinate axis represents
one of the following: construction classification; masonry assemblages; and implement-
ation and application categories. Figure 3 shows the details of the construction classi-
fication axis which consists of nine elements contained in three groups: constituent
materials, presence of reinforcement, and details defining constituent materials.
Figure % shows the masonry assemblages axis. The seven items are listed in a priority
order stemming from discussions and a consensus ewmanating from the NBS cooperative
program. Again, it is hoped that by this workshop, terminology and prioritizationm can be
further improved to give research guidance. The last axis, implementation and application,
contains six items (fig. 5). These are not listed in priority order. However, they are
considered to be (at least as a first trial) the major categories to be considered.
This workshop was organized to provide three areas of interactiom: (1) presentation
of technical subjects; (2) discussion of these subjects; (3) formulation of working
groups to produce workshop recommendations for research planning. The last item -
working groups — was determined from the implementation and application axis of the model.

Five working groups were organized for the workshop: design criteria; test standardiz-
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ation and material properties; mathematical models; retrofit and repair; and

code requirements. These are five of the six categories listed on the implementation
axis (fig. 5). A working group on design details has been omitted as it was thought

to be inappropriate for this workshop in view of the short time that we have to produce
recommendations. MNevertheless, future recommendations must follow in this important ares
concerning design details (such as effective anchorage and connections) and hopefully

will follow as an outgrowth of this workshop's action.

We should pause for a moment to consider some of the data on this model. The
matrix model provides only minimum, or average, rather than maximum considerations
and, of course, it is mot exhaustive. Thus it is not unreasonable to assume that
there could be more than 1000 intersections in the matrix model if all variables were
considered. This demonstrates the need for a consensus regarding priority of the
parameters leading to intersectioms in the model that can be considered within the time
and funding available., It is obvious that we cannot handle the more than 1000 inter-
sections and still arrive at reasonable solutions to our problems in a time which is

responsive.

To compound this problem of the multitude of identified intersections in the matrix
model, there are also the great number of codes being used to regulate the masonry
contruction industry. The following questions arise: 'Which of these codes are presently
usable resources?” "How can new standards feed into the present code system without
proliferating the already confusing code situation?" and "What new research needs to be
done to fill in the gaps?" These questions should be addressed in the working group

deliberations of this workshop.

In order to organize the working groups and give a better understanding of whar is

intended in the charge given to each working group, they will be described separately.

Working Group l. Code Requirements

Work Statement — From an assessment of deficiencies in code and standard requirements
for earthquake resistant masonry construction, recommend needed research to alleviate
these deficiencies. In addition, this committee should recommend revisions of codes

and standards that they feel would foster improvement. Another element of this working
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group's output should be the assessment of how the results of research are incorporated

into codes and standards, and recommendations for improving the process.

This is the largest problem area of all among the working groups, and it is the
assimilation point for implementation of all research. Considered here, also, should be
coordination of formal masonry committees in the American National Standards Imstitute,

the American Concrete Institute, and the American Society of Civil Engineers.

Working Group 2. Design Criteria

Work Statement - Assimilate and synthesize available information and knowledge to make
recommendations for needed research to develop advanced design criteria; for instance,

limit states design approaches.

As limit states design begins to dominate us in future codes and standards,
we need to evolve into more modern analysis and design approaches, Also, we should be
careful, in this area, not to assume that seismic design would control the design of all
masonry structures; there are other loads or implied loads that may control. These
could be, for example, out-of-plane wind loading or in-plane shear forces created by

differential settlement.

Working Group 3. Mathematical Models

Work Statement — Based on the assessment of current and past masonry research, recommend
needed research to develop analytical procedures, and models to design simple elements
and whole buildings. Also provide recommendations on the use of mathematical models

as a research tool and identify the needed research to create simplified analytical

models that designers can use without the aid of computers.

Two classes of mathematical models should be considered: simple, accurate models
which the designer can apply easily but which are derived from more complex, analytical
models and which can be verified by those analytical procedures; and complex models
which would necessarily be provided in their entirety for the larger and more elaborate

structures.
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Working Group 4. Test Standardization and Material Properties

Work Statement -~ Assess current masonry test procedures. Formulate recommendations for
needed research for the development of tests of relatively small specimens to provide
information on material properties such as stiffness, shear strength, and splitting

strength which are critical in earthquake resistant masonry design. These standardized

tests should fulfill a function similar to that of "prism tests" for determining masonry
compressive strength and flexural bond strength (ASTM Designation E447 and E518),

and should also be capable of: (1) determining the material properties of various

types of masonry construction; (2) providing data for the study of the effects éf
variables such as the strength of masonry units, the initial rate of absorption of bricek,

and the various mixes of mortar and grout on the constitutive properties of masonry;

(3) providing effective construction quality control.

It should be remembered that standardized tests have to be useful to a broad range of
people: the contractor, the inspector (compliance official), the designer/engineer,
and the materials supplier or manufacturer. The tests should also be designed to allow
the timely completion of a structure. Early strength characteristics and corresponding
‘quality control tests need to be considered, as well as variability allowances inm

quality control.

Working Group 5. Retrofit and Repair

Work Statement - Assess currént methods of repairing bBuildings that have sustaiped
earthquake damage and recommend needed research to develop new methoeds of restoring
such buildings. In addition, make recommendations for methodology of evaluating and

retrofitting existing buildings.

This area is especially important for post-disaster repair and for retro-
fitting of structures in areas where code revisions have made necessary the upgrading

of existing structural systems.

As with any planning model we have to remain flexible, seek the highest level of
resources, and iterate the model until it and the answers sought become compatible.
A format for the workshop has been created under which we can begin operating through

the working groups. As discussions proceed and problems emerge, undoubtedly modifications
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to these work statements will occur which will produce what is sought from the workshop -

a consensus of needed research for improved seismic resistance of masonry construction.

In closing, there is one area that has to be addressed on all coordinate axes of
the research needs planning model: 'Which problems need immediate response and solution,
and which can be permitted long range research?" This implies the need to establish
priorities for research programs. Immediate research programs should supply specific
answers to expedite the improvement of design, comstruction and gquality control within
the pericd of one to two years. Long range research programs should provide for inno-

vation, new design concepts, and new materials in the period of two to ten years.

In striving for its objectives, the workshop can be instrumental in bringing about
an effective, coordinated approach in future research which will be continually
responsive to the current pressing needs of improvea design for earthquake resistant

masonry construction.
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DISCUSSION
* %k & %

Culver, Session Chairman; National Bureau of Standards:
Both our speakers this morning raised a number of points that perhaps stimulated some
questions in your mind. At this point I would like to open the discussion to questions

you might have of the speakers or anything they said that you might want to comment om.

Let's be as informal as possible.

Mayes, University of California, Berkeley:

Just a suggestion with respect to the first two Working Groups: From my background I
don't think there is sufficient information available right now so that we can split
those two into two separate Working Groups. We are looking at both groups to develop in-
formation for earthquake resistant masonry construction, recommending needed research to
alleviate the deficiencies, one with respect to code requirements and the other with res-
pect to design criteria. It seems to me that those two are extremely interrelated and I
think you would find the two groups going pretty much along the same path. I would re-

commend that we combined those two.

Culver:

We have a number of practicing professionals in the audience, and we have a number of
regulatory officials. Would anyone care to comment on that? I think, based on our
past experience at a workshop, one of the reasons we wanted to get together after we
break up into the working groups is to deal with just the problem you mentioned.
I think you're going to find when you get into these working groups that they start off
rather slowly and that vou're working with a small group of people. You will find out
when you come back the next day that some of the things you were talking about, the other
group was also talking about; maybe along a different vein, but in some cases there was
duplication.

We found, for example, at a previous workshop we held, that maybe 10 percent of the
specific recommendations that were made were duplicative; two or three groups had made
the same recommendation. This is again another reason why we want to go through an itera-

tive cycle. After the workshop is over we plan to send all of you the sum total of the
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recommendations so that you can see whether one says essentially the same thing as an-—

other only in different language. You bring up a good point, Ron [Mayes). It's something that

we may want to consider. We will get into a discussion of,the particular Working Groups
tomorrow afternoon after the "formal" presentations are over. So, vou all might want to

consider the point that Ron brought up.

Noland, Atkinson-Noland and Associates:

With respect to your comment, Ron, I think it depends on what you philosophically
expect out of a code. We struggled with this point in the recent rewrite of the Denver
code and the gquestion is, "How much criteria do you build into a code, or is a criterion
a criterion?"

I personally feel that the code should contain the requirements. The design criteria,
perhaps are the body of information that allows you to meet those requirements. Most of
the present codes do contain a lot of design criteria and I'm not sure this is quite

right,

Clough, University of California, Berkeley:

I wanted to ask Mr. Yorkdale a question about his presentation. The point was brought
up several times that he was seeking a rational approach to developing codes and design
criteria; and at the same time, he kept indicating that when the earthquake requirements
came in, this apparently made it impossible to retain the rational approach to adopt a
empirical approach. I was wondering if you could go into some detail on why the seismic

criteria require that they drop & rational approach and adopt the empirical approach.

Yorkdale, Brick Institute of America:

Professor, I don't necessarily think that it is required. I think that this has been
a method that has been used because of our ignorance of the behavior of the material. I
think that we have written a great deal of construction requirements into the design
standards which I disagree with, philesophically at least. I think that this has been a
way to assure ourselves that the buildings are going to perform as we wish them to. 1

don't necessarily think that it is required or necessary. T believe that it has been a
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way to get the job done with a lack of information at the present time. I don't think

that it is inherent.

Clough:
What specific features of the code are established essentially by the empirical and
what kind of data are needed, or techniques would be needed to be developed, in order to

make those more rational?

Yorkdale:

Very quickly, off the top of my head, the first one I can think of would be the
requirements for the area of steel. As Bob [Crist] mentioned a few minutes ago, it seems
to me that if we knew more about the behavior of the material and certain other configura-
tions, perhaps of steel or steel reinforcing, that we could get away from the minimum
requirements for steel such as maximum spacing, etc., that preclude the design. You end
up checking the stresses agalnst what is required by the code rather than designing the

structure. (That is the first example I can think of off the top of my head.)

Noland:

Bob [Crist], it seems that one key ingredient in the whole process that has been
giving fits, around this area at least, is quality control practices and how you control,
to some extent at least, what is going on in the field so that the engineer can have
a fair level of confidence that what is being built is what he designed. Do you think

we can address this question somewhere in this conference?

Crist, National Bureau of Standards:

I would hope that it would be addressed in two of the Working Groups; for one, in
the Test Standardization and Material Properties Group. It was not explicitly stated in
the work statement for the Working Groups, but gquality assurance, test standardization,
all f£all into the category of "What can you provide on the job for the compliance officer
in seeing that the structure is put together the way the designer wanted it?" With res-

pect to the second, I would hope that in the Design Criteria Working Group, there would
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be consideration of the quality of inspection, this concept of different allowable stress
levels depending on the quality of construction corresponding to the different levels

of inspection.

Culver:

I want to add one small point in line with the gquestion you raised about
the need to say something about quality assurance that is illustrated by the previous
workshop I keep referring to. At the hearings I mentioned earlier in my presentation,
one of the congressmen from California had a copy of the recommendations that came out
of that particular workshop. He was looking through them and some were relatively
high-sounding recommendations that, really, only a technical person could understand.
His comment was to the effect that this is nice but, these recommendations are grandiose
and high-sounding; where have we touched upon the real everyday problems that we
have in the field, etc. So we don't want to overlook those points in discussing
the recommendations. It is interesting how some of these recommendations
will come up later. As Bob [Crist] said, the work statement for the task group
should not conmstrain you. We want to make sure, however, we don’'t go too far off

in left field and get into things which are extraneous to the subject.

Hegemier, University of California, San Diego:

My question is directed to Mr. Yorkdale and Mr. Redmond. This morning I heard some
rather large numbers, I believe, councerning gross national sales of both brick and block,
something like two billion dollars in the case of brick. 1Is that correct? One? No?
Something like one billion in the case of block. Is that in the right ball park? What
T would like to know is, what percentage of these numbers is presently going to research?
For example, to be specific, for structural properties of these materials. I don't mean

to be facetious; I really don't know.
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Yorkdale:

That is a good question to answer. The figures, I believe, were the maximum gross
sales from the brick industry that we have attained so far =— 451 million dollars; there
is about a 12-billion brick equivalent prospect. As far as the amount of this income
that has been returned to the industry is concerned, (I'm guessing, now, purely off the top
of my head) I would think that the brick industry invests, totally, in association work
which includes design standards, research, technology, etc., something near one percent.
That also includes some promotion of this type of thing or educational information. T
would think something near one percent for those that are active in the associsations and,
as I mentioned, that represents about one third of the total companies or about two thirds

of the total productive capacities.

Crist:

I would like to direct a question to Tom Redmond and Alan Yorkdale. I think we talked
about this a little bit when we were discussing what they would present at the workshop.
In planning research and looking at how you can use that research in codes and standards,
the superposition of the distribution of these dollars of construction in bath conerete
and clay masonry onto a seismic map would tell us a lot about what's going on. Do we

have much feel for this or is there something that is available like that?

Yorkdale:

I can give you, again, an off the top of my head estimate but I have the figures
available and they certainly can be superimposed on a seismic map. Essentially 90 percent
of the brick that is made and used is used from the Rocky Mountains to the East and better
than 70 percent of that 1s used from the Mississippi River to the East. I think this
probably indicates one of the reasons why we have not been terribly interested in seismic
masonry; (I wouldn't say "not terribly interested) rather, why we haven't devoted as many

funds as perhaps should have been devoted to it.
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Redmond, National Concrete Masonry Association:

I think Al's [Yorkdale] distribution figures would be somewhat relative also for the
concrete masonry industry, and I think in our case, perhaps a little less than one percent
west of the Rockies. I don't know the figure east of the Mississippi. Getting back for a
minute to the question by Gill Hegemier that I didn't have a chance to answer: in associa-
tion work, we only spend at this time (in terms of at least direct monies) about ten per-
cent of our association budget directly in research in our own facilities. However, we do
try to become active participants in other research done in other places. Of course a
great deal of this is federally funded, perhaps not quite as high a percent federally
funded in masonry as it is in wood products today.

What was the other part of your question, Bob [Crist]?

