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PREFACE

A U,S.-Japan Planning Group was established in the summer of 1977 to
develop recommendations for a cooperative research program utilizing large-
scale testing facilities. This group has conducted its activities under
the auspices of the U.S.-Japan Panel on Wind and Seismic Effects, United
States-Japan Natural Resources (U.J.N.R.) Program over the past two vears
culminating with the recommendations contained herein. Membership of the
planning group consisted of H. Acyama, University of Tokyo, V. Bertero,
University of California, Berkeley, B. Bresler, University of California,
Berkeley,>G. Corley, Portland Cement Association, R. Hanson, University of
Michigan, J. Jirsa, University of Texas, B. Kato, University of Tokyo,

S. Kokusho, Tokyo Institute of Technology, E. Leyendecker, National Bureau

of standards, L. W. Lu, Lehigh University, S. Mahin, University of California,
Berkeley, A. Mattock, University of Washington, Y. Ohsaki, University of

Tokyo, K. Ohtani, National Center for Disaster Prevention, T, Okada,
University of Tokyo, T. Okubo, Public Works Research Institute, J. Penzien,
University of California, Berkeley, A. Shibata, University of Tohoku, M, Sozen,
University of Illinois, Urbana-Champaign, H. Umemura, University of Tokyo,

M. Wakabayashi, Kyoto University and M. Watabe, Building Research Institute.
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I. SUMMARY

Presented herein are recommendations for one possible U.S.-Japan

Cooperative Research Program Utilizing Large-Scale Testing Facilities to

be conducted under the auspices of the U.S.-Japan Panel On Wind And Seismic
Effects, U.J.N.R. Program. Thegse recommendations have been prepared by the
U.S.-Japan Planning Group, Cooperative Research Program Utilizing Large-Scale
Testing Facilities. Section II of this report sets forth the objective of
the recommended program, Section III provides background information pertinent
to the report, Section IV presents summaries and resolutions of the four
U.S.~Japan Planning Group Meetings, Sections V, VI, VII, and VIII describe
recommended research related to reinforced concrete building structures,

steel building structures, pseudo-dynamic test method, and analytical studies,
respectively, and Section IX presents concluding remarks on the overall

cooperative program.



II. OBJECTIVE

The overall objective of the recommended program is to improve seismic
safety practices through studies to‘determine the relationship among full-
scale tests, small-scale tests, component tests, and analytical studies.

The program has been designed to (1) achieve clearly stated scientific
objectives, (2) represent total building systems as realistically as
.possible, (3) balance the simplicity and economy of testlspecimens with the
need to test structures representing real situations, (4) maintain a balance
among small-scale, component, and fuli—scale tests, {(5) utilize previously
performed experiments and studies to the extent practical, (6) represent

the best design and construction practice in use in bofh countries, (7) check
the validity of newly developed earthguake-resistant design procedures,

(8) maintain flexibility to accommodate new knowledge and conditions as
successive experiments are completed, and (9) assure the practicability of

program results.



II1I. BACKGROUND INFORMATION

Following the 1968 Tokachi-Oki earthquake in Japan, during which
numerous reinforced concrete school buildings of modern design suffered
heavy damages, it was apparent that every effort should be made to improve
new designs through (1) learning as much as possible from the experience
of the Tokachi-Oki earthquake, {(2) reviewing and considering pdssible
changes in building codes, (3) improving design and construction practices,
and (4) initiating programs of needed research, Responding to this need,
a joint seminar under the sponsorship of the U.S.—Japah Cooperative
Science Program was held in Sendai, Japan, during the period 21-26
September 1970 for the purpose of (1) reviewing, in depth, the causes of
damage sustained by modern school buildings during the Tokachi-Oki
earthquake, (2) examining design and construction methods, and (3)
identifying and defining needed programs of research which could be con~
ducted ﬁore effectively on a cooperative\basis. The official participants
of this seminar were H. Aoyama, University of Tokyo, R. Hanson, University
of Michigan, P. Jennings, California Institute of Technology, H. Kobayashi,
Tokyc Institute of Technelogy, K, Lee, University of California, Los
Angeles, K. Ogura, Meiji University, K. Ohho, Hokkaido University,

J. Penzien, University of California, Berkeley, J. Roesset, Massachusetts
Institute of Technology, T. Shiga, Tohoku University, M. Sozen, University
of Illinois, H. Umemura, University of Tokyo, and M. Wakabayashi, Kyot;:o .
University. J. Penzien and H. Umemura served as coordinators of the
seminar. The proceedings of this seminar (Proceedings of the.U.S.—Japan
Seminar on Earthquake Engineering with emphasis on the Safety of School .
Buildings - 466 pgs.) was published by the Japan Earthquake Engineering

Promotion Society.



A second joint seminar under the sponsorship of the U.S.-Japan
Cooperative Science Program was held in Berkeley, éalifornia, during
the period 4-8 September 1973 for purposes of reviewing (1) the causes
of damages sustained by reinforced concrete structures during the 1971
San Fernando earthquake {(2) current research on earthquake resistant
design, (3) the safety of existing structures and means of upgrading
their resistance, and (4) post-earthquake damage repair. The official
participants of this seminar were H. Boyama, Universitf of Tokyo, V.
Bertero, University of California, Berkeley, B. Bresler, University of
California, Berkeley, G. Corley, Portland Cement Association, A. Cornell,
Massachusetts TInstitute of Technology, R. Hanson, University of Michigan,
M. Hirosawa, Building Research Institute, S. Ikeda, Tokyo Metropolitan
University, P. Jennings, California Institute of Technology, J. Jirsa,
University of Texas, K. Kubo, University of Tokyo,‘A. Mattock, University
of Washington, J. Penzien, University of California, Berkeley, Y. Ozaka,
Tohoku University, M. Sozen, University of Illinois, and M. Wakabayashi,
Kyoto University. B. Bresler and K. Kubo served as ccordinators of the
seminar.

Prompted by informal discussions held at the Sendai seminar, a U.S.-
Japan Cooperative Research Program on Earthquake Engineering with Emphasis
on the Safety of School Buildings was established under the U.S.-Japan
Cooperative Science Program for the period May 1973 - October 1975. The
cooperative research in this program was conducted by B. Bresler, T. Ckada,
J. Penzien, and M. Murakami at the University of California, Berkeley, by
A; Shibata and M. Sozen at the University of Illinois, and by R. Hanson aﬁd_
T. Nishikawa at the University of Michigan. J. Penzien and H. Umemura

served as coordinators of this program.



A review meeting of the cooperative research program emphasizing
the safety of school buildings was held at the East-West Center, University
of Hawaii during the period 18-20 August 1975. The official participants
of this meeting were H, Aoyama, University of Tokyo, B. Bresler, University
of California, Berkeley, R. Hanson, University of Michigan, P. Jennings,
California Institute of Technology, S. Kokusho, Tokyo Institute of
Technology, T. Okada, University of Tokyo, J. Penzien, University of
California, Berkeley, A. Shibata, Tohoku University, M. Sozen, University
of Illincis, and H. Umemura, University of Tokyo. The nineteen technical
papers presented at this meeting have been published by the Japan Earth-
quake Engineering Promotion Society (Proceedings of the Review Meeting,
U.S.-Japan Cooperative Research Program in Earthguake Engineering with
Emphasis on the Safety of School Buildings). J. Penzien and H. Umemura
served as coordinators of the review meeting.

Based on evidence provided by the presentation and discussion of the
nineteen technical papers, it was quite apparent to all participants
attending the Hawaii meeting that the cooperative research program had been
highly successful. With this experience in mind, a set of RECOMMENDATIONS
FOR U.S.~JAPAN COOPERATION IN THE FIELD OF EARTHQUAKE ENGINEERING was
drafted and signed by all official participants of the meeting.

Recommendations Nos. 2 and 3 read as follows:

RECOMMENDATION NO. 2 =-- Establish a Cooperative Research Program

in Earthquake Engineering with Emphasis on Large~Scale Testing of
Structural Systems under the sponsorship of the U.S.-Japan Panel
on Wind and Seismic Effects, U.J.N.R. Program. This program
would concentrate on controlled dynamic testing of full-scale
buildings in the field and laboratory testing of large-scale

building systems using the available specially designed testing

- 5 -



floors and associated reaction walls and using a large-sized

shaking table. These tests should be designed to provide needed
information on force-deformation, energy absorption, and failure
characteristics of such systems. Correlative and analytical studies
should be made to improve mathematical modelling and computer—

oriented dynamic analysis capability.

RECOMMENDATION NO. 3 -- Establish a Task Committee under the U.S.-

Japan Panel on Wind and Seismic Effects, U.J.N.R. Program. The
assignment given to this Task Committee should be to make detailed
plans and recommendations for implementing Recommendation No. 2
which will ensure an effective research program of maximum benefit
to both countries within the constraints of the sponsoring
government agencies. In view of the time scale for constructing
the presently planned test facilities and the major effort required
to plan the program, the Task Committee should be appointed by

the U.S.-Japan Panel on Wind and Seismic Effects at the earliest
possible date. One American and one Japanese should be appointed

as co-chairman to head this Task Committee.