In terms of perhaps not seismic but in terms of reinforced masonry, we see an ever
increasing amount of it in concrete masonry (and 1 am sure in clay masonry as well) with
the advent of high-rise load-bearing construction, because, quite often, your wind loads
are just about as critical as, say, Earthquake Zone 2, or 3, loads might be for some
particular building configurations. So I think we are undergoing an ever increasing aware-

ness of reinforced masonry in the industry.

Hegemier:
Let me just approach this question once again. Could I obtain an estimate in terms
of an actual dollar amount? What are we spending from the industry; that is, what is the

industry's contribution to research combined for brick and block?

Redmond:

I'm not prepared to answer for the block end of the industry because I would think
that you should consider money from the industry as coming from more than just brick
producers or block producers. For instance, there is a considerable amount of money coming
in that will be available and is available for research, from other groups such as mason

contractors and masons themselves. For example, the Masonry Institute of America (with
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Jim Amrhein here), gets involved in quite a bit of work. So, answering just in behalf of
the product producers, I don't think this would reflect the answer and I will have to figure

it up and try to answer the question later in the week. All right?

Yorkdale:

I was just trying to get you a ball park figure to give a feel for this. The combined
groups of the masonry industry on a national basis, (I'm talking about the national groups,
not some of the more localized groups; and I don't know what Tom's [Redmond] budget is)
have recently spent on national problems approximately $125,000 to $150,000 in the
last two and one half years. Now ip addition, the Brick Institute (formerly, Structural
Clay Products Institute and before that, Structural Clay Research Foundation) used to spend
upwards of $95,000 to $100,000 per vear in our own laboratory in addition to what we
farmed out or used as seed money for other research in universities, at other laboratories,
and in combined work. But I'm like Tom; I can't give you a total. I just don't know

what it is, frankly,

Culver:

1 note that there seems to be one interesting thread going through the course of the
conversation and I think this is why we structured this morning's session this way - to
give a perspective overview. You will all be grappling, this week, with "How important
are the problems?" Bob [Crist], talked, first of all, about the priority order of
problems in the masonry area. This is one of the things we are looking for. This
particular workshop is directed towards seismic resistant masonry construction.

But I think one of the things that we all hope would come out of this is a priority

listing ~— "putting the problem in perspective', so to speak. That is what all the
speakers were addressing this morning. WNow you can attempt to do this in all sorts of

ways - dollar volume, square footage, regiomalization, etc., etc. What we need to

consider is: What are the problem areas in masonry? - Can we prioritize them? - If so,
let's attempt to do so. There are many other competing national needs and we need to point

out just how important this particular problem is.
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Yorkdale:

One other thing I wanted to.point out on this (and I forgot to say it) was that (if we
could believe Arthur D. Little's survey and report) masonry materials still represent only
somewhere in the neighborhoood of 15 to 16 percent of total masonry construction cost; so,

we can't do it all. That is the-only thing I was suggesting.

Clough:

1 would like to come back to a point that Mr. Redmond made which was that in £igh—
rise buildings in Zones 2 and 3 the wind loading may well be as critical or more critical
than the seismic. This, of course, is a conclusion one can draw according to the particu=-

~lar:-code that one happens to be looking at. However, I would like tc emphasize that the
code requirements which are frequently indicated for seismic design are way below actual
earthquake input to structures; and consequently, even though one concludes that the wind
may be the critical code comdition, the thing that is actually the most hazardous as

far as the structure is concerned, is likely to be the earthquake. 1 hope in this meet-
ing .that we will not just look at what the code says the earthquake 1s, but recognize

the real relative input from earthquake versus wind or whatever kind of loading mechanism

we might have.

Scalzi, National Science Foundation:
Looking at Groups 1 and 2 and the amount of discussion that is going on about brick
and concrete block, I'm wondering if there shouldn't be a couple of subcommittees to treat
the materials separately; or, I will ask the question, "Are they similar enough so that
they can be treated together?" I think this might bring up some differences or similarities

between the two products.
Mayes:

I think the problems that have to be solved are similar enough. I think the results

you will get from solving those problems may be different for the two materials but, right
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now, I think they are both at a stage where they both need the same amount of work developed

for them.

Culver:

One comment T might make, (this is just my own personal view) regards the kinds of
recommendations we want to try to come up with at this workshop. I think you have
to be careful of the two extremes. First of all, if you go to the one extreme and just
have really extreme broad generalities, that is not going to serve the purpose;
but by the same token, if we go to the other end of the spectrum and say that
a particular series of tests should be run with reinforcing spaced at twenty-two
inches on centers, under loads of x, y, z, I think that is too far the other way, too.
We have to be careful to try and strike some happy middle ground with the idea being
that these recommendations need to be useful to a broad spectrum of people, not only
the National Science Foundation researchers, but also code officials, etc. Let's be

careful that we don't fragment ourselves to much. That is my only general observation.

Gabrielsen, San Jose State University:

I would like to ask Al [Yorkdale] a question about the rational approach or quite what
he means about it? Is the empirical approach irrational? Am T to infer that? When I
think of an empirical approach I think, for example, that ultimate strength design
of concrete is very empirical. We ran a lot of tests (Whitney did) and now we have
some nice formulas in a text book. That doesn't make it rational; its empirical. It is
a good procedure for predicting performance of a beam. As such, I don't see things that
are negative about empirical techniques: That is my question: Is empirical necessarily

irrational?

Yorkdale:

I think, maybe, I agree with you. I think we are playing a game of semantics here,
a little bit. The empirical design, I believe, that I, at least, would like
to see us get away from is the case that if you are going to build a wall thirty-five

feet high it has to be at least twelve inches thick of solid brick; and if it is going to
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go seventy feet high it has to be sixteen inches at the bottom, and the top thirty-five
feet can be twelve inches; and you have to have lateral support at twenty times the thick-
ness in at least one direction, not two. {You could go up forever with lateral support

just in one direction). This is the type of thing. I don't believe that all of the straight
design of concrete is anything near that. I believe that if we try to test, or examine,

or duplicate all of the possibilities for the empirical design apprcach that I am talking
about, it would take us several hundred years to do it, I believe that we can learn

about material behavior as was done in concrete and that we can apply some common semse, 1f
you will, to that and come up with similar types of formulas that would be more rational,

at least in their results and applications. {That is a bad answer I'm afraid.)

Hildebrandt, City of Phoenix:

At the risk of robbing myself of a few things I would like to say tomorrow when my
turn comes, I would like to tag onto a couple of things that have been said from a code
viewpoint. The matter of whether we call something empirical is not so important, in my
view, as how it is applied in code; and perhaps we are hung up with words. You have to
make up you mind, in a code provision, whether it is going to be prescriptive or end result,
and almost always, people say we want an end result code. The minute you write one like
that you have sixty-seven people on your back wanting you to tell them how to do it. I
think that is the difference we see when we talk about the empirical approach versus the
rational approach. If we are going to devote part of our time here to coming up with
suggested code revisions and provisions, I think that the code enforcement people will go
with either empirical or rational, but somebody has to tell us where to draw the line.
Getting back to the just previous guestion of perhaps trying to be more specific in separat-
ing how we address ourselves to the points here, I would like to strike a blow for not
doing that, because I think our move has to be to condense and combine code requirements
rather than proliferate them forever or we are going to need a wheelbarrow to carry our
code books around. Let's talk about unit masonry - and they can make it out of organic
products, brick, clay, concrete or anything ~ but let's make it something that has an

engineering basis and then tack code provisions on the whole schmeer, in so far as we can.
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Fintel, Portland Cement Association:

I would like to add some comments to this discussion of empirical versus rational.
I believe that masonry construction has been, over the years, kind of a stepchild of the
structural engineering development. If you compared it, let's say, to the ultimate
strength design in reinforced concrete, it 1s, in a way, empirical. However, it is
rational because it is based on structural mechanics for the behavior of the material,
while all the developments in masoury, basically, were developed on experience without a

theoretical basis of such - or, mechanics.

Sears, Veterans Administration:

I believe the gentleman from Phoenix really answered my question but there is one
other little thing that I might say. It appears to me that there is empiricism all the
way through building design even though, interspersed, there is a lot of rational approach.
Really, our loads in the buildings themselves are very empirical - not entirely, but

quite a bit.

I
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SEISMIC RESEARCH ON MASONRY
UNIVERSITY OF CALIFORNIA, BERKELEY
1972 - 1977

Ronald L. Mayes(I), Ray W. CYOugh(II) and Yutaro omote(I81)

This paper describes the scope of the seismic research program that has
been ongoing at the Earthquake Engineering Research Center, University of
California, Berkeley since September, 1972. The program currently has two
major parts. The first is an experimental and analytical study of multistory
buildings and the second is an experimental study of housing construction. A
summary of results of tests completed to date is included together with a
description of tests currently in progress and those planned in the near

future.

Key Words: Masonry, seismic, shear walls, houses, research, spandrel beams.,

piers, connections.

1. INTRODUCTION

A masonry research program was initiated at the Earthquake Engineering
Research Center, University of California, Berkeley in September 1972 and has
continued for the past four years. The program currently has two major parts.

The first is an experimental and analytical study of multistory masonry

I - Assistant Research Engineer, University of California, Berkeley;
Principal, Computech, Berkeley, California.

IT - Assistant Director, Earthquake Engineering Research Center, University of
California, Berkeley.

ITT - Assistant Research Engineer, University of California, Berkeley.
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buildings, and the second is an experimental study of masonry housing construc-
tion.

| The program on multistory buildings has been in progress for four years
and consists of three major parts. The first, which has been completed, is a
series of seventeen in-plane shear tests on a double-piered test .specimen. The
second, which is in progress, consists of a series of eighty in-plane shear
tests on a single-pier test specimen. The third, which is planned to begin in
September 1977 consists of a series of tests on spandrel girders. In addition
to this experimental work, recent Uniform Building Codes have been evaluated to
determine their adequacy in protecting masonry structures against severe damage
or collapse in an earthquake. This study is presented in another paper in
these proceedings and in reference (1).

The program on housing construction has been in progress for nine months
and is currently planned to consist of two major sections, both of which will
begin in May 1977. The first section consists of a series of shaking table
tests on panels of a masonry house; the second consists of a series of tests on
typical connection details of masonry housing construction.

Details of these programs will be described in more detail in the fol-
lowing sections, although it is not possible in this paper to give the complete

set of results for work completed.

2. MULTISTORY MASONRY TEST PROGRAM

After an extensive review of literature [2,3) dealing with earthquake
resistance of masonry, it was concluded that exterior wall panels penetrated
by numerous window openings (Fig. 1) were the components of multistory masonry
buiidings most frequently damaged in earthquakes, and it was decided to make an
experimental study of the seismic behavior of such components. A testing fix-

ture was designed to subject typical full-scale window piers to combined static
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vertical (gravity) and cyclic Jateral (seismic) loads {Fig. 2), and the stiff-
ness and strength of a series of 17 double-pier wall panels were measured
(Fig. 3). Results of these tests [4,5] indicated significant variations of
the pier behavior with the various test parameters--dimensions, types of rein-
forcing, rate of loading, etc.--but the results were not conclusive and demon-
strated the need for more extensive tests to establish definitive parametric
relationships.

The cost of the two-pier tests, both in money and in time, precluded
carrying out the extensive parametric variations which are needed by this test
procedure; consequentiy a single-pier test system was devised which greatly
simpiified the investigation (Fig. 4). Preliminary studies showed that single-
pier results could be obtained which were comparable to the two-pier tests;
hence a large number of single-pier tests were planned for 1976-77,

Details of both the double and single-pier test programs are discussed

in the following sections.

2.1 Double-Pier Tests

The primary shear resisting elements of multistory reinforced masonry
buildings are vertical cantilever, coupled or perforated, shear walls such as
those shown in Fig. 1. The smallest structural components of interest in
the perforated shear walls are the single or double-pier elements circled in
Fig. 1. A complete understanding of the earthquake behavior of these elements
will be of great help in developing a more realistic model of an entire perfor-
ated shear wall and also will aid in understanding the behavior of the coupled
and cantilever shear walls. The advantages of the double-pier element, Fig. 3,
are the realistic boundary conditions which are provided for the piers, and
the abiiity of the panel to represent reversal of the overturning moment when

subjected to a cyclic load. The major disadvantages of such test specimens are
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the time and cost involved in their construction and testing, as compared with
a single pier.

The double-pier test program consisted of seventeen tests on specimens
whose dimensicns are shown in Fig. 3, utilizing the test set-up shown in Fig. 2.
Information that was determined from the test program included: a) yield and/
or ultimate strengths; b) mechanism of failure; c) hysteresis characteristics;
d) ductility; e) stiffness degradation; and f)} energy absorption characteris-
tics.

Typical hysteresis loops are presented in Figs. 5 and 6. To interpret
and compare the results of the hysteresis loops, several indicators were

determined from the plots as follows:

(a) Peak Ultimate Loads - P ., and P

These are the maximum loads, in each direction, that were attained during
a test.

{b) Average Ultimate Loads - Py and P,.

The loads P1 and Pos in each direction, were approximately 90% of the
mean of the peak ultimate loads; they were maintained for more than one cycle
of input displacement.

{c) Working Ultimate Load - Ps.

P4 was chosen as the load at which the first visible cracks formed in the
piers. P3 varied between 70 and 80% of the mean of the peak ultimate Toads.

(d) Ductility Indicators - 81 to 8.

Ductility indicators associated with P], P2 and P3 were defined to give an
indication of the displacement range over which joads P1, P2 and P3 were main-
tained. 6] and 62 are associated with the average ultimate strengths P.I and PZ’
and are defined as the ratio of the displacement at which the pier can no

Tonger withstand the lateral Jecad P1 or P2 to the displacement at which P1 or P2
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is first attained. &5 and 84 are similar ratios, in each direction, associated
with the load P,.

Pu]’ Puz, P1, P2 and P3 are indicated in Fig. 5. The mean of the loads
Pu] and Pu2’ the mean of the loads P] and Pz, and P3 and their respective shear
strengths based on the gross area of 192 sq. in. are Visted in Table 1.

8§, to &, are defined as §; = SQ 3 8, = d 3 6y = 95- and §; = E§, where d, to
1 4 1 dy > 72 HE T3 4 & dg 1
d8 are defined in Fig. 6.

A summary of the test results obtained from the hysteresis loops is pre-
sented in Table T and the complete set of results is presented in References
(4,5}, One of the most important parameters with respect to the seismic resist-
ance of the piers is the ductility.