Parallel with the above described cooperative activities of
university researchers, government delegates on the U.S.-Japan Panel of
Wind and Seismic Effects, U.J.N.R. Program, were taking positive steps
toward strengthening such cooperative efforts. At the conclusion of its
sixth joint meeting held in Washington, D.C. during the period 15~17
May 1974, the panel adopted the following resolution:

"4. that increased effort should be made in the near future to

encourage joint research programs, especially in the area of

muotual utilization of research facilities and the exchange of

researchers.”



At the panel's seventh joint meeting held in Tokye during the period
20-23 May 1975, justification of a cooperative large-scale testing
program was well stated in a paper "Earthgquake Disaster Mitigation:
A Joint Research Approach" presented by C. C. Thiel and J. B. Scalzi

as follows:

"2. Large Scale Destructive Testing of Structures

In the area of structural analysis and design we have relied heavily
on our technical capabilities with theory and computers to develop
concepts for design of structures to resist earthquake forces. Many
of these concepts have evolved from post-inspections of earthquake
damage and shake table results. As beneficial as these concepts
are, there are many factors which cannot be evaluated by inspection

or small scale tests.

Among the parameters for which better data is required are: the three
dimensional behavior of full size structures and individual components
subjected to controlled seismic type forces, the determination of the
structural damping characteristics caused by the various elements in
a building, the connections of various structural components and
equipment, the forces acting on various equipment caused by the
interaction of the structure and the equipment, the attachment of non-
structural items and other items which are either tco large or too

cumbersome to be handled on a shake table ox confidently by analysis.

A plan to obtain the required data could be formulated by a Joint
U.S.-Japan program consisting of: (a) large scale testing of existing
structures of various types of materials and construction, (b) pseudo-
dynamic tests on full size specimens or structures constructed to ob-
tain specific data, {(c) shake table verifications where reguired for
the pseudo-dynamic tests or for specimens which may be considered

full size.

At the present time a few projects are underway to investigate the
behavior of masonry construction by pseudo-dynamic test methods. Large
joint specimens of reinforced concrete frame and shear walls are being

analyzed and tested by pseudo-dynamic test procedures.

-7 -



The results of these tests could be verified by full size structural
tests to evaluate the time behavior in a structural system. A program
to extend the tests to full size structures to determine the parameters
which cannot be evaluated otherwise would be most desirable and
beneficial to both countries.”
At its Tenth Joint Meeting, Washington, D.C., 23-26 May 1978, the U.S.-
Japan Panel on Wind and Seismic Effects again indicated its strong support

of the program by adopting the following resolutions:

"3. The Panel on Wind and Seismic Effects recognizes the importance

of the U.S.-Japan Cooperative Program on Large Scale Testing and it

urges early implementation of the program under the auspices of this

Panel."

In January 1976, J. Scalzi of the National Science Foundation
encouraged J. Penzien to submit a specific proposal to NSF to implement
RECOMMENDATION NO. 3 guoted above, i.e., to establish a Task Committee for
the planning of a cooperative research program on large-~scale testing.
Prompted by this encouragement and the past recommendations for cooperative
research, a proposal (UCB-Eng-4227) entitled "Planning a Cooperative
Research Program in Earthquake Engineering with Emphasis on Large-Scale
Testing of Structural Systems" was submitted to the Research Applied to
National Needs (RANN) Directorate of NSF by the University of California,
Berkeley. This proposal called for the planning effort to be conducted
under the auspices of the U.S.-Japan Panel on Wind and Seismic Effects.
NSF responded favorably to this proposal by issuing a Grant (No. ENV-76-
80835) in the amount of $85,700 for the period 15 July 1977 - 31 December
1979, with J. Penzien serving as Principal Faculty Investigator.

The planning group consistihg of H. Aoyama, University of Tokyo, V.
Bertero, University of California, Berkeley, B. Bresler, University of
California, Berkeley, G. Corley, Portland Cement Association, R. Hanson,

University of Michigan, J. Jirsa, University of Texas, B. Kato, University
_8_



of Tokyo, 5. Kokusho, Tokyo Institute of Technology, E. Leyendecker,
National Bureau of Standards, L. W. Lu, Lehigh University, S. Mahin,
University of California, Berkeley, A. Mattock, University of Washington,
Y. Ohsaki, University of Tokyo, X. Ohtani, National Center for Disaster
Prevention, T. Okada, University of Tokyo, T. Ckubo, Public Works Research
Institute, J. Penzien, University of California, Berkeley, A. Shibata,
University of Tohoku, M. Sozen, University of Illinecis, Urbana-~Champaign,
H, Umemura, University of Tokyo, M. Wakabayashi, Kyoto University, and

M. Watabe, Building Research Institute, has held four meetings; Tokyo,
Japan, 5-10 September 1977, San Francisco, California, 15-19 May, 1978,
Tokyo, Japan, 18-23 December, 1978, and Berkeley, California, 9-14 July,
1972, Numerous other individuals from universities, private practice,

and government have attended these meetings and have contributed significantly

to the planning program,



Iv. SUMMARIES AND RESOLUTIONS

A, First Planning Group Meeting

The first planning group meeting, U.S.-Japan Cooperative Research

" Program Utilizing Large-Scale Testing Facilities, was held in Tokyo during

the period September 5-10, 1977, to discuss future research programs

in earthquake engineering utilizing large-scale testing facilities.

During this meeting, the individuals present from academic and

government institutions and from private industrial groups exchanged

information and views on the following topics:

(1)

(2)

(3)

(4)

(5)

locations and performance characteristics of existing medium-~
and large-scale testing facilities in both countries with
example tests illustrating capabilities,

locations and performance characteristics of medium- and
large-scale testing facilities under construction or planned
for future construction in both countries with planned
programs,

possible large-scale tests which might be conducted under the
recommended cooperative research program including estimates
of efforts involved,

implementation of the recommended cooperative research program
and level of effort possible considering funding procedures,
restrictions, and limitations in both countries, and
selection of large-scale tests and supporting smaller-scale
tests to be conducted under the recommended cooperative

research program.
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At the conclusion of the first planning group meeting, the

following resclutions were adopted:

(1)

(2)

(3)

(4)

(5}

(6}

(7

The first major test to be carried out under the recommended
cooperative research program should be conducted on a full-size
milti-story buildiﬁg to determine its seismic behavior

utilizing the Large-Size Structures Laboratory, Building Research
Institute, Tsukuba New Town for Research and Education. It is
intended that the number of stories on the test structure be

the maximum permitted by the facility (8-10 stories), unless

the type of construction or building practice requires a lower
number of stories.

Six different types of buildings representative of good current
practice should be considered for possible testing, namely, a
reinforced concrete building, precast and/or prestressed concrete
building, a steel frame building, a steel-reinforced concrete
building, a masonry building, and a wooden building.

A preliminary design of each building type should be made prior to
the second planning group meeting so that a choice can be made at
that time as to which type will be tested first.

The building to be tested first should include non-structural
elements such as curtain walls, partition walls, piping, etc.

The building should be tested by a pseudo-dynamic procedure so

as to develop and define realistic seismic behavior.

After initial testing, the building should be repaired and re-
tested to assess the effectiveness of repair procedures.
Complementary tests, such as component and model tests, shouid be
conducted in various institutions prior to and/or parallel with
each major full-scale test. |

- 11 -



(8) Preliminary long-range plans should be made for a possible
full-scale test on the same building type selected for the
first major test utilizing the super large-scale two-
dimensional shaking table.

{9) Long-range plans should include the possibility of testing
large-scale structures other than buildings and experiments
to study the effect of wind on buildings and c¢ivil engineering
structures.

(10) Concerned government agencies in both countries are urged to
complete arrangements for implementing the preceding re-
solutions. It is recommended that the U.S.-Japan Cooperative
Science Program and the U.S.,-Japan Panel on Wind and Seismic
Effects U.J.N.R. Program, coordinate their efforts towards
implementing the large-scale testing Program.

{11} The second planning group meeting, U.S.-Japan Cooperative
Research Program Utilizing Large-Scale Testing Facilities,
should be held during the period May 15-19, 1978, in San

Francisco, California, U.S.A.

B. Second Planning Group Meeting

The second planning group meeting, U.S.-Japan Cooperative Research
Program Utilizing Large-Scale Testing Facilities, was held in San
Francisco during the period May 15-19, 1978, to continue planning for
future research programs in earthquake engineering utilizing large-
scale testing facilities.