A note of caution is made at this point with respect to the ductility

indicators, in that they cannot be considered in isolation when evaluating

the inelastic performance of the piers. First, the initial displacement at

d2 + d6 8y * 8y
which the ductility indicators are measured 5 for 5 and
d1 + d5 63 + 64
5 for 5 (see Fig. 6 for the definition of d, dys d5 and dG)’

must be used in order to evaluate the displacement range over which the duc-

tility indicators are valid. For example, Tests 1 and 8 have the same values
61 + 62 63 + 64
of 5 and — but Test 8 (Fig. 7) obviously has a wuch more

desirable inelastic behavior. Secondly, the maximum displacement the piers

can withstand before failure is also important. For example, Tests 9 and 10
6] + 82 63 + 64

‘have reasonably large values of 5 and 5 compared to Tests 1 and

2, but the piers of 9 and 10 completely collapsed at a lateral displacement of
0.5" whereas Tests T and 2 did not collapse until displacing 1.0". These two
factors illustrate the Timitations of the ductility indicators and demonstrate
the necessity of including with the ductility indicators, the displacement

range over which they are valid and the maximum lateral displacement the piers
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can withstand, in characterizing the ductility of the piers.
For a more complete description of the test results and their correlation
with other work performed in this area, the reader is referred to references

4 and 5.

2.2 Single-Pier Tests

During the testing of the two-pier panels, it was found that the test pro-
gram was very costly, in terms of both time and money, and efforts were made to
determine whether a test of a single pier could give equivalent results. Using
the test system shown in Fig. 4, it was found that the boundary conditions of
the two-pier tests could be simulated adequate]y. As the pier is displaced
lateraily, the hinged columns constrain the top of the pier against rotation
similarly to the action of the spandrel girdérs of the two-pier test. The
correlation between the single and two-pier test has been studied extensive]y(ﬁ)
using displacement and strain gages., and the essential behavior mechanisms were
seen to be similar.

Fifty-seven tests are planned as the first phase of the single-pier test
program (1976-77), with variables shown in Tables 2, 3 and 4. Dimensions of
the test specimens are shown in Figs. 8-12; materials are hollow clay brick (25
tests}), grouted core clay (16 tests), and concrete biock (16 tests). In addi-
tion to material, the principal test variables are (1) height: width ratio,
(2} amount of horizontal and vertical reinforcement, and {3) effect of full or
partial grouting. Variables of an additional sequence of 23 tests will be
selected on the basis of results of the first phase. The ultimate objective of
the single-pier tests is to determine reinforcing requirements to obtain desir-
able inelastic performance of the piers. Results similar to those from the
double-pier test program will be obtained.

In conjunction with the single-pier test program a series of diagonal
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compression tests (Fig. 13) will be performed on panels 2'-8" square, construc-
ted with the same masonry units and mortar and grout. The purpase of this
supplementary test program is to determine whether there is any significant
correlation between strengths indicated by this type of test as compared with
the pier specimen tests. If such correlation can be established, it will
greatly increase the significance of the extensive data ailready available from

diagonal compression testis.

2.3 Spandrel Beam Study

As 1is evident in Fig. 1, a pierced wall panel 1is essentially an assemblage
of window piers and spandrel beams, interconnected by rectanguiar joint blocks.
Experience in past earthquakes had indicated that the window piers were the
critically stressed elements in many masonry structures, but it is apparent
that the spandrel beams could be critical if they were more slender than the
piers. 1In some cases the piers are wide shear walls and the spandrels may be
heavily stressed jif they serve to interconnect such shear walls.

Accordingly, it was decided to make a preliminary study of the spandrel
girder problem during 1976-77. The first phase of the work will be a litera-
ture survey to determine what previous work has been done on this subject.
Based on the data obtained in the survey, preliminary planning of the test pro-
gram will be considered--including selection of appropriate test specimens,
design of a testing facility (probably adapted from two-pier panel test facil-

ity) and specification of the principal test variables.

3. MASONRY HOUSING CONSTRUCTION

3.1 Introduction

The basic purpose of the masonry research project funded by the Department

of Housing and Urban Development is to evaluate experimentally the seismic
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resistance of masonry construction typical of single family residential con-
struction. Very little research has been carried out previously on the seismic
resistance of such structures, so a major preliminary step was to survey the
types of masonry houses built in seismic zones and to identify the types of
building components and connection details most likely to be damaged during

earthquakes(7’8).

The next step in the research was the planning of appropri-
ate test procedures and the design of suitable test specimens to demonstrate
the effective seismic strength of typical structures. It is the purpose of
this section of the paper to describe and catalog the tests which are to be
carried out during this research effort, beginning in May 1977.

Currently, two types of tests are proposed. These are (a) tests of con-
nection details, interconnecting timber roof structures to masonry walls, and
(b} shaking table tests of segments of masonry panels that form the lateral
force-resisting system of the dwelling. If the test results of (b) indicate
that additional in-plane shear tests or out-of-plane flexural tests on seg-
ments of a panel are required, these will be performed in 1978. The tests are
planned to apply loads to the test specimen in the same way as expected earth-
qguake accelerations.

A major practical consideration in planning the test program was the
relatively timited number of tests which could be performed within the budget
in comparison with the number of test parameters which should be considered.
Consequently, only the most important parameters could be varied, and rela-
tively l1ittle duplication of tests could be included to study the variability
of results. In general, only tests of connection details will be carried out
in duplicate. The specimens used in each of these duplicated tests will be
constructed on two different days by different masons, in order to assess the
variability of construction that might be expected in the field.

Although numerous types of masonry units are in current use, only two
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‘types will be used in these tests, as follows:

{a) Hollow clay units - 6 inches wide, 4 inches high and 12 inches
long, with compressive strength of 7,000 psi calculated on the
gross section area.

(b) Hollow concrete biock units - & inches wide, 4 inches high and 16
inches Tong, with compressive strength of 1,000 psi calculated on

the gross section area.

Mortar to be used in all test specimens will be standard Type S of the Uniform
Building Code with proportions 1C: %4l: 43%S. The grout for filling celils will
be the standard 1C: 35 mixture for concrete block and 1C: 3C: 2% Pea Gravel

(< 3/8") for clay brick.

The reinforcement was planned for the test specimens according to the
philosophy that future reinforcement requirements will be no more severe than
current Uniform Building Code requirements for partial reinforcement. Conse-
“-guently, the test panels for the shaking table:tests have either no reinforce-
ment or partial reinforcement, such as is specified by the Uniform Building
Code (as well as other codes). Specifically, in the partially reinforced
panels reinforcement is to be provided around the edges of all openings, and

vertical bars will be placed at 8-foot centers on large panels.

Connection Tests

The connection test program is designed to determine the ultimate capacity
and mode of failure of typical connections used in masonry housing construction.
The connection of timber roof systems to masonry walls is one of the most im-
portant details. Figure 14 shows a typical connection of sloping roof struc-
ture to the top of a masonry wall, while Fig. 15 shows the attachment of the
gabled end of a sloping roof structure to the top of a masonry wall. Figure 16

shows the attachment of a fiat rocof to the inner face of the wall by means of
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a ledger.

Two types of tests will-be performed to evaluate the strength of the con-
nection of the timber roof system to the top of the wall (Fig. 17). These are
characterized by the principal load components acting in the plane of the wall
and out of the plane of the wall. In planning the tests, it has been assumed
that the critical connecting elements are the bolts and cther metal connectors,
and their contact with the timber and masonry. The masonry. components them-
selves are assumed to have wmore than adequate strength, so these have not been
simulated in the tests with great detaii. The test specimen for the in-plane
and out-of-plane tests is shown in Fig. 17. The test set-up for the in-plane
tests is shown in Fig., 18. The test specimen includes the top plate and bolts,
which is loaded through a horizontal plywood element simulating the roof dia-
phragm. Initially only one type of bolt embedment will be used--a 5/8 inch
bolt anchored 8 inches into the wall with a 2 inch 90° bend. If failure occurs
either in the masonry wall or in the bolt, these will be varied in additional
tests.

The test set-up for the out-of-plane tests is shown in Fig. 19. Again if
failure occurs either in the masonry wall or in the bolt, both will be varied
in additional tests.

The test specimen far the out-of-plane tests on the gabled end connection
detail is shown in Fig. 15. The test set-up for these tests will be that
shown in Fig. 19. For the ledger connection detail, only out-of-piane force
will be the same as that used in the previous out-of-plane tests--Fig. 19. For
the detail in which the roof joints connect to the ledger plate, three variables
will be tested. The first will be as shown in Fig. 20 with a 5/8 inch bolt and
washer. 1In the second the washer will be replaced with a 1/4 inch by 6 inch by
2 inch plate. In the third, a 1/4 by 2 inch wide Simpson Strap shown in Fig.
16, will be used with the 5/8 inch bolt and washer. For the flat roof detail
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in which only the plywood is connected to the ledger, the test specimen 1is
shown fn Fig, 21. The same three variables used with the joists will be used

in those tests.

Shaking Table Tests

The shaking table test program, which will be performed concurrentiy with
the connection tests, is envisioned as a type of proof test. Segments of
masonry wails of a typical dwelling will be subjected to both in-plane and out-
of-plane forces arising from realistic earthquake Toading conditions. In 1977
a total of four tests are planned.

The first test specimen is shown in Fig. 22. Although simple in concept
it contains the most important structural components:; wall panels, corners,
wall to footing connections, and roof to wall connections. As shown in Fig. 22
two of the 9 ft by 8 ft walls will be unreinforced and two will contain No. 4
re-bars at the outside edges of the walls. The re-bar will be dowelled into
the footings. In order to simulate the vertical and lateral loading conditions
the walls would be subjected to in a normal dwelling, added mass in the form of
concrete blocks will be attached to the roof. Although the sequence of loading
has not yet been finalized, three different types of recorded earthquake
motions will be used. The earthquake records will be scaled and in each test
sequence the magnitude will be increased until either failure occurs or the

‘Timits of the shaking table are reached. If failure does not occur, two addi-
tional series of tests will be performed with the same specimen. First the
roof "structure will be rotated 90 degrees. In the first series of tests the
in-plane shear forces will be transferred through the roof diaphragm by the
stoping portion of the roof structure and the out-of-plane forces of the walls
will be resisted by the gabled end of the roof structure, By rotating the roof

structure 90 degrees, this sequence of locad resistance will be reversed.
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If failure does not occur in the second series of tests, a third series
will be performed in which the rotational fixity of the footings will be
removed. As shown in Fig. 22, the footings to which the walls are attached
are anchored both horizontally and vertically. By removing the bolts that
connect the angles to the concrete footing, the footings will lose their rota-
tional fixity and thereby approach actual field conditions.

The details of the remaining three test specimens will not be finalized
until the first test is completed. Variables that may be included are {a) the
introduction of torsion using non-symmetric wall panels, (b) the use of differ-
ent masonry units, and (c} different amounts of reinforcement including non-
dowelled vertical reinforcement. As a final proof test the specimen shown in

Fig. 23 will be used.
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TABLE 2: HOLLOW CLAY BRICK WALLS (HCBR) (See Figs. 3-10)

Unit Wil:H = 8" : 712" : 4%

Name .H/D Bearing Reinforcement Grouting | Expected ngglng
of Ratio Load ) Norio | Fi fully Failure | .. " iie
Tests (kips) Vertical zontal | P¢ partial Mode d: dynamic
. Minimal
HCBR-11-1 1:1 (50 psi) NO - NO F Shear D
n _2— H " un 1" P " "
" " 1 T - ?5
-3 ' {Toti.2-#5) " F i 0
n _4 n n " 'I - #5 " " "
|
u _5 n n n i P 1 1
" -6 “ " " 5 - #5 F Flexure S
1] __7 1 i " 11 H 1] D
i u i ‘1 = #8 1
' -8 ' (Tot1. 2- #8) NO " Shear !
n _9 " 1 || i p 1k 1]
1) ‘—‘!0 " n " 2 - #5 F n 1]
| _‘I ‘l L1 1] " n P fr "
" -12 " " " 5 - #6 F Flexure )
" _13 " 1 1 1 n n D
HCBR-21-1 2:1 " NO NO F Shear D
" _2 " i I "n P " n
" -3 " 0 T-#5 " F Shear & "
(Totl. 2 - #5); Flexure
" -4 " " " 1~ #5 f Flexure D
fl _5 n n 1 i P t 11
F n _6 n " 1n 5 - #5 F " S
l 1 _7 n n n n n [0 D
HCBR-12-1 1:2 " NO NO F Shear "
t -2 " " 1 -#5 " " " "
Totl. 3- #5)
u _3 H o 18] 2 - #5 1 n "
1 ‘4 " n i [ 5 - #6 " F'} exure n
[ W u 1 - #7 n u
L ' -5 {Totl. 3-47) 3 - #6 Shear
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TABLE 3:  GROUTED CORE BRICK WALLS (See Figs. 8-10)
Unit W:L:H = 3" x 12" x 4" {Wall W = 9")

—

Name H/D Bearing: Reinforcement Grouting | Expected Lg:(é;ng
of l.{atio and s Hori- F: fu'l'l)f Failure s: static
Tests {kips) Vertical zontal P: partial Mode d: dynamic
. Minimal ;
CBRC-11-1 1 (50 psi) NO NO Solid Shear 3]
" _2 W n 1 = #5 0 " " n
{Totl. 2 - #5)
] _3 123 " 1} ‘l - #5 M n n
n *.4 n 1] H 5 - #5 " F‘[exure n
i - n 1t 1 = #8 " 1]
5 (Totl. 2- #8) NO Shear
}——ll __6 n ir n 2 - #5 " 1" "
l’ un _7 " 1 H 5 - #6 0] F" eera "
’—'7 n t "
CBRC-21-1 2:1 NO NO Shear
1 _2 [1} 1" 1 - #5 ] " u n
(Totl. 2- #9)
1 W ) Shear & f
[ -3 ) u t 1 - #§ " Flexure 3
1] _4 n 1} n 5 - #5 n F'l eXL‘re 1]
CBRC-12-1 1:2 * NO NC " Shear "
10 _2 n t .l - #5 u }—‘ il i n
(Totl. 3- #5)
n __3 n ir 1 2 - #5 it n "
n _4 n ] 1n 5 - #6 L} F] exure n
1 [ n 1 - #7 7]
! -5 (Totl. 3- #7) 3 - #6 Shear "
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TABLE 4:

Unit Wil:H = 8® x 76" x 8"

HOLLOW CONCRETE BLOCK WALLS (HCBL) (See Figs. 11-12)

r . X Loading
Name H/D Bearing Reinforcement Grouting Expgcted Rate
of Ratio Load - Tori= F: fully Failure s: static
Tests {kips) Vertical zontal P: partial Mode d: dynamic|

HeBL-11-1 | 1:1 | Tl L o NO F Shear D
1L} _2 n n 1] o P il [1}
" - " 1" 1 e #5 1 1 "
3 (Totl. 2 - #5) F '
" __4 n n It 1 - #5 F w L
" - 5 t n 1] 1t P " H
n _6 1 1] 1 4 - #5 F F'l exure it

! ! n 1 - 4#8
! -7 ¥ (Totl. 2 - #8) NO " Shear "
n _8 1] 113 1t 1} P n n
n -9 n " " 2 - #5 F " n
’b;ll _.‘lé " 1 n 1 P “ "
N ~11 Y " " 4 - #6 F Flexure "
HCBL-12-1 1:2 ! NO NO F Shear "
n _'2 n " ] - #5 " 1 " "

{Totl. 3- #5)

n -3 9 1t It 2 - #5 [ o "
n _4 It 1t n 4 - #6 L] FTEXUY‘E "
u -5 H n (Tol]? 3#z #7) 3 - #6 n Shear u
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FORCES KIPS

27.3
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3-%5 HORIZONTAL - 3 CPS
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TEST 2 2-#6 VERTICAL - 3 CPS
16.4 TEST 1 2-%6 VERTICAL - 0,02 CP%
09 TEST 17 NO VERTICAL ~ 3 CPS
5.5
o ——
-55 B N
2 !
~tos & ;
2 \
~16.4 « \
=4 \
W {
-2ts & i
3 1\
-273 2 \
'3 \
0 Ay
-c62 -037  -0lz O O 037 062 §
DISPLACEMENT INCHES b
a \
P, ,P,~ PEAK ULTIMATE STRENGTHS oo '
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APPROXIMATELY 90% OF B, ,P,,
5 —WORMNGULUMATESTRENGH% ° Eﬂ og Js ;4 Js Je JT Ja Js
APPROXIMATELY 70-80% OF R, R, AVERAGE LATERAL DISPLACEMENT (in.)
FIGURE 5 DEFINITION OF ULTIMATE FIGURE 7 HYSTERESIS ENVELOPE
STRENGTH (EFFECT OF REINFORCEMENT)

27.3
DUCTILITY INOICATORS
218
16.4 {1) AT AVERAGE ULTIMATE STRENGTH-P ,P,
d d
10.9 &:75- 82=GL
[} 2 -3
& 53
* VARIED BETWEEN
» o 145 — 5.1
8
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- 5. 90 5, .0
—-109 33— 4 7
d, ds
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-0.63 -038 =013 0 QI3 o.38 0.63
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FIGURE 6 DEFINITION OF DUCTILITY INDICATORS
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FIGURE 13 DIAGONAL TEST SET-UP
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EXPECTED PERFORMANCE OF UNIFORM BUILDING CODE
DESIGNED MASONRY BUILDINGS

Ronald L. Mayes(I), Ray W. C]ough(II), vutaro OmotetIT1),

and Shy-Wen Chen(Iv)

The paper presents a summary of a study on the evaluation of the seismic
design sections of the 1972, 1973, 1974 and 1976 Uniform Building Codes, and
the recommended Comprehensive Seismic Design Provisions for Buildings prepared
by the Applied Technology Council (ATC-3). In order to evaluate the various
codes a three, a nine and a seventeen story building of similar floor plan were
studied. The seismic design stresses were calculated in these buildings by the
specific code procedures as well as the stress state predicted by a realistic
dynamic earthquake response procedure. The adequacy of the codes was then
evaluated by comparison of the two types of stress predictions.

The conclusion of the study was that the increasing conservatism of the
more recent codes is justified and that greater conservatism is necessary in
the most recent codes in buildings of moderate height, such as the nine and

seventeen story buildings considered in this study.

Key Words: Masonry; shear walls; codes; dynamic analysis; design.
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1. INTRODUCTION

One of the most difficult tasks facing structural engineers today is. pre-.
diction of the performance of a structure during an earthquake. The problem
is compounded with respect to masonry structures because of a lack of experi-
mental data on the performance of masonry structural components. For this
reason it is imperative that significant research data are utilized as they
become available, to improve the reliability of masonry construction by continu-
ally updating the building codes.

The problem of utilizing new research data in evaluating design code
requirements is difficult and requires cooperation of research personnel,
practicing structural engineers, soils engineers, and seismologists because
many facets of earthquake engineering are involved. The first significant
attempt to evaluate the expected seismic performance of code designed masonry
structures was performed by Young et a1(1). They reported the results of a
study on the predicted behavior of two reinforced concrete masonry multi-story
(11 and 13 stories) buildings when subjected to specified earthquake ground
motions. The purpose of the study was to determine whether these structures
would experience severe damage if subjected to earthquake ground motion of an
intensity consistent with that which could reasonably be expected to occur
during the planned 1ife of the structures. The authors concluded that the
buildings would be severely damaged and would probably collapse if subjected
to the groundAmotion considered in the report,

A more recent and broader contribution was made in 1974 with the publica-
tion of the Applied Technology Council {ATC-2) report(z) entitled "An Evalua-
tion of a Response Spectrum Approach to Seismic Design of Buildings." The
report addressed the problem "Given response spectra representative of damage-

threshold and collapse-threshold earthquake ground motions at a given site,-
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what design procedures should be employed to ensure a given structure an accept-
able degree of reliability in protection against damage and prevention of
collapse?". The study selected ground moticns that were representative of cer-
tain sites in Southern California and adopted design proceduces based on a
response spectrum approach. Eleven existing buildings were chosen for redesign
according to these procedures. Included in the study were a three—sfory and a
one-story masonry shear wall building.

The major problem involved in any evaluation of building code requirements
is to define an acceptable starting point (i.e., input ground motions or
response spectra) and a suitable procedure for evaluating the safety of a given
structure. The adequacy of these two definitions will determine the relia-
bility of the evaluation.

Because of time and budget restraints, the scope of the study reported
herein is limited to an evaluation of changes that have occurred recently in
the seismic section of the masonry portion of the Uniform Building Code (UBC)
(3) and in the proposed new ATC-3 seismic code(q), utilizing the response spec-
tra defined in the ATC-2 report and the results of a State-of-the-Art report
on the shear strength of masonry construction performed by the writers(s).
Within these constraints the writers envisage this study to be the first part
of a continuing effort to utilize relevant research data in evaluating masonry

design codes.

1.1 Background and Objective of the Study

Because of the continuing lack of relevant research information on masonry
structural assemblages and the associated uncertainty in the seismic behavior
of masonry structural components, the UBC masonry seismic design section has
been changed substantially several times in the past five years. Although the

code allowable shear stresses for seismic loads have remained essentially

93



unchanged (see Table 1), the effective seismic design coefficients have under-
gone considerable changes, as shown in Fig. 1.
The UBC static method of obtaining the seismic design shear stresses is to

calculate the base shear V from the formula

V = ZKCW (1)
where Z i5 a numerical coefficient related to the seismicity of the region, K
equals 1.33 for masonry shear wall buildings, W is the total weight of the
building and C is the seismic base shear coefficient. According to the 1972

Uniform Building Code, this coefficient is given hy

0.05
c= VT (2)

where T is the fundamental vibration period of the building; but in the 1976

code it has been changed to

1
C=T1.57 . (3)

Moreover in the 1976 UBC, equation (1) has been changed to include a site-
structure resonance coefficient, S.
In both editions of the code, the base shear force V is distributed over

the height of the building according to the formula
hxw
FX = oW, v o, (4)
where Fx is the lateral force applied to level “"x", hi or hX is the height in
feet above the base to level "i" or "x", and Wy or Wy is the portion of W which
is Tocated at Tevel "i" or "x". The seismic design stresses are then obtained
by performing a static analysis of the structure subjected to this force dis-
tribution.
In the 1972 UBC, the effective value of C is as shown in curve 1 of Fig. 1.

In the 1973 UBC, a footnote to Table 24-H "Maximum Working Stresses for

Reinforced Solid Hollow Unit Masonry," requires that the shear stresses
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obtained from seismic loads be doubled for design pyrposes, and in the 1374
code this factor of two is reduced to 1.5. Thus, the seismic loads are
effectively increased (for shear stresses but not for overturning moments) by a
factor of 2 in the 1973 code and by 1.5 in the 1974 code. These changes of C
are shown by curves 2 and 3 in Fig. 1. 1In the 1976 UBC, the factor C is
replaced by CS. The factor of 1.5 still remains as a footnote to Table 24-H
and the effective design spectrum obtained for the maximum value of the site-
structure interaction factors S is shown as curve 4 in Fig. 1. The effective
design spectrum for the ATC-3 proposed seismic design code is shown as curve 5,
based on the maximum acceleration value of 0.4q specified for Seismic Zone 4

and with
1.2A25

= 57 (5)
s 2/3
RTp

C

where Cs is the seismic design coefficient, A2 is a coefficient respresenting
effective peak ground acceleration, S is the coefficient representing the soil
profile, R is the response modification factor and equais 4 for masonry build-
ings, and TR is a structural response coefficient related to the fundamental
period.

It is clear from Fig. 1 that there has been considerable uncertainty in
the past five years as to an appropriate design spectrum for masonry shear wall
structures. Consequently the objective of this study was to attempt to evalu-
ate these and other recent code provisions for masonry seismic design. This
effort was undertaken after the masonry research program at Berkeley had been
in progress for several years, and was in response to a question that has been
asked repeatedly: "In the 1ight of your research results, should code allow-
able shear stresses in masonry remain the same, be increased, or decreased?"

In order to evaluate various changes that have been introduced in the

effective design spectra of recent and proposed building codes, three masonry
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buildings were studied. The seismic design stresses were calculated in these
buildings by the specified code procedures as well as the stress state pre-
dicted by a realistic dynamic earthquake response procedure. The adequacy of
the codes was then evaluated by comparison of the two types of stress predic-
tion.

The general approach used in the procedure is outlined. The detailed set

of results can be obtained from reference (6).

2. EVALUATION PROCEDURE

2.1 Selection of Buildings

Three buildings with identical reasonably symmetric floor plans and which
have vertical shear walls with openings similar to those found in many multi-
story masonry buildings were selected for the study, Figs. 2, 3 and 4. They
were three, nine, and seventeen stories high, respectively. Data for the
buildings were obtained from the design example presented in "Multistory Load
Bearing Brick Walls,” a publication of the Brick Institute of Ca]ifornia(7).

The buildings were designed originally according to the 1968 Uniform Building

Code.

2.2 Code Seismic Design Stresses

The calculated seismic design stresses resulting from the earthquake loads
specified by the 1972 UBC, 1973 UBC, 1974 UBC, 1976 UBC and the proposed ATC-3
Code for Zone 3 (Zone 4 after 1974) were obtained by performing an equivalent
first mode static analysis of the buildings using the computer program ETABégx
The seismic design shear stresses and the design vertical stresses resulting
from overturning and dead Joad were calculated for each wall panel of the lower

level of the building.
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2.3 Design Factor of Safety

With respect to the shear stresses resulting from the code seismic loads,

the design factor of safety, designated A, was evaluated as the ratio

Code allowabl
A= ode allowable shear stress (6)

Code calculated seismic shear stress

where the dencminator is the shear stress described above, the numerator is
specified by each code.

It is clear that the minimum permissible value of A is 1.0 and the higher
the value of A the greater the design factor of safety. A value of A greater
than 1.0 may result from including either a Targer number of shear walls or

greater wall thicknesses than might be required.

2.4 Stresses Resulting from a Réalistic Earthquake

The stresses determined by application of the response spectrum specified
in the ATC-2 report(z) were evaluated for each of the three buildings. This
spectrum represents an earthquake having about a 50% probability of being
exceeded in-70 years. It.was developed for a typical site in the Los Angeles
area and is based on an inelastic response spectrum concept. The spectrum
chosen was the Damage Threshold Spectrum for Strength Determination, with a
ductility factor of 1.5 and a damping value of 5%. Each building was analyzed
for its response to this input by the method of mode superposition, using the
computer program ETABS(S). The shear and vertical normal stresses resulting

from the realistic spectrum were calculated for each of the lower level panels.

2.5 Simplified Failure Criteria

Although investigations are currently in progress to determine a realistic
failure criterion for masonry structural elements, it was necessary for the
purpose of this study to define a simplified failure criterion in order that

the work might proceed. Failure was assumed to depend on the maximum fensile
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stress developed in the shear wall panels. The stress distribution acting on
the top and bottom sections of a typical lower level panel is shown in Fig. 5.
The normal and shear force acting on the panel due to dead load and the
response spectrum analysis were determined first; then the resulting stress
distribution was defined by elementary beam theory. Thus the vertical normal
stress was assumed to vary linearly across the panel, and the shear stress to
be distributed parabolically, as shown in the figure. The maximum tensile
stress was assumed to occur at the center of the panel, point A, and was calcu-

Tated by means of Mohr's circle to be

o, = (1.50% + Cc/2)2 - Oes2 (7)
where “c and 1.5t represent the normal and shear stress on a horizontal section

at this point.

2.6 Expected Performance Based on Strength Measurements

In order to evaluate the expected performance of the three buildings when
subjected to the realistic earthquake, a critical tensile strength for the
lower level panels was evaluated from available test data. Since no tests have
been performed on test specimens of the size of the Tower Tevel panels, data
obtained on other types of test panels were used. To ensure a conservative
evaluation, the Tower bound of the available test data was defined as the
critical tensile strength (Table 2),

The expected performance of the buildings was then expressed by the ratio

B, representing the expected factor of safety and defined as

Critical tensile strength
B = (8)

Caiculated principal tensile stress

A value of B greater than 1.0 indicates that a panel would perform

adequately during the expected earthquake, while a value significantly less
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than 1.0 would postulate fajlure of that particular panel.

2.7 Evaluation of the Codes

Although the ratios A and B, given by Equations 6 and 8, represent the
design factor of safety and the expected actual performance of a particular
building subjected to a realistic earthquake, they cannot, when considered
separately, be used to evaluate the various codes. This is because the value
of A, shown in Section 2.3 varies for each code for a given building design.

The ratic B, considered separately, indicates the adequacy of a given code only
when the ratio A is the same for all codes. However, the ratio B/A provides a
direct measure of a code's suitability. If B/A is greater than 1.0 the code
may be considered adequate, but if B/A is less than 1.0 the code may be assumed
to provide inadequate protection against severe damage or collapse during a

particular earthquake.