After opening remarks by J. Penzien and M. Watabe, preliminary
design considerations of full-scale and support tests were presented
by H. Adoyama and G. Corley, A. Mattock and T. Ckada, R. Hanson and

B. Kato, C. Culver and 5. Nakata, 5. Nakata and A. Mattock, and V.
-~ 12 -



Bertero and M. Ozaki for building Types 1-6 (No. 1 - Reinforced

Concrete, No. 2 - Precast/Prestressed Concrete, No. 3 - Structural

Steel, No. 4 - Masonry, No. 5 - Timber, No. 6 - Mixed Steel/Rein-

forced Concrete), respectively. Extensive discussion fbwaré developiné
final designs and testing procedureé and toward prioritizing structural
types followed these presentations. Considering such factors as (1)

need based on understanding seismic performance of current construction,
{2) need based on developing improved seismic performance in future
construction, (3) economic benefits, (4) safety considerations,_(S)

test feasibility, (6) mutual benefit to both countries, and (7) cost

and manpower advantages of conducting full-scale tests on a cooperative
basis, it was decided that the immediate futﬁre planning.should recognize
the feollowing pribrity listing of structural types: No. 1 - Reinforced
Concrete, No. 2 - Structural Steel, No. 3 - Precast/Prestressed Concrete,
No. 4 - Mixed Steel/Reinforced Concrete, No. 5 - Masonry, and No.

6 - Timber. It was agreed however that detailed planning of the full-
scale tests for both the first and second priorities, namely, reinforced
concrete and structural steel, should be completed and that plans for
component testing involving these and other types should be developed as
deemed appropriate. A general flow chart of the first full-scale test

project was developed as shown in Fig. 1 below.
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| Select and Proportion Full-sScale Test Stxucturel

| Dynamic Analysis |

I . |
|[shaking Table Reduced-Scale Tests | | Component Tests |
T T

1]

| Construction of Full-Scale Test Structure |

| First Test Series |

Repair |

‘[Seéond Test Series |

. : . \ .
U.S.A. | & | Recommendations b———3 iJapan}

Fig. 1. .Flow Chart of First Full-Scale Test Project.

K. Otani and M. Watabe reported on the "Currént Status of BRI
Facilities" and "Design Earthqu#ke Intensity," respectively, énd
S.C. Ligy and‘T; Okubo discussea plans for implementing the programv
under the aus?i;es'of the U;S.-Japan Panei on Wind and‘Seismié Effects,
U.J.N.R. Program. It was proposed thét the.overall program be
implemented in accordance with the flow chart shown in Fig. é; ﬁhat
the U.J,N.R. Panel on Wind aﬁd Seismic Effects be used as the
imélementation and coordinatién mechanism for the‘joint prbgram, that
the funding agenciés have‘administrative management respénsibility for
the joint program, and that the program utilize scientists and engineers
from academic, government, and industrial organizations in beoth countries

as appropriate to the conduct of specific projects.
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Fig. 2. Flow Chart of Implementation Plan.

At the conclusion of the second planning group meeting, the

following resclutions were adopted:

(1) Due to safety and economic consideration, it is urgent that
full-scale pseudo—dynamic tests be conducted on various
building types for the purpose of verifying and improving
seismic pérformance.

(2) In the interests of improved efficiency and research pro-
ductivity, it is highly desirable that full-scale pseudo-
dynamic tests on buildings be conducted by Japan and the
United States on a cooperative basis.

(3) Immediate plané for conducting full-scale pseudo-dynamic tests
oﬁ a cooperative basis should be developed in accordance
with the following priority listing of building types:

No. 1 - Reinforced Concrete, Né. 2 - Structurai Steel,
No. 3 - Prestressed/Precast Concrete, No. 4 - Mixed Steel/

Reinforced Concrete, No. 5 - Masonry, and No., 6 - Timber.
...]_5_



(4)

(5)

(6)

(7)

(8)

(9)

This listing should remain flexible, however, to accommodate
the availability of test facilities and equipment and to
meet other special conditions which may arise prior to and

at the time of testing.

Complete detailed structural designs of the reinforced
concrete and structural steel buildings should be prepared
for presentation at the third planning group meeting. The
designs of support tests for both types should alsc be pre-
sented at this meeting.

Because of their great importance, extensive full-scale tests
should be conducted on non-structural members together with
the structural full-scale tests. Plans for these tests should
be developed prior to and be presented at the third planning
group meeting.

A subgroup should be established to develop procedures and
techniques for laboratory simulation of seismic excitations.
The implementing agencies of both governments should proceed
immediately to request funding for the procurement of special
test equipment (e.g. hydraulic actuators) and instrumentation
still required by the overall proposed test program.

Due to the importance of a balanced exchange of research
personnel prior to and during the testing program, every
effort should be made on both sides to bring about such an
exchange.

Administrative and management arrangements and guidelines

for implementing the above resolutions should be completed

by the government agencies involved as soon as conveniently

possible.
- 16 -



(10) fThe third planning group meeting, U.S.-Japan Cooperative
Research Program Utilizing Large-Scale Testing Facilities,

should be held during the period December 18-23, 1978, in Japan.

c. Third Planning Group Meeting

The third planning group meeting of the U.S.-Japan Cooperative
Research Program Utilizing Large-~Scale Testing Facilities was held in
Tokyo during the period December 18-23, 1978. The meeting continued
discussions to develop future research programs in earthguake engineering
utilizing large-scale testing facilities.

The summary and resolutionﬁ of the first and the second planning
group meetings held in Teokyo in September, 1977, and in San Francisco,
in May, 1978, were presented and confirmed.

During the third planning group meeting, representatives from
academic institutions, governmental agencies and private industrial
firms exchanged information and views. Preliminary design considerations
for full-scale tests and their supporting tests were presented by

representatives from both U.S. and Japan for four structural types;

No. 1 Reinforced Concrete

No. 2‘ Structural Steel

No. 3 Precast/Prestressed Concrete

No. 4 Mixed Steel/Reinforced Concrete.

Preliminary discussions were also presented on masonry and timber types.

For the first two of these structural types, U.S. and Japan re-
presentatives discussed in depth and reached certain conclusions on
experiment designs. In addition to working sessions on structural
design, a session on loading procedures for full-scale tests was held.
A major discussion in the loading procedures session centered on the

- 17 -



feasibility of the pseudo-dynamic test method in which sufficient

numbers of electro-hydraulic Jjacks are used.

At the conclusion of the Third Planning Group Meeting in Tokyo, the

following resolutions were adopted:

{1) The.goal of the joint program is to improve seismic safety
practices through studies to determine the relationship among
full-scale tests, small-scale and component tests, and
analytical studies.

(2) The joint program shall be designed and conducted to:

(a} achieve clearly stated scientific objectives;

{b) represent total building systems as realistically as
possible;

(¢} balance the gimplicity and economy of test specimens with
the need to test structures representing real situations;

() maintain a balance among small-scale, component, and full-
scale tests;

{e) utilize previously performed experiments and studies to
the extent practical;

(f) represent the best design and construction practice in use

| in both countries;

{g) check the validity of newly developed earthquake-resistant
design procedures;

(h) maintain flexibility to accomodate new knowledge and
conditions as successive experiments are compléted; and

{1} assure the practicality of program results.

(3) This program should be initiated in 1979 jointly and cooperatively
in both the U.S. and Japan.

(4) To implement this program, the establishment of the following
committees and working subpanels is recommended for inclusion in

the governmental MEMORANDUM OF UNDERSTANDING:
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(5)

(6)

(7

(8)

)

{(a) Joint Executive Committee for the purpose of providing
scientific advice to participating institutions in this
program and to appoint subpanels other than stated below
to perform tasks as agreed necessary;

(b) subpanel for execution of the full-scale and supporting tests
for each structural type; and

{c) subpanel for assessing the feasibility and validity for use

in this program of pseudo-dynamic loading techniques.
To implement this joint program, quick and positive response by
both governments as to funding and staff arrangements is requested.
Strong emphasis is placed on funding the loading systems needed
to assure adequacy of the facilities to perform the planned
experiments.
The planned order of testing is first the reinforced concrete
structure, and second the steel structure. Precast-prestressed
concrete structure and mixed steel-reinforced concrete
structure are the next priorities. Masonry and timber structures
should be studied further for inclusion in this program.
Additional tests and analyses found to be reguired beyond the
planned program should be conducted to assure that research results
can be applied in the practical design of buildings.
All activities of the joint program (full-scale tests, support
tests, analytical studies, etc.) should be conducted cooperatively
with balanced participation from both countries to the extent
possible.
The 4th Planning Group Meeting, U.S.-Japan cooperative research
Program utiliziné large-scale testing facilities, should be held

in the U.S. during the period July 9th to 14th, 1979.
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D. Fourth Planning Group Meeting

The fourth planning group meeting, U.S.-Japan Cooperative Research
Program Utilizing Large-Scale Testing Facilities, was held in Berkeley,
California, during the period July 9 - 14, 1979, to finalize recommendations
for a cooperative research program utilizing large-scale testing facilities.

After brief introductory comments by H. Umemura and a brief review
of the planning group's activities since the third planning group meeting
held in Tokyo by J. Penzien and M. Watabe, reports were presented by
H. Aoyama and G. Corley on the recommended reinforced concrete building
structure full;scale test, by V. Bertero, G. Corley, J. Jirsa, S. Okamoto,
K. Otani, and M. Sozen on the recommended reinforced concrete building
structure associated tests, by R. Hanson and B, Kato on the recommended steel
building structure full-scale test, by R. Hanson, B. Kato, L. W. Iu,

S. Mahin, and K. Takanashi on the recommended steel building structure
associated tests, by R. Hanson and T. Okada on the recommended pseudo-dynamic
test method feasibility studies, by Y. Yamazaki on the acquisition and
reduction of full-scale test data, and by S.C. Liu and T. Okubo on past
inter-governmental implementation activities for the cooperative program.
Informal discussions followed each of the technical presentations with

the objective of clarifying the issues raised.

Following presentation of these reports, parallel working sessiong
were held to develop final recommendations on (1) reinforced concrete
building structure full-scale tests and associated tests, (2) steel building
structure full-scale tests and associated tests, (3) pseudo-dynamic test
method feasibility studies, (4) analytical studies, and (5)'implementation.
Reports by the working groups were then presented in general session

followed by discussion.
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Further discussions were held in general session on program cost

estimates and schedules, and on developing guidelines for project reports.

At the conclusion of the fourth planning group meeting, the

regsolutions of the first three meetings were re~confirmed and additicnal

resolutions were adopted as follows:

(1)

(2)

(3)

(4)

In view of the importance of improving seismic safety practices
through studies to determine the relationship among full-scale,
small-scale, and component tests, and analytical studies, the
final report of the planning group should be completed and be
transmitted to the appropriate agencies of government as soon
as possible.

It is recommended that the program of cooperative research as

set forth in the planning group final report be initiated in

1979 in both countries.

The level of funding provided to the cooperative research program

should permit the fulfillment of goals and objectives as defined

in the planning group final report.

To insure successful execution of the recommended cooperative

research program, full coordination of all research activities

carried out in both countries is essential; therefore, the

following committees are recommended:

(a)

(b)

Joint Technical Coordination Committee to provide scientific
and technical advice to participating institutions in the
program. This committee should meet at least once a year
during the program,

Joint subcommittees to provide advice on the execution of
research related to reinforced concrete buildings, steel
buildings, pseudo-dynamic loading techniqués, and other major
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(5)

(6)

(7)

(8)

areas of activity. These committees should meet as
frequently as needed,
To assure and enhance the cooperative effort in this joint
research program, adequate exchange of research personnel from
both countries is needed. It would be desirable for one exchange
researcher to be associated with each participating research
organization in each country.
Following successful completion of the recommended cooperative
research prdgrams related to reinforced concrete and steel
buildings, similar investigations should be carried out on other
structural types as suggested in previous resolutions taking full
advantage of the experience gained in the use of the pseudo-
dynamic testing procedure. Appropriate planning for this activity
should be initiated at an early date.
Long-range plans should include the possibility of testing large-
scale structures and systems, other than buildings, in this
cooperative program.
The planning group encourages support of the recommended cooperative
large-scale test program by the U.J.N.R. Panel on Wind and Seismic

Effects.
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V. RECOMMENDED RESEARCH CN REINFORCED CONCRETE BUILDING STRUCTURES

4. Summary

It is recommended that a full-scale seven-story reinforced congrete
building structure (including nonstructural elements such as curtain walls,
partition walls, etc.) representing good current practice be tested in the
Large-Size Structures Laboratory, Building Research Institute, Tsukuba
New Town for Research and Education, Japan. The tests should be conducted
using a procedure intended to simulate dynamic response to prescribed
seismic excitations. A computer-actuator on-line (pseudo-dynamic) test
proceduré should be considered for this purpose. After an initial series
of tests limiting the response to light damage levels, the structure should
be repaired and then retested under severe simulated seismic conditions to
near collapse conditions. The objectives of this final test would be to
assess the effectiveness of repair procedures and to determine the structures
large deformation and failure characteristics.

Further, it is recommended that a series of coordinaﬁed experiments
associated with the full-scale tests be conducted in Japan and the United
States on reinforced concrete joint assemblies, walls, and frames, that
one—-tenth scale models of the full-scale seven-story test structure be tested
under simulated seismic conditions using a single horizontal component
shaking table, that a one-third scale model (including nonstructural elements)
of the same full-scale test structure be tested under simulated seismic
conditions using a two-component (vertical and one horizontal) shaking table,
and that a full-scale three-story model be tested under simulated seismic
conditions using a single horizontal component shaking table.

The results of all associated tests in both countries should be fully
correlated with each other and with the results of the tests made in Japan
on the full-gcale seven-story structure. The objectives of these correlation
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studies would be to identify the relative merits of component tests, small-
scale tests, and medium~scale tests in predicting prototype performance under
medium to severe seismic conditions and to improve structural details leading
to improved seismic resistant design.

It should be noted that an investigation of the type described herein
represents a first attempt anywhere in the world at carrying out a fully
integrated test program having both of the above objectives. It, therefore,
should prove of great value in setting long-range priorities for future
test programs based on benefit-cost considerations.

Researchers from both Japan and the United States should participate

in the full-scale tests, the associated tests, and the correlation studies.

B. Tests On A Full-Scale Seven-Story Building In Japan

The full-scale seven-story reinforced concrete test structure suggested
herein represents a portion of a building having dimensions common to earth-
quake resistant construction in both countries. The lateral load resistance
of this building is provided by interacting structural walls and frames.
This type of test structure has been suggested so that the test results may
be of equal benefit in interpreting performance of that type of building in
both countries. Plan and4evaluation views of the test building are shown in
Figs. 3 and 4, respectively.

Prior to testing the full-scale structure, a thorough analysis of its
seismic performance should be carried out in both Japan and the United
States using the best available matheﬁatical modelling and computational
procedures. In developing the mathematical model of the structure, use
should be made of existing component test data in both countries supplemented
by the results of associated tests as described in the following sections of
this proposal. Through such analyses, seismic excitations to be used in the

full-scale tests can be selected,
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As previously stated, the pseudo~dynamic test procedure should be
considered for the full-scale tests to be conducted in the Large-Size
Structures Laboratory, Building Research Ingtitute, Tsukuba New Town for
Research and Education. The tést structure should be rigidly attached to
the test floor of the laboratory. Testing should be carried out at various
stages of construction using types and levels of loading consistent with
the objectives of individual tests. Both Japanese and U.S. researchers
should participate in the development of design details, the planning of
instrumentation, and the conduct of all tests. All correlation studies of

results should be similarly conducted on a cooperative basis.
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Associated Tests In The United States

1. Quasi-Static Tests On Joint Assemblieg

Tt is recommended that a number of associated tests be carried out
on full-scale reinforced concrete joint agsemblies as listed in Table 1.
Results of these tests will permit correlation between the existing
body of experimental data obtained from similar simple test specimens and
response éf the full-gize structure. Results of the correlation will
demonstrate the degree of reliability that can be obtained from previously
completed laboratory work. The geometries of the joint assemblies should
be identical to portions of the full-scale seven-story test structure as
indicated in Fig. 5. For reasons of clarity, the floor slab does not show
in the drawing of this fiqure; however, it should form an integral part
of the full-scale test building and all associated test assemblies.

a. Exterior column-to-beam assemblies -~ Three of these assemblies

should be tested under a cyclic loading pattern as shown in Fig.

6 (note that again for reasons of clarity, the floor slab does

not show in any of the drawings of joint assemblies, i.e.,

Figs. 6 ; 8). Specimen No. 1 should have reinforcing details

similar to those originally selected for the full-scale seven-

story test structure, Specimen No. 2 may have modified reinforcing

details, and Specimen No. 3 should have reinforcing details based

on the results obtained from the tests on Specimens Nos. 1 and 2.
Ioading of Specimen No. 1 should be applied in groups of

three completely reversed cycles. After each group of three

cycles, the deformation level should be increased to produce

more inelastic behavior. This procedure should be continued until

the specimen has lost most of its structural resistance. Specimen

No. 2 should be loaded using a controlled deformation pattern
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similar to that predicted for the prototype structure under
seismic conditions. The amount of peak inelastic deformation
should be increased with each succeeding pattern until the.
specimen has lost most of its structural resistance. Specimen
No. 3 should be loaded under contreclled conditions selected

after testing Specimens Nos. 1 and 2,

Interior column-to-beam assemblies - Two of these assemblies

should be tested under a cyclic load pattern as shown in Fig. 7.
Reinforcing details and loading groups for these specimens
should be selected following the same considerations and
procedures described above for Specimens Nos. 1 and 2 of the

exterior column-to-beam assemblies.

Wall-to-beam assemblies - Two of these assemblies should be tested

under a cyclic loading pattern as shown in Fig. 8. Reinforcing
details and locading groups for these specimens should be selected
following the same considerations and procedures described for

Specimens Nos. 1 and 2 of the exterior column-to-beam assemblies.