3.  DISCUSSION OF RESULTS

A summary of the B/A ratios is included in Table 3 which shows that the
ratios B/A for all interior Tower level panels of the nine and seventeen story
buildings are less than one for the 72, 73, 74 and 76 Uniform Building Codes
and the proposed ATC-3 Codes. This indicates that none of these codes provide
adequate protection against damage to these buildings from the realistic earth-
quake considered in this study.

The values of B/A for the three story building in the 76 UBC and proposed
ATC-3 Code are greater than one for three of the six interior lower level
panels and less than one for the other three. This suggests that within the
limits of this study the 76 UBC and proposed ATC-3 Code provide reasonable

protection against severe damage in low masonry buildings.
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In the proposed ATC-3 Code the code allowable stresses of Table %A are
multiplied by Z.5¢ where ¢ is 0.6 provided horizontal reinforcement carries all
the shear. If ¢ were reduced to 0.3 the values of B/A for three of the six
interior lower level panels would be greater than one and less than one for the
other three. This suggests that if this change were made the proposed ATC-3
code would provide reasonable protection against severe damage in masonry
buildings of moderate height.

Although the study considered the effect of a realistic earthquake occur-
ring in a highly active seismic region, inferences for Tess seismically active
regions can be drawn from these vesults. For example, in Seismic Zone 2 of the
Uniform Building Code the zone factor Z equals 0.5. The consequence of this
reduction in design loads is an increase in the ratio A by a factor of 2
because the strength of the structure is not changed. Although a representa-
tive response spectrum for a typical site in Seismic Zone 2 was not considered
~dnithis studys it is expected that it would define significantly lower seismic
Toads than those from the spectrum obtained from the ATC-2 study which was used
here to calculate the ratio B. If a representative spectrum for Zone 2 gave
seismic coefficients approximately half those of the ATC-? spectrum, then the
ratio B would be increased by a factor of approximately 2.0. In this case, the
"~ increase in both A and B would cancel when the ratio B/A is calculated.
Consequently, the values of B/A which are presented in Table 3 for the most
active seismic regions in the codes also may be indicative of results that
would be obtained for regions of lower seismic activity. To obtain a more
refined calculation of B/A for other seismic zones, a representative spectrum
for a typical site would be required, but the preceding discussion shows quali-
tatively the general applicability of the inferences drawn in this study.

In conclusicn, it is apparent that the trend towards increasing conserva-

tism which is evidenced in recent code changes concerning masonry structures is
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justified. Moreover, the study suggests that the codes should be more conser-

vative for masonry buildings of moderate height.
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TABLE 1. MAXIMUM ALLOWABLE SHEAR STRESSES
FOR SEISMIC LOADS

Reinforcement Taking
All the Shear
Code M/vd > 1 {psi) M/Vd = 0 {psi)
72-UBC 100 io0
73-UBC 100 160
74-UBC 100 160
76-UBC 100 160
ATC-3 112 180
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TABLE 2. RANGE

OF CRITICAL TENSILE STRENGTHS

DIAGONAL COMPRESSIVE TESTS

BORCHELTS BLUMES
FORMULATION FORMULATION
LOWER UPPER LOWER UPPER
BOUND BOUND BOUND BOUND
DOUBLE WYTHE
GROUTED
BLUME (9) 175 425 130 210
SINGLE WYTHE
SOLID BRICK
BORCHELT (10) 175 620 85 410
HOLIOW CLAY BRICK
BLUME (9) 125 390 20 290

RACKING TESTS

UNTIFORM SHEAR

PARABOLIC SHEAR

DISTRIBUTION DISTRIBUTION
DOUBLE WYTHE

GROUTED
PRIESTLEY (12) 100 110 150 190
HOLLOW CLAY

BRICK
WILLIAMS (11) 70 140 130 250
CONCRETE BLOCK

MAYES AND CLOUGH 80 180 130 230

(3

All values are based

on the net area.
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FLOORS
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FIGURE 3 - BUILDING CROSS-SECTION AND
WALL THICKNESSES
WALL THICKNESS

STUDY CASES 9 inches 11 inches 13 inches

"A" (3-story) FI, 1-FL 3 — e

"B" (9-story) PL 1-FL 5 FL6-FL 9

"c" (17-story) FL 1-FL 5 FL6-FL 11 FL11-FL 17

st

Note: For each case 1 FL, HT, = 12' Q"
Remaining floors FL. HT. = 9' O"

107



SIN3WLHVdV AYNOSYI AHOLSILTNW 40 T3A0NW TVIILATVNY - 1 9L
SWv38 SNOS0TYNY ~—~ - s17vm ¥v3Hs

SAN3 QI9JY HLIM SWV38 SNO90VYNY 777777 SNWNT0J SNO90TVNY [ ] _

et .9,1€1

—— 92 I|'T|||__Omn||l‘lll_.0nm |||'T||..0Nm

108



ASSUMED VERTICAL NORMAL STRESS
DISTRIBUTION, o

r &
—e
21
C T
A
C T C T
M —~— e

|
¥

ASSUMED PARABOLIC SHEAR STRESS
CISTRIBUTION, T

15T

FIGURE 5 - ASSUMED STRESS DISTRIBUTION
OF THE PANELS

199



DISCUSSION
* k k%

Krishnamoorthy, San Diego State University:

Ron, [Mayes] in the work with the dynamic and static tests, regarding the differences
in the resultst can this be attributed to the quality of the construction? It varies
from one specimen to another, TIs it that significantly different to really tell that there

is a great difference?

Mayes, University of California, Berkeley:

I think that {as far as I can see) there is definitely a difference that is not
attributable to the workmanship. For the dynamic tests, it is an explosive removal of
the masonry material, and that does not occur for the static tests - the material crushes
but it stays there. TFor the dynamic test it just explodes out. We have it on a movie and

it is very dramatic. You can tell; I'm sure you've seen it on your tests.

Maurenbrecher, National Research Council, Canada:
Have you investigated the effect of confining the reinforcement to stop this explosive

failure?

Mayes:

Yes, we've looked at reinforcement in the joints. This was similar to that used by
Priestley and Bridgeman and consisted of 1/8-inch thick plates embedded in the mortar joint.
It substantially improved the behavior of the piers. Basically, it improves the ductility
of the pier. It increases the effective ductility from on the order of 5 to about 10.

That is a pretty significant increase and that is what Priestley and Bfidgeman found as well.
They induced another failure mechanism by doing that because they had the wall so strong.

But, they had a sliding failure.

I must apologize for the lack of coordination in my program because we have done a

study on codes and these results are very interesting. We have looked at all of them
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from the '72 code right through to the proposed ATC-3 code and I hope I get an opportunity

to go over these [1] because all this research is good but we have to evaluate it with respect
to the codes; this is what we have tried to do. We have a report coming out on it and I

am sure we will try to include most of you people on the distribution list so that you

will be able to see it.

Webb, Department of Health, Education, and Welfare:

Mainly for my own purpose, I would like to tie down a definition, here, of the terms
we are using with regard to working strength, ultimate strength, and limit design. I know
I have difficulty in following some of the remarks because of the difference in meaning,

perhaps in my own context. Would you care to do that for us please?

Mayes:

We use them, basically, for the purpose of interpreting the hysteresis envelopes that
we got. We wanted to try to make some sense out of that and compare the various tests.
We have a peak ultimate load which was the maximum load that was attained; we have what we
called the average peak ultimate load which was about 95% of that peak and which was
maintained over 3 or 4 cycles of loading; and then, we have a working ultimate strength
{or working peak ultimate strength, whatever you like) which was when first cracking
occurred in the piers, (this was not substantial cracking; it was just minor cracking) and
that was on the order of 70 to 80% of the peak ultimate load. We did this just for the
purpose of comparing the various results. Of course, when we do look at code provisions
you can take whichever one of those you like, depending on how conservative you wish to

be.

Fintel, Portland Cement Association:

How did you define ductility?

Mayes:
We did not define ductility, as such; we defined ductility indicators. We defined

these as displacement ratios over which a given load was maintained. 8o it was not an
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elastoplastic type of ductility that many of you may be familiar with. It was defined,
basically, as the displacement at which the load was first attained, divided into the
displacement at which that load could no longer be maintained. The load, in fact, went
larger than that_particular load. For instance [using chalkboard] [also see Figure 6]

as I‘sai&; the.wﬁrking ultimate load, was 70% of the peak. If you can imagine
,wa hysteresis eufve likeﬁthat and you extend the peak ultimate load across, it was the
ratio of those two displacements that intersect the hysteresis envelope. It was done that

way, as 1 said for the purpose of making some sense of the results.

Agbabian, (Agbabian Assocciates):
T would like to know what your plans are for the following years, if you can tell them
in a few minutes. T have heard that you were planning to run some shake table experiments.

Is that correct? What do you propose to do?

Mayes:

In the National Science Foundation program which is for the cantilever tests that we
are doing, we have planned 80 test panels (not on the shake table). In the HUD funded
program, concerning masonry housing construction, the ultimate goal is to put part of a
house on the shaking table and test that to see what it can withstand. We were going to
put a full, half-scale model of a house on; we have since changed our plans and will be
putting on part of a house (two end walls; two side panels; and a roof structure of some

sort). We will probably do two or three different types of those.

Sanidas, City of Memphis:

T know you didn't get a chance to get into your discussion of the ICBO Code [1], but,

did it come out positive or negative?

Mayes:

Negative.

112



Sanidas:

There is a question that I would like to ask Dr. Scalzi: I notice that two of the code
representatives are not here for their talks tomorrow afternoon; would it be at all possible
to hear Professor Mayes' presentation [1] tomorrow afternocon in lieu of Tangye and Bush who
are mot here? I think that some of us are very interested in how this comparison came

out.

Scalzi, Session Chairman:

We'll see how the schedule goes.

Sanidas:

Thank you.

Scalzi:

I guess we would have to limit the subsequent speakers to comparable time (and hope-
fully, less) in making their presentations. Possibly we can ask them to summarize a little
bit more, as they go along, rather than getting into all the extreme details of the re-
search program. I would like to emphasize that we are interested in the thoughts and con-—
cepts here and if they pertain to our workshop discussion - fine; but if we are going to
get into some of the details of the testing program that may be strictly research, perhaps
those can wait.

k ok ok %

[1] This presentation was made at a later time and has been inserted on pp. 91 (et seq.)

for convenience.
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AN EXPERIMENTAL STUDY OF CONCRETE MASONRY

UNDER SEISMIC - TYPE LOADING

G. A. Hegemier*, G. Krishnamoorthy®, R, O. Nunn®

ABSTRACT

This paper outlines portions of a comprehensive research program on concrete
masonry, Objectives, scope, methodology, and sample results obtained to date are
presented, Where appropriate, practical implications of the latter are delineated. Future

experiments are discussed.

I. INTRODUCTION
1.1 The Program

The development of a basis for a rational earthquake response and damage analysis
of concrete masonry structures is the subject of an extensive experimental, analytical,
and numerical research program at the San Diego campus of the University of California.
The program is sponsored by the National Science Foundation under project RANN.

The experimental effort is intended to define material rheology. The analytical
phase involves the translation of observed experimental data into viable mathematical
models. The numerical effort concerns the conversion of mathematical models into
numerical form and the construction of digital computer codes to simulate structural
response and damage accumulation resulting from earthquake ground motion,

Discussion in this paper is confined to the experimental portion of the program,

1Professor, Dept Appl Mechs & Engr Sci, University of California, San Diego, La Jolla,
California, 92093.

®Professor, Dept Civil Engr, San Diego State University, San Diego, California, 92182,
8 Graduate Student, Dept Appl Mechs & Engr Sci, University of California, San Diego,

La Jolla, California, 92093.
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1.2 The App roach

The approach selected to achieve the project objectives involves a sequence of
increasingly complex levels of concurrent experimentation, 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 panels under both quasi-
static and dynamic cyclic load histories, The above is complemented by tests on typical
connections (to be discussed in a companion paper), The sequence culminates with studies
of major structural elements, The ability to extrapolate from conceptually simple
laboratory scale experiments to a wide variety of structural configurations, including full-
scale building response to earthquake ground motion, is one of the most significant aspects

of the project.

1.3 The Need for Regearch

Comprehensive surveys of the available literature relevant to the mechanics of
concrete masonry assemblies can be found in references [1,27]., Examination of these
reports reveals that, although a measurable amount of research on concrete masonry has
been conducted over the past forty to fifty years, there currently exists little correlation
among the various studies conducted by governmental, university, and promotional
research organizations. Each study has, of economic necessity and/or impatience, heen
constrained within narrow bounds and primarily to specific structural configurations
rather than to fundamental material research. As a result, a virtual vacuum exists con-
cerning the material properties of concrete masonry, and the behavior of typical con-
nections used in concrete masonry systems. In the absence of reliable data, subjective
judgement must be substituted for a rational analysis. The ramifications of this sub-
stitution are obvious and clearly undesirable, The present program constitutes a major

step in the direction of alleviating the above problem,
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II. MATERIAL TEST PRCGRAM - DESCRIPTION

2.1 Basic Items Under Study

The basic experimental items under current study concern planar material behavior
and are related to the construction of congt%tut?ye relatip_ns for concrete masonry in both
linear and nonlinear ranges., Included %l.l;e:

. Strength and damage accumulation under combined plane-stress states

. Stiffness parameters

. Energy absorption and damping

In each of the above areas, studies are well underway to determine the:

. Degree of anisotropy

. Degree of strain-rate sensitivity

. Influence of reinforcing steel

. Influence of compaction (vibration)

+ Influence of admixtures

« Inflyuence of flaws

. Influence of constituent properties on assembly properties

. Scale effects

. Degradation under cyclic load histories

2,2 Methodology

The program partitions naturally into two main categories: (1) Small-scale or
"microelement' tests and (2) Large-scale or ''macroelement' tests.

The objective of the small-scale tests is to synthesize the behavior or properties
of masonry assemblies or macroelements from simple but universal experiments -
experiments that can be conducted in a standard laboratory. At the very least such tests
provide an index concerning the influence of the basic constituents on assembly behavior,

The large-scale or macroelement tests constitute a necessary check on the micro-

modeling process and, perhaps more important, constitute the starting point for the
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construction of a continuum model 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, through the use of explicit analytical and numerical
techniques.

The overall methodology is depicted in Fig 1.