2. Quasi-Static Tests On Planar Structures

It is recommended that an isolated wall, a wall and frame combination,

and a plane frame as shown in Figs. 9, 10 and 11, respectively, be

constructed at medium-scale with portions of floor slab forming an integral

part of all three specimens.

Nonstructural elements should be built into

the plane frame specimen.

a.

Isolated wall - The details of this specimen should be similar to

those selected for the full-scale seven-story test structure.
Loading history applied to the specimen should simulate the
corresponding analytically predicted deformations of the proto-

type structure under prescribed moderate to severe earthguake
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conditions. The results of this test should be used to verify
the validity of mathematical modelling of similar elements

in the prototype structure.

Wall and frame combinations - The details of this specimen should

be similar to those selected for the full-scale seven-story test
structure. Loadings of similar types to those described above

for the isclated wall test should be applied to the test specimen,
Correlation of test results should be made with those obtained from
the isolated wall test and they should be used to assist in the

verification of prototype mathematical modelling.

Plane frame - The details of this specimen should be similar to
those of the corresponding frames in the full-scale test structure
including the presence of nonstructural elements. ILoading types
as described above for the isolated wall and the wall and frame
combination tests should be used for this specimen. Results of
the test should be correlated with the results of the isolated
wall and the wall and frame combination tests and they should be
used to assist in the modelling of corresponding elements in the

prototype structure.
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TABLE 1

REINFORCED CONCRETE ASSOCIATED TESTS

TEST ASSEMBLIES

Specimen 1

Specimen 2

Specimen 3

Description Reinforcement Loading* Reinforcement Loading* Reinforcement Loading*
Exterior Column To Beam Code Increasing Same as Test Same as Test To be To be
Reversals Structure Structure Determined Determined
Interior Column To Beam Code Increasing Same as Test Same ag Test
Reversals Structure Structure ——— —_—
Wall To Beam Code Increasing Same as Test Same as Test
Reversals Structure Structure e - e

PLANAR STRUCTURES

Isolated Wall

Wall And Frame

Plane Frame

Same as Test
Structure

Same as Test
Structure

Same as Test:
Structure

Increasing
Reversals

Increasing
Reversals

Increasing
Reversals

* All loads should be applied at rates similar to those commonly used in

existing literature.

laboratory work reported in
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Wall-to-Beam Assembly
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3. Shaking Table Tests On One-Tenth Scale Models

Earthquake-simulation tests of one-tenth scale models of the full-
scale test structure are recommended (a) to help develop a realistic
loading program, representing earthquake response, for the full-scale
seven-story test structure and (b} to test the reliability of the
small-scale reinforced concrete models in determining the behavior of
full-scale structures.

The role of the recommended tests with respect to the first objective
is in providing physical tests of the displacement responses calculated
for the full-scale test structure using analytical models, Ultimately,
the second objective is of greater importance because the studies can
be used to establish limits to the use of small-scale reinforcgd concrete
models in experimental analysis of the total response of building
structures.

Tests of three one-tenth scale models of the full-scale seven-story
test structure are recommended for the experimental program.

The first model structure should be a "bare" structure to be tested
to help establish the ranges of response, for prescribed earthguake
motions, of the full-scale structure. It is desirable to fabricafe
and test this model as soon as the detailed features of the full-scale
structure have been selected, because the results of the model test may
influence the conduct of the tests of the full-scale structure and, if
obtained in good time, may influence the final properties and
reinforcement details.

The second model structure should include nonstxuctural-components
and should be built to correspond closely to the full-scale structure_
and, more importantly, to the medium-scale (one-third scale) test
structure. The nonstructural components included in the mocdel should

be only those that are expected to affect dynamic response.
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The third model structure should include nonstructural features

as well as structural attributes selected to assimilate and help

generalize the results from the full-scale test.

.

Small~scale test structures ~ Recommended dimensions of the

model structures are given in Figs. 12 through 14. These
dimensions are based on those suggested for the full-scale
structure.

‘The dimensions of the model. structure to the prototype
structure should be related in the ratio of 1:10. It is
recommended that the model carry masses of approximately 800 kg
at each level in order to maintain a ratio of 5:1 between the
natural frequencies of the model and the prototype. Conseguently,
the time scale of the “"earthquake motion" should be compressed
by five (e.g., a ten-second duration motion in real time will be
reproduced in two seconds) such that the relationship between
the building frequencies and the frequency content of the base
motion will be approximately the same for the prototype and the
model.

The time scale factor of five has been suggested for two
reasons: to minimize strain-rate effects in modes affecting
structural response perceptibly and to avoid the necessity of
lengthy and randomly successful finetuning process required for
an earthquake simulator for time-compression ratios of ten or

higher.

Structural materials and reinforcing details - The reinforcement

in the test structures may be cut from bright basic wire annealed
to develop a yield stress of approximately 415 MPa. Depending

on the reinforcement arrangement finally selected for the prototype,
_40_



it is anticipated that the wire sizes to be used as main
reinforcement in the models will be approximately 2 mm.

Elements reinforced with "bars"™ of this size have been used
successfully to simulate moment-rotation characteristics of full-
scale reinforced concrete elements.

Because small-scale models are not suitable for investigation
of shear failures, faithful modelling of the transverse rein-
forcement is not essential. Nevertheless, transverse reinforcement
should be chosen to correspond to that used in the prototype
provided the probability of a shear failure in the model is
acceptably low.

The small-scale concrete should be mixed using coarse sand,
fine sand, cement and water. Its target strength should be that
selected for the prototype, approximately 28 MPa.

In the initial stage of the project, exploratory tests with
single- and two-story model frames with filler walls should be
conducted to develop a suitable miniature concrete block to be

used as "nonstructural” material for the second test structure,

Fabrication ~ Each planar element of the structure may be cast
horizontally in one piece using specially designed steel forms.
The first model structure should not have transverse elements
so that casting the frames and the central wall-frame will not
pose any problems, If the transverse structural elements are
selected for the second and third model structures, it may be
possible to add these "in gitu” by building from dowels cast
into the planar elements. Because the transverse elements
should not contribute substantially to energy dissipation in

the direction of the ground motion, unrealistic splicing in
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their reinforcement would be tolerable.

Assembly - The individual planar elements can be assembled

on a test platform, as indicated by the plan in Fig. 14. The
distances between fhe individual elements Wili depend on the
design of the story masses. The masses of the first model
structure may be connected to the structural eleménts through
steel shafts which fit small cylindrical sleeves cast into

the frame joints. The joints can, therefore, be provided with
special reinforcement to avoid splitting. An undesirable
feature of this scheme is the indeterminacy of the reactions,

a condition which will create problems for construction as well
as analysis.  The load distribution from the slabs to the verti-
cal elements is also indeterminate in the prototype, but there
are no explicit "fitting" problems because of. the flexibility
afforded by cast-in-place construction. The details of the
system supporting the masses in the model structures can be
changed in a trade-off between realism and convenience, in view
of the fact that the first structure will differ in other details

too from the prototype.

Instrumentation - Instrumentation for the mecdel specimens should

include ({(a) accelerometefs oriented horizontally in the direction
of motion at all levels, (b) accelerometers oriented horizontally
and transversely_to the direction of motion at the base and at
the top of the structure, and (c) accelerometers oriented verti-
cally at the top of the structure, and (d) LVDT's to measure
deflection in the direction of wmotion at all levels.

Strain gages may not be needed unless a special problem

arises in connection with the interpretation of the results from
- 42 -



the full-scale test.

Test procedure ~ Each test structure should be subjected to a

series of base motions of increasing intensity. The motions
should be selected in consultation with all researchers
participating in the overall cooperative progfam. Dynanic
response properties of the test structure should also be
investigated with the help of free—vibiation and/or low-
amplitude force-vibration tests in between the earthquake

simulation tests.
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4. Shaking Table Tests On A One-Third Scale Model

As previously pointed out, one of the principal objectives of the
overall program recommended herein is to determine the relative merits
of component tests, small-gcale tests, and medium-scale tests in
predicting prototype performance under medium to severe earthquake
conditions. The recommended full-scale test representing prototype
behavior, the component tests, and the one-tenth scale shaking table
tests have been described in the previous sections of this proposal.

While it is expected that the small-scale (one-tenth scale) model
tests on a single-component shaking table will provide invaluable
information {(at relatively low costs) for predicting overall response
of the prototype structure, thus greatly assisting in the decision
making process of designing and testing the full-scale seven-story
test structure, they most likely will be deficient in providing the
necessary information for predicting localized prototype behavior. This
deficiency can be expected due to the fact that the inelastic behavior
of reinforced concrete structures is sensitive to certain factors such
as (1) degree of confinement of the concrete, (2) mechanical character-
istics of all materials, (2) surface deformations of reinforcing bars
affecting bond characteristics, and {(4) detailing of the different types
of reinforcement. Because of this sensitivity, it is recommended that
a medium-scale (approximately one-third scale) model of the full-scale
seven-story test structure be tested on a component shaking table. This
medium-scale model can be expected to provide much more reliable
information for use in predicting inelastic behavior in cri£ical regions
of the prototype structure. Also, the results should greatly assist
in verifying the accuracy and reliability of the nonlinear analysis
computer programs used in various phases of the overall program.
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The one-third scale model should be tested first without nonstructural
elements under free and/or fbrced vibration conditions to determine its
dynamic characteristics. Noanstructural elements should then be added to
the model after which the free and/or forced vibration tests should be
repeated. Following these tests, the model should be subjected to excitations
simulaﬁing'éervice level seismic ground motions. Free and/or forced vibration
tests should then be performed to determine changes in the dynamic
characteristics. Shaking table tests should againh be performed but with the
excitation level sufficiently high to induce damage in the nonstrucﬁural
elements. These damaged elements should fhen be repaired followed by further
shaking table tests with the excitation level even higher than before sc that
a greater level of damage will be produced in the nonstructural elements.

This series of tests would provide valuable information on the effects of
nonstructural elements on overall building seismic response. Following even
further shaking table tests preducing signifiéant, but not excessive, damage
in the primary structure of the model, it should be repaired and then retested
under severe simulated seismic excitations to near collapse conditions. This
final test would asgess the effectiveness of repair procedures and would
determine the model's large deformation and failure characteristics.
Simultaneous, vertical and horizontal components of excitations should be

used in the above tests ag deemed appropriate.

As discussed in Sec. VIII of this report, the results obtained from
one-third scale model tests should be correlated with the results obtained
from the full-scale tests, the one-tenth scale shaking table tests, and

the component tesgts.
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Associated Tests In Japan

1. Quasi-Static Tests On Joint Assemblies

In the course of designing the full-scale seven-story test
structure, difficult choices will be encountered due to differences
in design and detailing practices between the United States and
Japan., Differences in the equation for design shear capacity,
differences in column tie detailing, and differences in the require-
ments for beam—-to-column connections are a few examples, In order
to determine appropriate choices in the design of the fuli-scale
test structure, it is recommended that the following series of tests
be conducted early in the program in Japan.

a. Exterior column-to-beam assemblies -~ Three half-scale

exterior column—-to-beam assemblies should be tested under
a cyclic loading pattern as shown in Fig. 6. Specimen No. 1

should have reinforcing details as commonly adopted in current

Japanese practice. Specimen No. 2 should have additional hoops

in the column-to-beam joint based on the shear stress in the
joint, and should have reinforcement details different from
Specimen No. 1 so that it conforms to current U.S. practice.

Specimen No. 3 should be identical to Specimen No. 1, except

that it should not have a floor slab. It is intended that these

tests would assist in the choice of number of ties within the

joint and within the column, would assist in the choice of

reinforcing details of the column ties, and would assist in the

choice of anchoring details of the longitudinal reinforcement
steel in the heams. The third specimen could also serve in
correlating its test results with existing test data most of

which have been obtained from specimens without floor slabs.
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Interior column-to-beam assemblies - Three half-scale interior

column~-to-beam assemblies should be tested under a cyclic load-
ing pattern as shown in Fig, 7. Reinforcing details for
Specimens No. 1 and 2 should be selected following the same
congiderations and procedures described for'exterior column~
to-beam assemblies. Specimen No. 3 should also have no floor
slab. The intentions of these tests are similar to those
described above for the exterior column-to-base assemblies.

It is possible that a fourth specimen should be tested

including nonstructural elements.

Exterior top of column-to-beam assemblies - Considerable

differences exist between the two countries in the detailing
of reinforcement in the upper most column-peam connection.
Therefore, two half-scale exterior column-to-beam assemblies
representing current practice in both countries should be
tested under a cyclic loading condition similar to that shown
in Fig. 15. It is expected that these tests would directly
serve as a basis for the choice of reinforcing details in the

full-scale structure,

Walls - Two medium scale (preferably half-scale} walls of three
or four stories should be tested under cyclic loading conditions.
Specimen No. 1 should have beams in the wall at each floor level
reflecting normal current construction practice in Japan.
Specimen No. 2 should have no such beams like the full-scale
test structure. Each specimen should have a portion of floor
slab at each level as an integral part of the structure. The
test results of these specimens should be used to verify the

suitability of the initial recommendation that such beams be
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eliminated in the wall of the full-scale test structure.

Using the results of these joint assembly tests, a tentative design
of the full-scale test structure should be made, Using the tentative
design details, the quasi-static tests on full-scale joint assemblies
previously suggested for fhe U.S. associated test program (Sec. V.C.l1l)
should be carried cut. These latter tests can then be used to verify
the suitability, and to improve if necessary, the final design of the

full-scale test structure.

2. Quasi-Static Tests On Planar Structures

Largé-scalé models of planar structures have been recommended for
testing in the United States (Sec. V.C.2). It is believed that a
second set of tests on planar structures would be needed to assist in
the interpretation of the results of the tests on the full-scale seven-
story test structure, particularly, in determining the time~history
distribution of loading carried by each planar structure of the main
test building. It is therefore recommended that the foliowing full-
scale planar models of identical design to those selected for the main
test building be tested in Japan following the tests on the full-scale
seven-story building.

a. Wall-frame system - A full-scale wall-frame system of three or

four stories, representing the lower part of the control frame
of the main test building, should be tested using a quasi-static
displacement history identical to that used in the pseudo-dynamic

testing of the main building.

b. Plane frame - A full-scale frame, identical to the lower portion
of the exterior frame of the main test building, should be tested
in a similar manner to that described above for the wall-frame

system.
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3. Shaking Table Tests On A Full-Scale Three-Story Frame Model

It is recommended that a full-scale three-—story frame model having
design detailing similar to the main test building, as shown in Fig. 16
be tested on a shaking table located in the targe Aseismic Testing
Laboratory, National Disaster Prevention Center, Tsukuba New Town
for Research and Education. This model should be provided with
sufficient mass so that its fundamental natural fregquency is similar
to the seven-story full-scale test structure and it should include
nonstructural elements such as exterior walls and interior partitions.
Various levels of table excitation should be applied to the model so
as to determine the interaction effects between the main structural
elements and the nonstructural elements. Mathematical modelling and
correlation studies should be carried out so as to make the results
most useful to the selection of loading levels for the main test

building.
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FIG. 15:

Exterior Top of Column-to-Beam Assembly
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VI. RECOMMENDED RESEARCH ON STEEL BUILDING STRUCTURES

A. Summary

As previously pointed out for the case of reinforced concrete
buildings, there is a recognized‘need to establish the rélationship among
full-scale testé, reduced-scale and component tests, and analytical studies
of steel building structures designed to resist earthguake ground motions.
It is impractical to build prototype structures and wait for actual ground
motions to determine the response characteristics and safety levels of
such buildings. Utilization of damaging earthquake motions has been and
continues to be an important source of information, however, in many of
these cases the buildings are not subjected to the design level ground
motion or larger. The most efficient method of developing an understanding
of damage level building behavior is through.carefully planned tests.
Design and analytical procedures can be established by using the test
results and through computer simulation. Unfortunately, no tests into
the cyclic nonlinear range have ever been performed on full-scale steel
buildings designed according to the current practice. In recognition of
the need for test results on prototype steel building structures, it is
recommended that a full-scale seven-story building designed by the latest
U.S. and Japanese codes be tested in the Large-Size Structures Laboratory
of the Japanese Building Research Institute in Tsukuba New Town. The test
structure should be a representative office building with a perimeter moment-
resisting frame and a braced interior core. It should be tested in several
stages using a loading procedure simulating realistic seismic conditions.
The pseuvdo-dynamic procedure should be considered for this application. At
the final stage of testing, nonstructural elements such as curtain walls and
partitions should be added to the structural system and the entire structufe

should be loaded to failure.
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In support of the full-scale test, it is recommended that a geries of
complementary quasi-static tests be conducted in the U.S. and Japan on
girder-to-column connections, column~to-footing connections, bracing
members, composite floor systems, planar composite beém-and-column
assemblages, three-dimensional beam-and-column sub-assemblages, and
braced and unbraced frame bents, that one-tenth scale models of the
prototype structure be tested under simulated earthquake ground motions on
a shaking table in Japan, and that a one-third scale model of the same
structure be tested on a large shaking table in the U.S. Results of the
one-third scale model tests should be used to establish correlations between
the full-scale test and the shaking table test methods.

The recommended associated tests in the two countries should be
carefully planned so that they are fully complementary; thus, the resuits
of these tests can greatly assist in predicting the response of the proto-
type test structure at all levels of load application. The results of the
various quasi-static tests and shaking table tests performed in both
countries should be correlated with each other and with the results of the
prototype structure. It is anticipated that the recommended quasi~-static
tests and one-tenth scalé shaking table tests in Japan will be carried out
at the Building Research Institute and the University of Tokyo with
participation of the National Disaster Prevention Center, Science and
Technology Agency.