2.3 Materials

Two nominal® masonry types are currently under study: (1} '"normal strength' -
type N normal weight concrete block {ASTM C90), type S mortar (ASTM C270), 2000 psi
coarse (pump mix, 8-10 inch slump) grout (ASTM C476); (2) "high strength' - light-weight
block (f’c 2z 3750 psi, type M mortar (ASTM C270), 3750 psi coarse (pump mix, 8-10 inch
slump) grout (ASTM C476).

Most specimens consist of running bond with face-shell bedding, Both closed and
open-end units are utilized, although focus is currently on the former, Standard 8-inch

high, 8-inch wide block geometries [1] are employed,

2.4 Small-Scale Tests

Testing and modeling on the micro-scale commences at the constituent level and
requires a knowledge of constituent, constituent-interface and small assembly behavior
under vatrious stress states.

Constituent tests serve as index factors for each test series {micro or macro).
Test data includes elastic moduli, compressive strength, and tensile strength of block,
grout, and mortar, Information on unit-absorption, and design mixes for each component
is also obtained,

Joint tests are of considerable interest, Joints or interfaces in concrete masonry

assemblies constitute both planes of weakness and a major source of damping, Failures

*Precise details concerning material properties are provided in appropriate sections to
follow.
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frequently initiate in joints, and subsequent deformation and energy absorption may occur
by relative slip across joint planes. Joint types selected for study include: (1) ungrouted
bed joints; {2) grouted bed joints with and without steel; (3) head joints; (4) combination
head and bed joints; (5) and block-grout interfaces, Mortar geometry includes both full
and face-shell bedding, Test specimens in the joint-series consist primarily of triplets
(three blocks, two interfaces), Six inch cores are utilized for block-grout interface tests,
Joint planes are subjected to constant levels of normal stress and quasi-static monotonic,
guasi-static cyclic, or dynamic cyclic shear stress. In each test the initial and post-
fracture shear-stress vs normal stress envelopes, and deformation histories, are
determined.

In addition to the above, a variety of prism (small assembly) tests are well under-
way. These tests are designed to provide basic information on: (1) the influence of the
number of courses on compressive stréngth and associated problems regarding load-platen
restraint; (2) the influence of flaws, compaction, and admixtures on compressive and
tensile strength; (3) the correlation of compressive and tensile strengths; (4) correlation
of block, grout, and mortar strengths to prism strengths; (5) stiffness parameters and
uniaxial stress-strain behavior (these include Young's modulus in tension, Young's
modulus in compression, ratio of tensile to compressive strengths, ratio of tensile

strength to tensile modulus, ratio of compressive strength to compressive modulus).

2.5 Static and Dynamic Biaxial Panel Tests

As was noted previously, modeling on the continuum or macro-scale, and
calibration of micro-models, is acccomplished via biaxial panel tests of two basic stress
state types: homogeneous and nonhomogeneous., The specimens in this test series are

approximately one order of magnitude larger than the typical microdimension.
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2.5.1 Globally Homogeneous Stress-States

These tests are unique in that the panels 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 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 homogenecous, and hence statically

determinate. Thus, in contrast to conventional test methods 27, the determination of
material properties is not prejudiced by boundary constraints; further, in contrast to
indirect methods [17, extraction of biaxial failure states does not necessitate a conjecture
of isotropic, linear elastic material behavior prior to macrocracking,

Figure 2 illus{rates the basic concept of oblique layup testing, If the X %, - axes

are principal stress directions, then the stress resultants® N“', NZZI’ le' associated

with axes x_!, x_! along the bed and head joint directions are related to the principal

1 2

stress resultants N sz through

1

\ - N -
N, ', N, = Tt M, Mu T cos 26 , N, _' =22 ¥ sin 29 (1)
o Naz T 2 * 2 * Nz T 2

r

Equations (1) imply that any homogeneous stress-state (N11 ,

s ’ : :
sz , N12 } in a panel with
surfaces oriented parallel to the head and bed joints can be obtained by selecting an

N_.. In particular, given a

appropriate layup angle § and direct stress resultants Nll’ 22

N._, 8) is selected

desired stress-state (N, ./, N__7, le’), the combination (Nll, 29

11 7 722

according to

8Stress resultants are related to stress by Uij = Nij/t, where t is the panel thickness,
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The test panels of 64-by-64 inches are precision cut from 8-by-8 foot fully grouted,
unreinforced or reinforced concrete masonry walls constructed to current field practice,
Cutting is accomplished by use of a dynamically balanced, 30-inch-diameter,
diamond-edge saw on an air-driven turbine. The above panel size constitutes the smallest
specimen deemed to be a macroelement, i,e,, such that the minimum panel (planar)
dimension is one order of magnitude greater than the largest microelements {(block units),

A schematic of the biaxial test procedure is shown in Fig 3. The actual setup is
illustrated in Fig 4. The load conditions include quagi-static monotonic, quasi-static
cyelic, and dynamic cyeclic (.05 to 5Hz). The system is capable of load, displacement, or
cormbined load-displacement contrel, This is accomplished with a mini-computer-control-
led, 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 systermn (14 bits absolute value
plus sign, 300 samples/sec/channel or 15,000 samples/sec total), Fig 6, monitors 40
channels of signals from load cells, linear variable differential transformers (LVDT's),
and strain gages.

Rheclogical 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, above, in the .05 to 4Hz range; (5) initial
"yield" or macro~fracture surface in stress-space; (6) degree of anisotropy of item 5
above; (7) ultimate strength; (8) influence of load history on the degradation of stiffness
and ultimate strength; (9)hysteresis in the highly nonlinear range; (10) role of reinforcing

steel geometry and volume in the control of macrocracking; and (11) flaw sensitivity,
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2.5.2 Nonhomogeneous Stress-States

The significance of these tests is as follows., Homogeneous stress-state tests, as
described in the previous section, assume that characteristic lengths associated with
variation in the stress field are large when compared with the typical microdimensions of
the material, In plain concrete this rarely presents a problem® since the typical micro-
dimension is associated with the largest aggregate dimension, which in turn is small.

In concrete masonry, on the other hand, the typical microdimension is quite large-8 to 16
inches {the block size}. Thus, the typical microdimension of this material may not be
small where compared with either the structural-element size or the characteristic length
of the stress field. In such a case it is necessary to create a material model which, to a
certain degree of accuracy, reflects the influence of the microstructure. Nonhomogeneous
stress-state tests are a necessary step in this process., They comprise an advanced step
in the micromodeling process, and a first evaluation of the limits of application of the
macro or continuum modeling process, and modification of the latter to reflect micro-

. structural effects.

The tests in this series consist of two types: (1) simple shear deformation and

(2) diagonal compression, A brief discussion of cach is presented below.

2,5.2,1 Simple Shear Deformation

The test system described above, as modified according to Fig 7, and with a
modified bonding agent, is capable of creating simple shear deformation {in contrast to
pure shear stress) - with superposed axial deformation or stress, Such tests, to be
conducted on 0 degree layup specimens only, mirror the behavior of shear walls and
piers under varying degrees of end constraint, Consequently, this test-type serves to
calibrate all modeling in a region of primary interest, The rheological items of intcrest

here are similar to those listed under Section 2,5,1,

&It does present a problem in reinforced concrete,
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2.5.2.2 Diagonal Compression

This test, which is illustrated in Fig 8, is actually an indirect biaxial test [1].
Under concentrated diagonal compressive loads, the central portion of the specimen is
subjected to a biaxial stress-state which is reasonably uniform over a characteristic
length (area). This length, however, is not large where compared to the material micro-
dimensions; hence the test constitutes a simple check on the limits of application of the
homogeneous failure data obtained from the tests of Section 2.5.1,

The above test, by the way, is greatly misunderstood in the literature, Most
documents interpret the test results incorrectly (e g, see ASTM E519-74), Itis not a
shear test; the shear stress on the planes intersecting diagonals vanishes from symmetry,

Failure occurs by induced tensile stresses on the vertical plane of symmetry (see Fig 9).

III. MATERIAL TEST PROGRAM - SUMMARY
For the convenience of the reader, the material test program discussed in the

previous section is summarized below,

3.1 Constituent Tests

. Compressive and tensile strength of grout, mortar, block
. Shear and tensile strength of bonds or interfaces
. Elastic moduli of block, grout, mortar

. Absorption of units

3,2 Prism Tests
. Influence of number of courses on cornpressivé strength
. Influence of flaws on compressive and tensile strengths
. Influence of compaction and admixtures on compressive and tensile strengths
. Correlation of compressive and tensile strengths

. Correlation of block, grout, and mortar strengths to prism strengths
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Fig. 7 Panel Shear Test.
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Stiffness parameters and uniaxial stress-strain behavior (Young's modulus in
tension and compression, ratio of tensile strength to compressive strength, ratio
of tensile strength to tensile modulus, ratio of compressive strength fo compres-
sive modulus)

*

3.3 Interface Tests

. Strength of ungrouted bed joints

. Strength of grouted bed joints

. Strength of head joints

. Post {racture slip-behavior of joints
. Influence of steel on joint properties

. Block-grout interface strength

3.4 Full Scale Tests {Homogeneous stress states)

. Biaxial failure envelopes (Degree of anisotropy, influence of flaws, influence of
compaction, influence of admixtures, influence of steel)

+ Post macrocracking hysteretic behavior (reinforced specimens only)
. Elastic moduli {Young's modulus, Poisson's ratio, degree of anisotropy)
. Damping and energy absorption

. Prediction of failure and elastic properties from sinall-scale tests; scale effects

3,5 Full Scale Tests {(Nonhomogeneous stress states)

. Simple shear deformation - monotonic and cyclic loading (stiffness degradation,
energy absorption, ultimate failure, general hysteretic behavior)

. Diagonal compression test (significance, correlation with biaxial failure data)

IV. SELECTED RESULTS - PANELS
The purpose of this section is to present sample results obtained to date under this
program. The discussion is intended for illustrative purposes only, and is confined to

basic features of experimental data. Design recommendations are not made herein; the
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latter must await completion of appropriate test series, comprehensive data reduction,
data interpretation and case studies.

A complete description of the biaxial tests is beyond the scope of this presentation.
For simplicity, attention is focused below upon the homogeneous stress-state tests and
the associated following items: (1} the failure surface for fully grouted but unreinforced
specimens; (2) failure data and anisotropy; (3) elastic properties and anisotropy;
{4) damping and strain-rate effects in the linear range; {5) the estimation of macroelement
properties from component properties; (6) the influence of flaws, compaction, and
admixtures on failure; and {7) the influence of reinforcing steel on the control of cracking

and damage.

4.1 Materials

Typical component properties associated with the macroelements to be discussed
are provided in Table 1 {for grout properties refer to column marked STD). Specimens
were cut from fully grouted, 8x8-foot-walls. Grouting was accomplished in 8-foot lifts

(pump), Compaction by puddling or vibration was conducted as indicated.

4,2 Failure Surface

Complete mapping of the failure surface of a macroelement in the stress space

(N N N.."), or the principal stress vs § - space {N

£ . .
22 7 Ny N_., B) is 2 major under-

4
11’ 117 722

taking, This problem is, however, alleviated 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

stress on bed joint planes, i e,

! 7 r . .
N /= N, N (3)

and {2) experimental data shows a weak dependence of failure on the layup angle 8, i e,
the composite under consideration is approximately isotropic (this point will be discussed

later).
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Table 1. Component Properties for Macroelements and Prisms.

Block ' Mortar Grout*
STD ADM
3,97 2.42 4.03 4.34
2.97 2.86 3.53 3.79
Coméressive Strength 3.27 2.39 3.51 3.41
{ksi) 2,95 2.66 3.79 3,72
3.41 2.83 4.15 3.66
3.16 2.03 3.69
3,00 77 3.69
3.68 4,32
4,35
3.98
4,17
3.25
mean 3.3¢0 2.42 3.87 3.78
std, dewv, W37 41 35 34
310 229 247
Tensile Strength 291 253 253
(ksi) 373 162 324
294
297 240
363
377
mean 329 215 266
std. dev. 40 47 39
Young's Modulus, 2.5 % 10® 2.6 x 10°
Compression (psi) (2.2-2.8) (2,5-2.7)
Young's Modulus, 2.3 x 10°%
Tension {psi) £2.1-2,5)
Poisson's Ratio .16 06
(+14-,18)

*
Block: Type N, ASTM C90 Block; test coupons approx, 4,0' x 6.5" cut from
face shells,

¥
Grout: Coarse grout, ASTM C476 (6-sack grout)
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A typical intersection of the material {macroelement) failure surface with the plane
N1 1 ! = 0 (see Section 2,5,1) is illustrated in Fig 10 for fully grouted but unreinforced
specimens, The rays in these figures represent the layup angles and the corresponding
proportional loading which results from the condition N1 ) ! = 0 in equation (2), while

equation (I) furnishes

_ 2
Nll—-NZZtan 5 . (4)

Data points, which represent statistical means of repeated tests, are denoted by circles
and triangles, Stresses shown are based upon net cross-sectional areas,

Two basic failure modes were observed in these tests. In the tension zone, and in
the compression zone for [8| > 15 deg, a brittle failure with a single crack was frequently
observed, as illustrated in Fig lla. (§ ==~ 45deg). In the compression zone for |[g| < 15
deg, failure appears to consist of multiple cracks, as shown in Fig 11b for g = - 10 deg,

The curves in Fig 10 represent several macroscopic, analytical failure models
considered to date. The dotted curve, shown for batch 6, is based upon the premise that
failure occurs when a principal stress reaches either the tensile strength or the
compressive strength associated 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, This model is seen to provide a more accurate description of material
behavior, The two solid curves in Fig 10 correspond to estimated (from prism tests}
compressive strengths, and measured (from 0 deg layup panels) uniaxial tensile
strengths for two groups of specimens. Note that only two experiments are necessary for
construction of this failure model: (1} the uniaxial tensile strength and (2) the uniaxial
compressive strength, The dashed curve represents a modification of the solid curve for

batch 6, to account for the anisotropy discussed below,
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4.3 Failure and Isoiropy

The above premise regarding the linear decrease of tensile strength in the presence
of {(principal) compressive stress is substantiated by Fig 14. Data on 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 within normal
data-scatter for brittle materials of the type under consideration, For a layup angle of
0 deg, tension is applied to the bed joints, FEach curve in Fig 15 represents a fit to the
data of a second degree polynomial.

It should be noted that material anisotropy for a macroelement is a direct function
of block and grout strengths, The strength combinations under study, by accident, led to
an essentially isotropic material, The latter can be destroyed by a non-judicious
selection of block and grout strengths. Estimation of material anisotropy from component

properties is discussed in a later section.