The entire program should be well coordinated and researchers from both
the U.S5. and Japan should cooperate fully during the course of the investi-
gation. It is recommended that researchers from both countries be provided
the opportunity of working in each others' laboratories, and that the U.S.

investigators take part in the testing of the full-scale building.
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B. Tests On A Full-Scale Seven-Story Building In Japan

A seven-story steel framed office building has been recommended for
purposes of comparing actuél full-scale building béhavior with model
behavior and computer simulation and for assessing the damage and safety
levels of buildings designed using current design practices. Figure 17
shows the floor plan of the test building and Fig. 18 gives the elevation
views of the exterior and interior frames. The exterior frames are
unbraced moment-resisting frames, whereas the inﬁerior frames are braced
by K braces in the center bay. The floor system suggested for this building
consists of metal decking and cast-in-place lightweight structural
concrete, To develop composite action, it should be connected to the
girders and flbor beams by means cf headed shear connectors. All structural
members should be made of ASTM A36 steel (or the Japanese equivalent}. Two
types of K bracing systems, the concentric K and the eccentric K, should
be used in different stages of testing. The test buildings should be
essentially of welded construction which is the most common constrﬁction
method for highrise buildings in both countries.

The prototype structure should be designed to satisfy the requirements of
both the 1976 Uniform Building Code (U.S.A.) and the draft National Building
Code (Japan, 1979). In some respects, the design requirements in the two
codes are significantly different. However, it is possible to achieve a
compromise design which inherently incorporates the basic design philosophies
in these codes. The primary difference is the magnitude of equivalent
seismic forces used in the gstatic design procedure. In orxrder to arrive at
a structural steel building that will satisfy the code requirements of each
country, gravity loads as summarized in Table 2 should be considered in the
basic design. Some of these loads may not be precisely the current practice
in either country, but they are very similar to the values used at the

present time.
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Equivalent earthquake lateral forces required by the two codes are
also different, but it is again possible to reach a suitable compromise,
Lateral forces which may be adopted for design are:

Total base shear coefficient = 0,17

]
<o
o
[
U

Based shear coefficients for each exterior frame

It
<
-
o
[s)

Based shear ccoefficients for each interior frame

It is reasonable to assume that the two exterior frames resist 30 percent
of the total base shear and that the two interior frames resist 70 percent.
Combining the compromise of the gravity loads and of the earthquake
lateral loads as discussed above, two trial designs should be carried out;
one design using the available American shapes and the other design using
the available Japanese shapes. It should be noted that the Japanese steel
mills can roll Amexican shapes of their close eguivalents without any
difficulty.

Another difference in design procedures arises in the detailing of
girder-to—-column connections for interior braced frames. Current U.S.
practice uges simple shear éonnections, but Japanese practice adopts moment
connections. For this reason, it is recommended that initial testing be
conducted on the test structure with shear connections at these locations.
The shear connections should then be replaced by moment connections for
subsequent testing. This approach is alsoc recommended for some of the support
tests carried out in both countries.

Tt is recommended that the test program for the full-scale steel building
include free vibration tests and floor slab repairs as judged necessary and
appropriate. Three levels of leoading should be considered in the pseudo-
dynamic testing: (a) working stress level, (b) post-buckling of braces
level, and (¢) post moment-frame yielding level. In order to maximize the

amount of knowledge that may be gained from the program, the following test
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sequence is recommended:

1. Bare steel frames with composite slabs. No braces in the core.

2. Concentric braces in the core with simple shear connections on
the column lines.

3. Replacing the braces and the associated girders and installing
moment connections on the column lines.

4. Replacing concentric braces by eccentric braces and alse the girders
in the braced bay.

5. 1Installing nonstructural elements to the structure as in 4 with
appropriate member replacement and repair.

6. Test to ultimate displacement near collapse of structural frames,

breaking of nonstructural elements, etc,

In 1 through 5, the structure should be loaded by a procedure simulating
realistic seismic conditions. If fully developed at the time of testing,

the pseudo-dynamic test method is recommended. The lcad levels in 4 and

5 may be higher than those in 1, 2 and 3. 1In 5, nonstructural elements
commonly used in both countries should be added to the structural frame.

Thus, opportunities will be provided to examine not only the modelling of

the structural system, but also that of the nonstructural elements.

Details of the nonstructural elements should be developed early in the program.
Quasi-static cyclic load should be applied in 6.

This test sequence will provide important data on the beh;vior of full-
scale moment frames as well as braced frames coupled with back-up moment
frames. Analytical procedures for moment frames are well established.
Similar analytical procedures for braced frames are being developed, but
cannot be fully confirmed because only a small amount of test data on the
behavior of bracing members and on braced frames are available. This full-

scale test can provide much-needed data. Also, test results of braced frames
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which utilize eccentric bracing are needed. In many situations in order to
accommodate doorways and/or windows in the frames, it is not practical to
use concentric bracing.

As previously stated, a loading procedure simulating realistic seismic
conditions is recommended for the full-scale seven-story building test.
Hopefuily, the pseudo-dynamic test method can be used for this purpose.

The types and levels of ground motion irput adopted depend upon the desired
response stress levels as indicated above. Extensive studies as described
in Sec. VIII should be carried out prior to the full-scale test for the

purpose of defining appropriate ground motion inputs.
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TABLE 2
GRAVITY LOADS ASSUMED FOR DESIGN

(1 psf = 4.88 kg/m°)

DEAD LOADS Us (psf) Japan (kg/mz)
Floor
Metal Deck ) 18
3-1/2" Lightweight Concrete 39 221
Ceiling and Floor Finishes 10 60
Partitions, etc. 20 50

75 (366 ka/m%) 349 (72 psf)
Structural Steel and Fireproofing 15 20

90 (439 kg/m°) 439 (90 psf)

Roof
Metal Deck 6 18
Lightweight Concrete 39 221
Ceiling and Roofing 20 100
65 (317 kg/mz) 3392 (69 psf)
Structural Steel and Fireprocfing 10 70
75 (366 kg/m>) 409 (84 psf)
Exterior Wall Weight 15 psf of wall 70 kg/m2

surface

LIVE LOADS (Reduced equivalents from Japanese practice)

S51lab and Beams 60 300
Girders 37 180
Roof 16 80
For Earthquake Combination 16 80
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7-Story Office Building

18 M x 16.5 M x 22.5 M

Design Criteria

1. Design by 1976 UBC and the draft new Japanese code.

2. ASTM A3%6 steel (or Japanese equivalent) FY =

248 MPa.

3. Metal deck and lightweight concrete floor system
acting compositely with girders and floor beams.

4. X braces in central core.

FIG. 17:

Plan of

Steel Test Structure
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TABLE 2
GRAVITY LOADS ASSUMED FOR DESIGN

(1. psf = 4.88 kg/mz)

2
DEAD LOADS us (psf) Japan (kg/m")
Floor
Metal Deck 4] 18
3-1/2" Lightweight Concrete 39 221
Ceiling and Floor Finishes 10 60
Partitions, etc. 20 50

75 (366 kg/m°) 349 (72 psf)
Structural Steel and Fireproofing 15 90

90 (439 kg/m°) 439 (90 psf)

Roof
Metal Deck 6 18
Lightweight Concrete 39 221
Ceiling and Roofing : 20 100
65 (317 kg/m%) 339 (69 psf)
Structural Steel and Fireproofing 1o 70
75 (366 kg/m°) 409 (84 psf)
Exterior Wall Weight 15 psf of wall 70 kg/m2

surface

LIVE LOADS (Reduced equivalents from Japanese practice)

S5lab and Beams 60 300
Girders 37 180
Roof le 80
For Earthquake Combination 16 80O
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1. Design by 1976 UBC and the draft new Japanese code.
2. ASTM A36 steel (or Japanese equivalent) Fy = 248 MPa.

3. Metal dack and lightweight concrete floor system
acting compositely with girders and floor beams.

4. X braces in central core.

FIG. 17: Plan of Steel Test Structure
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C. BAssociated Tests In The United States

In support of the full-scale seven-story building test in Japan, it
is recommended that a series of quasi-static tests on components and frames
and a shaking table test on a one~third scale model be carried out in the
United States. Most of these tests should be conducted before the start
of the main test since they are intended to serve the following purposes:
(a) To develop basic information on the stiffness characteristics of the
various structural components and planar frame bents in the prototype
test building. This information is necessary for the development of
analytical predictions of the response of the test structure at low and
moderate levels of applied loads. Based on these stiffness properties,
checks can be made on some of the assumptions made in the design of the
test building, especially the one with regard to the distribution of total
seismic forces to the moment-resisting frames and to the braced frames.
(b} To study the inelastic behavior and ultimate strength of structural
components. The results obtained should be used in assessing the ultimate
strength and energy absorbtion capacity of the full-scale test structure.
Since the applicable design codes in both countries are based heavilé on
the inelastic response and ductility of structural elements, the component
test results can provide the necessary data for checking the test building
to meet these design reguirements. (¢} To obtain data on the dynamic
response characteristics of the complete steel structural system in the
elastic and inelastic ranges. Although considerable useful information
can be obtained from the quasi-static component and frame tests as well as
from the pseudo-dynamic full-scale prototype tests, results of dynamic
simulator tests are needed to correlate these tests and anélytical
procedures with expected eaithquaké behavior. (d) To provide resultsnwhich
can be useful in developing an appropriate loading program for the main

tegt. The loading program for the main test should be based, in part, on
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the stiffness and strength characteristics of the test structure which can
be investigated in these quasi-static and dynamic associated tests.