4.4 Failure and Micro-modeling

It was noted above that a relatively elementary analytical model will suffice to
predict failure. In more complex situations involving nonhomogeneous stress fields with
large stress gradients and complex deformation fields, a more detailed analysis may be
necessary. It is for this purpose that the micro-modeling is being pursued. Finite
element simulations of panel behavior have been performed to assess the accuracy of
current micro-modeling concepts. For this purpose the panel assembly is discretized
into a system of plane stress finite elements, The grouted block and the adjacent mortar
are represented by a single material whose properties are determined by a volume-hased
mixture procedure, The masonry joints are represented by an interface utilizing the
interface technique discussed in reference {3]. Interface properties are determined
from joint tests discussed in a subsequent section. A typical fracture pattern for a 45 deg
uniaxial case is shown in Fig 13; this discretized system has 1674 degrees of freedom and

a bandwidth of 154, The results of analysis performed to date, which were obtained by
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using an out-of-core version of NONSAP, show excellent correlation with experimental
data; for example, the ultimate strength of the model shown in Fig 12 was approximately

77 psi, compared to 80 psi obtained experimentally,

4.5 Elastic Modull and Anisotropy

Typical variations of Young's modulus and Poisson's ratio with § for the materials
discussed above are illustrated in Figs 16, 17, This data was obtained via compression
in the range 0-300 psi, A linear regression analysis of the data shows a clear trend where-
in both moduli decrease form 8 = 0 deg (compression across bed joint planes) to § = 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 16. Compare, for
example,f = 15 deg with § = 75 deg for specimens 19, 20, or 22 in Fig 16; or compare
8 = 30 deg with 8 = 60 deg for specimen 32.

While the data clearly indicates a degree of anisotropy, it is also clear that, for
the materials under discussion, the material may be approximated as isotropic within the

data scatter observed, This is an extremely important result,

4.6 Damping and Strain-Rate Effects

Figure 18 shows typical compressive cyclic stress-strain data {same specimen)
ranging from a slight preload to approximately 250 psi for five strain-rates from .05 Hz to
2.0 Hz. Each figure depicits 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 freguencies
extending from essentially quasi-static to typical expected mode frequencies for full-scale
structures [47]. Both slopes and hystersis loops remain invariant with [requency in the
above range,

Second, the hystersis loops provide a measure of energy absorption or damping
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in the "linear elastic' material range. The fact that the areas of these loops do not depend

upon frequency implies that material damping should not be modeled as viscous damping,

The implications of the foregoing observations may be serious, For example, the
current earthquake response spectrum approach to the seismic design of buildings 57 is
based upon the premise that the damping invelved is of the viscous type, If the damping
associated with a complete structure is the result of material behavior, then this premise
is highly suspect in view of our findings. This potential problem is compounded by the fact
that the response spectrum is highly sensitive to the damping assumed.

One may argue here that the first mode (or the first few modes) of a building per-
forms 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 [6]. Numbers ranging from 8 to 10 percent have been
proposed for some masonry materials. Such information has evelved from the measure-
ment of the rate of decay (logarithmic decrement) of material response to a transient blow
from a hammer (in-plane), a steel-ball-pendlum impact [ 6] (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 known 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 associated, 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,
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It is of interest to estimate how far off the above mentioned 8 to 10 percent critical
damping factors are - based upon the premise that such numbers orginate from the concrete
masonry, and not from connections or non-structural elements. Consider Fig 18, [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 independernt of
frequency. As in the case for viscous damping, the rate of decay curve is exponential and
the decrement is & constant, The decrement for a macroelement can be calculated from
Fig 18 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 decrement 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 (macro-
elemnents) can be summed to yield the energies of the structure. Thus, one may now speak
of a structural mode of vibration. The result? Critical damping factors of less than 2 per-
cent are observed when the measured decrement is applied to an "equivalent" viscous
model: Thus, if numbers such as 8-10 percent critical damping factors are to be employed
in practice for concrete masonry structures, such high values must be the result of con-
nection behavior, or some other aspect of the structure.

The above discussion concerned low stress amplitudes, i e, material response in
the essentially linearly elastic range, FEnergy absorption and strain-rate dependence in
the high stress regime is currently under study, In both cases, however, energy absorp-
tion and strain-rate dependence (if any) will be properly incorporated into the material

constitutive relations.

4,7 Prediction of Macroelement Properties from Component Properties

From a practical standpoint, it is imperative that one be able to predict basic
macroelement properties from component properties. Extensive testing has indicated
that this is indeed possible, Several examples are provided below with respect to the

failure surface described previously.
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Consider the failure theory of Fig 10. This theory requires material isotropy and
two data points: the uniaxial compressive and tensile strengths for, say, a 0 deg layup.
The compressive strength may be determined from four or five-course prism data, Like-
wise, the tensile strength can be estimated by direct tensile testing of prisms. The above
strengths may also be estimated from component properties.

Consider Fig 15. The open square, which represents the mean of repeated tests,
is the result of a direct tensile - prism testing of "'"batch 6. This data is observed to
provide a good 0 deg tensile strength estimate, and is conservative in that it lies below
the actual macroelement (panel) data. (This is due to the increase in flaw sensitively
with a decrease in specimen size),

The open traingle at 0 deg layup angle in Fig 15 is based upon the premise that
{in the absence of bond beams), 0 deg tensile strength is determined solely by the grout
tensile strength and grout area {(no tensile strength is attributed to the mortar bond - a
fact which has been substantiated by joint tests). The strength estimate is seen to be
excellent.

The strength of a 90 deg layup specimen in tension is primarily a function of block
strength, A typical failure pattern is illustrated in Fig 19, The head joints contribute
little strength, and inspection of failed specimens revealed that most grout cores separated
cleanly from the webs. DBut usually one web was failed , and adding that area to the area
of the face shells gives the estimate of macroelement strength at 90 deg shown as the open
triangle in Fig 15. The estimate is seen to be quite accurate. Whether the bonded area,
and hence macroelement strength, can be predicted is being studied. Block strength here
was determined by direct tensile testing of coupons sawcut from full-blocks.

The above two tensile strength estimates provide the necessary measure of anis-
otropy.

The estimate of macroelement compressive strength from the component proper-
ties is not quite so straighiforward. The latter is currently under study,

It should be noted that a model for the statistical distribution of data from brittle
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materials such as those under study requires a substantial number of macroelement tests
for its development. No material description is, of course, complete without such a
model,

Finally, an effort is also underway to predict elastic properties of macroelements

from component properties. The latter will not be discussed here, however,

4,8 The Influence of Flaws, Compaction, Admixtures

Specimen sawcutting has afforded an unusual opportunity to observe flaws. Such
cuts reveal much more information than cores, although cores are also taken in our tests.

To date some seventy macroelements have been tested. Virtually every specimen
has exhibited flaws in the form of grout-block separation, voids, and most important -
shrinkage cracks forming grout bridges. Figure 20 dramatically illustrates such flaws -
and the fact that they can prematurely trigger failure,

With respect to block-grout separation - it is known that several mold release
agents are used in the construction of concrete block, It is suspected that such agents
adversely influence grout-block bonds, This matter is under investigation.

In an effort to mitigate the grout shrinkage/bridging problem, several grouting
techniques are currently under study: (1} puddling of grout; (2) compaction and
recompaction of grout via vibration; (3) and the use of grout admixtures with and without
compaction. Figure 21 illustrates the influence of each technique on full-scale panels
sawcut from 8X8-foot fully grouted walls, It can be observed that vibration compaction
yvields a specimen superior to puddling with or without admixture (the admixture in this
case is Suconem G A (Grout Aid)).

Additional information on this subject can be found in Section 5.2,

4.9 The Influence of Reinforcing Steel

The influence of reinforcing steel in the control of macrocracking, and on the

nonlinear, post macrocracking stress/strain range is of major concern in our studies.
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Current tests involve fully grouted specimens with two number five bars {grade 60) at 32
inches on center - both vertically and horizontally, The area of the steel in each direction
is 0.6 in®, whereas the net cross sectional panel area is 487 in®; this yields a steel/
masonry ratio of ,00126 in each direction, which exceeds minimum UBC requirements.

The reinforced concrete masonry tests are currently in a production mode, and it
is perhaps premature to discuss results, However, several items are noteworthy:

First, the initial macrocracking stress level does not appear to be significantly
influenced by steel/masonry ratios of the magnitude under discussion. Thus, failure
envelopes, Fig 10,as determined from unreinforced tests should predict the onset of
macrocracking.

Second, under monotonically increasing strain, a substantial drop in the macro-
element stress occurs at the onset of macrocracking, i e, the load-carrying capability
dramatically decreases. This is illustrated in Fig 22 for a typical 0 deg uniaxial test
under displacement control. This drop is associated with load transfer from masonry. to.
steel, and the fact that the steel area is not sufficient to maintain the original load without
considerable extension,

Third, upon continued straining of the specirnen, reloading is observed ~ the
slope of which is smaller than that of the masonry, but larger than that associated with
the steel alone, This implies that the load is shared by both steel and masonry.

Fourth, upon cyclic straining from zero to a tensile strain, stiffness degradation

can be observed, Fig 22. This degradation is associated with multiple cracking (see

Fig 23) in contrast to a single crack observed at the failure point of unreinforced
specimens. (The crack marked '']" denotes the initial macrocrack associated with the
peak load of Fig 22).

It is clear at this stage of research that the amount of steel utilized in most
construction is not sufficient to prevent an unstable branch of the stress-strain curve
associated with a reinforced macroelement,

In passing, it is noted that specimen fixturing was designed to provide a uniform
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strain field in both steel and masonry prior to macrocracking. Proper loading of the
steel is not a trivial matter experimentally, and no attempt will be made here to explain

the fixture details.

V. SELECTED RESULTS - PRISMS
Once again, a complete description of small-scale tests is beyond the scope of
this paper. Below, representative tests and sample results are provided in order to

give the reader a proper perspective of the program.

5.1 Influence of Number of Courses on Strength

Present working stress and design methods are based primarily upon a knowledge
of the masonry compressive strength, fr'n. In practice, fl’n is usually determined by
prism tests, Current masonry codes and design recommendations (see reference [1])
either explicitly or implicitly recommend that flfn be computed on the basis of 2-course
prisms laid in stacked bond, and capped according to ASTM C140 wherein a sulfur fly-ash
compound or a high strength gypsum plaster is used. Test procedures correspond to
ASTM E447. Code correction factors purport to enable conversion of the strength of a
particular geometry to that of a standard prism. A UBC correctioh factor of unity is
presently applied to the 2-course prism (h/d = 2.0), This evidently implies that a strong
correlation with h/d = 2,0 and full-scale masonry exists, OQur research clearly indicates
this premise to be false and nonconservative. In particular, test data indicates that prism
strength is significantly influenced by load-platen restraint and, in the absence of a soft
capping material, is a strong function of the number of courses-up to four-to-five
courses, A typical example is illustrated in Fig 24, The data was obtained from full-
block, fully grouted specimens; precision cutting to the desired h/d ratioc was utilized in
place of a high-strength capping material, The bearing platens at each end consisted of
solid 8x8x16-inch aluminum blocks, Platen restraint resulted in a shear-mode failure

in 2-course prisms, and combined shear-tensile splitting in 3-course prisms, Proper
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tensile splitting was observed in 4 and 5-course prisms. Based upon the 5-course data,
the 2-course results are approximately 50 percent too high., Also, the data indicates that
prism strength is a function of the number of joints in the specimen as well as the h/d
ratio, Finally, an extensive literature review (see Reference [17) revealed an amazing
fact: Virtually all code correction factors for prism geometry are based upon a common
source - the preliminary and exploratory investigation by Krefeld in 1938 (see reference
[1]) - on brick! This is patently unjustified, A correlation of Krefeld's work with a
number of codes is shown in Table 2 {each code is based upon a different 'standard"
prism geometry-hence the normalization factor may be different), In view of the ahove
discussion, one would expect poor correlation between 2-course prism and wall data;
this is demonstrated by tests by Read and Clements on ungrouted walls, Fig 25 (see
Reference [1]). The component materials for the specimens discussed above are

described in Table 3.

5.2 Influence of Compaction, Admixtures on Compressive and Tensile Strengths

The extensive flaws observed in full-scale masonry led to a comprehensive study
of the influence of compaction a;:td/or admixtures on flaws-and hence on strength, One
such study is briefly described below. The component properties associated with these
tests are described in Table 1.

Table 4 compares compressive strengths obtained from 4-course prisms (full
block, fully grouted, stacked bond) consisting of four test types: (1) puddled grout
(marked STD); (2) vibrated grout {marked STD VIBR); {3) puddled grout with an admixture
(Suconem G A or Grout Aid; marked ADM); and (4) vibrated grout with an admixture
{Grout Aid; marked ADM VIBR). A significant difference was observed between puddled
and vibrated specimens; the former was only 66 per cent as strong as the latter. The
addition of grout aid in these tests appears to improve strength - with or without vibration.
This last point is i)eing reexamined for small-scale specimens, and a panel test-series is

underway to verify the influence of Grout Aid in full-scale masonry.
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Tablse 2. Comporison of Correction Factors for
after "Code Factor" Modification.

Prism Shape

"Code h/d=
Source factor" 1.5 2.0 2.5 3.0 4,0 5,0 6,0
Krefeld — 0.59 0.67 0.75 0.80 0.89 0,96 1.00
New Zealand Standard 1.50 0.58 0.67 0.74 0.80 0.89 0.95 1.00
Australian Standard 1.25 —_ 0.68 0.74 0,80 0.88 0,93 0.93
Canadian Code (concrete) 1,50 0,57 0.67 0.74 0.80 _— — —_
Canadian Code (brick) 0.93 - 0.68 0.74 0.80 0.89 0.93 —_
Uniform Building Code 1,50 0.57 0.67 0.74 0,80 -— — _—
National Bureau Standards 1.50 0.57 0.67 0.74 0.80 -— et —_
Structural Clay Prods. Inst, 0,93 - 0.68 0,74 0,80 0.89 0.93 -
Table 3. Component Properties for Prism. Geometry -
and Interface Tests.
Block Mortar - Grout
2080 3780 5380
2320 4580 5780
3260 3780 5770
Compressive 2570 4260
Failure Stress 3320
{psl) 2450
3210
3210
2680
2400
mean 2750 4100 5640
std, dev, 460 390 230
1.74 0.86 1.68
.- 1,47 ) 0.98 2.13
Young's Modulus 1.89. 0.81 1.44
(106 si)
P 0.85 1,83
mean [.70 0.88 1.77
std. dev. .21 0,07 .29

+ :
Tension for block, compression for mortar and grout.
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Table 5 compares tensile strengths (measured directly from 3-course prisms laid in
stacked bond and fully grouted). Again, it is evident that vibration compaction is
significantly superior to puddling. Admixture tests are under reevaluation, as noted

above,

5.3 Ratio of Tensile to Compressive Strengths

The tensile strength of plain concrete is approximately 0.1 times the compressive
strength. The data of Table 6, obtained [rom the foregoing test series, shows that the
ratio of tensile to compressive strength for concrete masoanry (referred to bed joint
planes) is approximately 0,05, The reason? The mortar bonds furnish virtually no
tensile strength, the grout core takes the tensile load, and the ratio of grout area to the

total cross sectional area is approximately a factor of two.

5.4 Influence of F'laws

The influence of flaws is implicitly exhibited in the data of Tables 4 and 5. That
is, vibration compaction and admixtures tend to reduce the number of flaws and hence to
increase sirength,

An explicit, dramatic flaw influence, however, is worth noting at this point. Upon
examination of the surface assoclated with a failed, puddled prism (failed in tension)
with no admixture, the cross-hatched area of Fig 26 was deduced to be free from flaws,
i e, the remaining area represented a flaw in which no bond existed across the plane of
failure. Based upon the measured tensile strength of the grout, and the measured area
of integrity, the tensile strength of the prism was predicted exactly. Hence there can be
no doubt that flaws significantly influence masonry strength.

It should be noted that a definite scale effect has been observed with respect to
flaws, This point, which was mentioned under Section 4,7 is such that small specimens,

such as prisms, are more [flaw sensitive than full-scale specimens, such as panels,
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5.5 Elastic Moduli

Typical initial tangent moduli based upon the 3-course tension tests described pre-
viously are shown in Table 7. These data are in good agreement with full-scale panel
data. Failure-point secant moduli are also provided in Table 8, Measurements were
conducted as illustrated in Fig 27.

Of considerable interest, from the standpoint of nondestructive testing, is the ratio

of moduli to strength., Typical data on this subject is provided in Table 9,

5.6 Prediction of Compressive Strength from Component Properties

Whereas the tensile strengths of either prisms or panels can be estimated from
component properties, Tables 3 and 4 indicate that the situation is not as simple for the
. case of compression, Note that the component compressive strengths in Table 1 exceed

the prism compressive strength. This matter is currently under investigation.

VI. SELECTED RESULTS - INTERFACES

6.1 Materials
The component materials for this test series are described in Table 3, Grouted

specimens were compacted by puddling,

6.2 Joint Behavior

Data on joint fracture and post-fracture behavior is a prerequisite to a basic under-
standing of failure processes, and is necessary for modeling on the micro-scale. A
typical test-setup for monotonic loading of full-blocks is illustrated schematically in
Fig 28. In each test a constant normal stress was maintained across joint-planes, and
the shear-stress distribution on these planes was varied by driving the center block in

displacement control. Figures 29 and 30 exemplify typical static and dynamic” behavior

7 The dynamic test fixture is complex and is not shown here,
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for grouted and ungrouted bed joints. The following basic characteristics are noted:
(1) joint fracture strength increases monotonically with precompression up to a block-
failure transition (the maximum shear stress vs normal stress for both grouted and un-
grouted specimens is shown in Fig 33); (2) under precompression exceeding 100 psi-
fracture load decreases with displacement (Fig 29) in a relatively smooth manner to a
limiting value which, in turn, depends upon the level of precompression; (3) no discernible
rate-dependence is evideat in the ranges ,01 te ,50 in/sec under monotonic loading (Fig 30)
and in the range .05 to .50 Hz under cyclic loading: (4) cyclic experiments (Fig 31)
indicate that, following the first load reversal, load-displacement 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 and
head joints exhibit extremely low (3-30 psi) shear and tensile strengths as well as large
data-scatter,

Joint shear force V vs displacement § data suggested that the post-fracture regime
could be represented by solutions of the differential equation

dv/dd = - c[V(8) - V_] (5)

where v, denotes the asymptote at ''infinite' displacement and ¢ is a function of the work
W(6) done up to the displacement §, viz,
& A
wig) = [~ V(67)as’ . (6)
61
Using the following solution of (5),
. - b 1113 50 .
[W(8) - v_I/[V, -V ]=exp[-{c[” [W(")] "abd’ +b}] (7}
61
where 6I corresponds to the maximum shear for VI’ a nonlinear regression method was
developed to determine the constants E, b, and Vm, and the correlation shown in Fig 29
was obtained. The points denote statistical means from atleast three tests. Agreement

is remarkable,
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Finite element simulation of the joint tests was performed as a first step in the
micro-modeling process. Local properties were established which enabled the analysis
to match the experimental V vs § data and which are reasonable when judged against
independent measurements of interface strength. A typical correlation for ungrouted bed
joints is shown in Fig 32. Agreement is seen to be good. Details of this work are con-
tained in reference [37], Subsequent to ''tuning” the simulation of joint data, the ahove

finite element model was utilized to predict biaxial panel behavior without further "tuning',

VII, CLOSURE

The program described, in part, herein represents the first fundamental and
comprehensive effort to deseribe the material properties of concrete masonry.

The experimental apparatus necessary to generate data with integrity is, of
necessity, complex and sophisticated, A time span of approximately two years has been
necessary to bring all systems to a production basis. An avalanche of important resulis
is now taking place.

While modeling was not discussed, excellent correlation has been obtained to date
between experimental results and finite element simulations or modeling on the micro
scale, In particular, it appears that the macro-behavior of concrete masonry can be
rationally predicted from masonry constituent properties,

Finally, masonry is some 20 years or more behind concrete with respect to
knowledge of material properties. Such a gap cannot be closed overnight. [t is imperative
that programs of the type discussed in this paper be sustained for a time period suf-
ficiently long to allow the effort to come to fruition.

It is also imperative that the masonry industry organize on a national basis - much
as the concrete industry has - if progress in this area is to be made within a reasonable
time period. The absence of comprehensive knowledge concerning fundamental material
properties - if allowed fo continue - can only invite potentially enormous safety and

economic problems,

152



REFERENCES

In

Hegemier, G, A., ""Mechanice of Reinforced Cancrete Masonry: A Literature Survey, "
Report No, AMES-NSF-TR~75-5, University of California, San Diego, 1975,

Mayes, R. L,, and Clough, R. W., ""A Literature Survey - Compressive, Tensile, Bond
and Shear Strength of Masonry,'' Report No. EERC 75-15, University of California,
Berkeley, 1975,

Arya, S, K., "A Method for Incorporating Interface Discontinuities in Finite Element
Analyses with Application to Concrete Masonry Rheology,' Weidlinger Associates
Report No, R-7522, prepared for the University of California, San Diego, 1975.

Krishnamoorthy, G,, G. A, Young, and G. A, Hegemier, "Prediction of the Torsional
Response of a Multistory Reinforced Concrete Masonry Building by a Three-dimen-
sional Dynamic Analysis,' Proceedings of Fifth World Conference on Earthquake
Engineering, Vol, 1, No, 13, Rome, 1973,

An Evaluation of Response Spectrum Approach to Seismic Design of Buildings, A
Study Report for Center for Building Technology, Institute of Applied Technology,
National Bureau of Standards, Washington, D.C., 20234, by Applied Technology
Council (ATC=-2), San Francisco, California, September, 1974,

Dickey, W.L. and Harrington, R.W., Report - "The Shear Truth About Brick Walls',
Western States Clay Products Association, Inc., San Francisco, 94105, 1970,

153



AN EXPERIMENTAL STUDY OF CONNECTIONS IN REINFORCED CONCRETE MASONRY

MASONRY STRUCTURES UNDER SEISMIC LOADING

J. Isenberg!, G. A. Hegemier®, A, Anvar3

ABSTRACT

This paper describes a University of California, San Diego test program to
determine the behavior of typical floor-to-wall connections utilized in reinforced concrete
masonry structures. The experiments are part of an extensive research effor{ on the

seismic response of reinforced concrete masonry buildings,

I. INTRODUCTION

A research program to investigate the properties of reinforced concrete masonry
under seismic loading is being carried out under sponsorship of NSF/RANN, The
experimental portion of the program aims to obtain the stiffness and strength character-
istics of such basic structural units as shear wall panels and floor-to-wall connections.
In the laboratory, uniform forces and displacements are applied so that average stress/
strain and strength properties are obtained for the specimens, These are regarded as
units in complex structural systems whose behavior eventually will be predicted by
mathematical models based on the laboratory tests, A test program for masonry panels
is already well underway.

The next phase of the test program focuses on floor-to-wall and wall-to-wall

connections, The function of such connections is shown in Figure 1. Tests are about to

1 Associate, Weidlinger Associates, Suite 245, Building 4, 3000 Sand Hill Road, Menlo
Park, Calif., 94025.

Prof., University of California, San Diego, AMES Department, La Jolla, Calif.,, 92093,

8 Graduate Student, University of Calif., San Diego, AMES Department, La Jolla, Calif.
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start on floor-to-wall connections under cyclic loading, The tests will be conducted in an
existing frame which has been extensively used for testing panels, Three different
connection types have been selected for initial study, Other types and details may be

considered later. This paper summarizes the planned test program for connections

II. TEST PROGRAM

The tests on connections will be conducted in the frame shown in Figure 2. The
philosophy of the test is to prevent horizontal displacements of the wall panel while
applying oscillatory horizontal motion to the floor. Constant force is applied in the
vertical direction to simulate the weight of stories above the test floor; eventually, an
oscillatory vertical force may be superposed on this constant to simulate the effects of
overturning on the test wall, The objective is to obtain reasonably uniform horizontal
shear stresses and vertical normal stresses on the plane of the connection, The strength
and horizontal force-deflection relationship, including a falling or softening branch, if
any, are the main quantities of interest.

An advanced, computer-controlled servo system will be used to control the
hydraulic actuators which apply the loads and displacements, All loads on the wall and
the floor slabs are applied through aluminum edge members or '"Logs", At the bottom of
the test specimen, Log A in Figure 3, the absolute displacement of the four jacks will he
controlled (i.e., stroke control) from LVDT's. At the top of the specimen, Log B in
Figure 3, the forces in the four jacks will be prescribed via load cells to simulate the
weight of stories above, At the left hand side, Log C in Figure 3, no horizontal dis-
placement will be allowed (i. e., stroke control); and load cells will measure horizontal
force. At the right hand side, Log D, horizontal forces equal to those at Log C will be
applied; thus, the horizontal load on the specimen will be shared equally (half in tension,
haif in compression) by the horizontal actuators, The loads in the actuators connected to
Log D, will be servo-controlled on the basis of the load recorded at Log C. Logs are

bonded to the specimen by a polymer which is capable of transmitting tensile forces of
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about 60 to 70 kips hence, shear forces of 120 to 140 kips can be resisted by the arrange-
ment described above. If higher shear forces are needed to break the connection, the
test procedure will be modified.

Oscillating relative horizontal displacements between the wall and floor sections
will be prescribed to simulate the inertia of floors in earthquakes, The relative
displacements will be measured by mounting LVDT's on the floor panel and companion
brackets on the wall, The measurement will be compared with a prescribed one and the
forces in jacks connected to Logs E and F of Figure 3 will be adjusted accordingly,
Forces on the floor will he tension on one side and an egqual compression on the other,
This will provide as uniform a distribution of shear stresses, in the plane of connection,
as is possible to achieve.

The types of connections to be tested have been selected on the basis of discussions
with several California structural engineers who are intimately familiar with seismic
provisions of building codes, Although there is disagreement among practicing engineers
as to what details are most commonly used, there is a consensus that the types of con-
nections illustrated below are common,

The first major type of connection, to be tested initially, inveolves precast,
reinforced concrete slabs supported by an interior masonry wall. Two construction
details are shown in Figures 4 and 5. In the construction detail of Figure 4, bars
embedded in the slab are bent up at 36" spacing and embedded in the grout core, with one
continuous No. 5 chord, All cells of the wall are grouted, A much simpler detail is
shown in Figure 5, in which there is only one continuous No. 5 chord and shear transfer
is provided through the bond between the slab and the masonry wall by shear keys,

The second major connection type involves a cast-in-place slab supported by an
interior masonry wall, Figure 6, Bars embedded in the top and bottom of the slab are
continuous through the grout core. A continuous No, 5 chord is also set in the plane of
connection. All cells of the wall are grouted.

The third major connection type shown in Figure 7, involves hollow core,
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prestressed concrete planks supported by an interior masonry wall, In this detail, in
addition to the common No, 5 chord in the grout, there are continuous bars in the concrete
topping, poured on the slabs, As in the other details, all celis of the wall are grouted,

The test matrix is shown in Table 1. It is planned to begin the test series with a

constant vertical load (dead load only).
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Table 1, Connection test matrix

VERTICAL DEAD LOAD

VERTICAL DEAD WITH OVERTURNING
LOAD ONLY MOMENT
Mid Rise High Rise High Rise Only
Precast slab to interior wall
Detail #1 100-200 psi 200-500 psi 400 + 200 psi
Detail #2 100-200 psi 200-500 psi 400 & 200 psi
Cast-in-place slab to interior
wall
Detail #3 100-200 psi 200-500 psi 400 + 200 psi
Prestressed conc. plank &
topping floor to interior wall
Detail #4 100-200 psi 200-500 psi 400 + 200 psi
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MASONRY RESEARCH AND CODES IN THE UWITED KINGDOM

William B. Cranston
Deputy Head, Design Department
British Cement and Concrete Association

ABSTRACT

A brief description of the various research projects known to the
author is given, defining the objectives, conclusions and tentative
conclusions where appropriate. Selected references are also given. The
secand part of the paper gives detalls of some of the proposed changes and
additions to the United Kingdom Masonry Code.

INTRODUCTION

Much of the current research in the United Kingdom is fundamental in
character, and there are no projects directly related to response to
earthquake loading. However, precisely because the work is fundamental
it should have as much application to earthquake loading as to any other
loading. The work is mainly on unreinforced masonry, reflecting the
currently small use of reinforced masonry in the U.K.

The work is summarized for each establishment in turn, and the names
of the individuals concerned are also given. Further information on the
projects can be obtained by contacting the organisations direct.

As far as Codes are concerned, the current version was