Previous experimental and analytical research results should be
extensively used in this investigation. The tests recommended in support
of the full-scale building tests should involve structures which have
heretofore not been studied in the U.S. or in Japan. Behavior of welded
steel structures should be of primary concern in these tests. Some of the
test specimens may be full size; others may be haif— or third-scale. All
specimens should be fabricated by commercial fabricators in the United
States.

1. Quasi-Static Tests On Structural Components

a. Girder-to-column connectiong - Three types of girder-to-column

connections with girders framing into the column in the
perpendicular directions are recommended as shown in Fig. 19.
They represent some of the connections in the exterior moment-
resisting frames and in the interior braced core. For each

type of connection, two specimens should be tested. One may

be taken from the second floor (level 2 in Fig. 18) and the other
may be taken from the fourth floor of the test building. Thus,

a total of six specimens would be tested. All the girders should
be composite with concrete slab cast on formed metal deck and

the connections between the slab and the girders should be

through headed shear studs.

b. Bracing members - The c¢yclic tension-compression behavior of

the bracing members in the interior core of the test building
needs careful investigation. It is recommended to test four
bracing members together with their connections in alternate

axial tension and compression. Two of these are braces should
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be of the concentric K design, and the other two of the eccentric
K design. A special setup similar to that shown in Fig. 20
could be used for testing the large size braces under cyclic

load.

Composite floor systems - The in-plane shear stiffness and

strength of the composite floor system used in the test building
should be determined experimentally. Two diaphragm-type tests
are recommended: one with the floor slab subjected to constant
dead load and cyclic shear and the other with constant dead

and live loads and cyclic shear. The metal deck should be
connected compositely to the girders and floor beams, simulating
the situation in the prototype test building. The specimens

may be tested using a special test setup as shown in Fig. 21.

2. Quasi-Static Tests On Planar Frames

a.

Moment-resisting exterioxr frame model - The behavior of moment-

resisting frames with slabs acting compositely with the girders
are not fully understood, even though some exploratory studies
have been carried out in the U.S. and Japan. This is especially
true for frames having columns oriented for weak-axis bending
(such as the exterior frames of the test building) and with
slabs made of light-weight concrete. To study the behavior, it
is recomménded that testg be conducted on a seven-story half-
scale model of the full-scale exterior moment-resisting frame;
see Fig. 22. All girder—-to-column connections in this model
should be moment connections. The structure should be subjected
to constant gravity loads and thenh a program of controlled lateral
loads or displacements should be applied at the floor levels,

as shown in Fig. 23. The test should be continued until
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ultimate load or digplacement of the structure is reached.

To obtain information on the contribution of nonstructural
elements to overall behavior, light c¢ladding representing the
curtain walls of the full-scale building should be added to

the test frame. Then, the structure should again be tegted to
ultimate condition. Additional tests may also be conducted

to study the strength and ductility of selected one-story
assemblages of this frame. In this case, the cladding
material should be removed and each assemblage should be tested
individually to a maximum displacement substantially greater
than that corresponding to ultimate load. These assemblage
tests should be conducted as shown in Fig. 23 B using a similar

setup to the overall frame test.

Braced interior frame model - The lateral load-deformation

behavior of the seven-story, three-bay interior frame of the
test building is likely to be very complex and will be
difficult to predict with'presently available information.

It is therefore recommended that a thorough study of this
behavior be éonducted by testing a half—scéle model of the
prototype frame, using a similar setup to that used in testing
the exterior moment-resisting frame. The test structure and
gome of its important structural features could be as shown

in Fig. 24. Like the recommended tests on the model exterior
frame, this structure should be tested first in its entirety and
without any nonstructural elements, As stated in Section VI B,
the test program for the prototype building includes both
concentric and eccentric braces in the braced bay and both

shear and moment connections on the column lines. These
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variations in design details should also be examined in this
study. The test sequence should includé (1) concentric braces
in- the braced bay and simple shear connections on the column
lines, (2) concentric braces and moment connections on the
column lines, and (3) eccentric braces and moment c¢onnections.
At the conclusion of (3), interior partitions should be
installed in all of the stories and bays. The frame should
then be tested to ultimate load or diéplacement. Further tests
could then be conducted on selected one~story assemblages
removed from the test frame to study their inelastic and post

buckling behavior.

Combined exterior and interior frame test - After completing

tests a and b, and before starting the one-story assemblage
tests, the two seven-story frame models should be interconnected
through the composite floors. Tests should then be conducted

with lateral loads applied simultaneously to both frames.
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3. Shaking Table Tests On A One-Third Scale Model

Shaking table tests on an approximately one-third scale model of the

full-scale seven-story steel building to be tested in Japan are recommended.

The specific objective of these tests and of the associated analytical
studies is to obtain data on the dynamic behavior of this type of
structural system in the elastic and inelastic ranges which can be used

to: (a) assess the reliability of moderate scale models for predicting

seismic response; (b) develop relationship between guasi-static associated

tests, full-scale pseudo-dynamic tests and reduced-scale and pseudo-
dynamic tests; {c) to evaluate current analytical methods; and (3) assess
the design and loading histories to be used for the full-scale structural
tests.

The test model should be designed on the basis of the final designs
selected for the full-scale prototype tests (Figs. 17 and 18) and for
the associated tests. It should be constructed to the largest scale
that will permit significant inelastic deformations to be developed in
eritical structural components using a shaking table, preferably one
providing two-components of motion. A scale factor of about one-third
would be suitable for this purpose. Instrumentation should be developed
to monitor the distribution of internal forces as well as other key
response parameters. .

The test program for the recommended shaking table investigations
should parallel, as much as possible, the full-scale building tests
proposed in Section VI. B. Thus, information would be obtained on the
dynamic response of concentrically and eccentrically braced structural
systems using free vibration tests and shaking table tests in the
elastic and inelastic ranges. It is suggested that the basic sequence

of tests (including appropriate structural modifications and repairs)
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as recommended for the full-scale structure be followed for the one-
third scale tests to the extent possible. Certain features may

however be added or deleted on the basis of the results of other
associated tests. After producing significant, but not excessive, damage
to the medium-scale model on the shaking table, the structure should be
repaired and tetested using loading conditions representing high
intensity ground motions. This test could be used to determine the

model's large deformation and failure characteristics.

Associated Tests In Japan

1. OQuasi-Static Tests On Continucus Composite Beam-And-Column
Assemblages

The objective of these tests would be (a) to estimate effective
width of the slab in inelastic region under seismic loading conditions;
(b} to evaluate the effects of bearing force at c¢olumn face on the load
carrying capacity and deformations of the beam and the column; and (c)
to cbserve and investigate overall cyclic behavior of the composite
beam including the effect of restraint against lateral buckling of
béams. Four two-third scale models are being considered for this
investiéation. Specimen No. 1 is an assemblage with a continuous
composite beam as shown in Fig. 25 and the second is a bare steel
assemblage which can be used for comparison purposes with Specimen No. 1.
The other two are assemblages with weak-bending columns and beams connected
to the columns by shear connections. Specimen No. 3 has the concrete slab
like Specimen No. 1. In testing this specimen, the stress distribution
and failure mechanism around the shear connections including the concrete
slab should be examined. Specimen No. 4 is a bare steel assemblage
correspending to Specimen No. 3 which is intended to be tested for
comparison purposes. It is anticipated that these tests would be carried

out at the University of Tokyo.
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3. Shaking Table Tests On A One-Third Scale Model

Shaking table tests on an approximately one-third scale model of the
full-scale seven-story steel building to be tested in Japan are recommended.
The specific objective of these tests and of the associated analytical
studies is to obtain data on the dynamic behavior of this type of
structural system in the elastic and inelastic ranges which can be used
to: (a) assess the reliability of moderate scale models for predicting
seismic response; (b) develop relationship between quasi-static associated
tests, full-scale pseudo-dynamic tests and reduced-scale and pseudo-
dynamic tests; {(¢) to evaluate current analytical methods; and (d) assess
the design and loading histories to be used for the full-scale structural
tests.

The test model should be designed on the basis of the final designs
selected for the full-scale prototype tests (Figs. 17 and 18) and for
the associated tests. It should be constructed to the largest scale
that will permit significant inelastic deformations to be developed in
critical structural components using a shaking table, preferably one
providing two-components of motiocn. & scale factor of about one-third
would be suitable for this purpose. Instrumentation should be developed
to monitor the distribution of internal forces as well as other key
response parameters.

The test program for the recommended shaking table investigations
should parallel, as much as possible, the full-scale building tests
proposed in Section VI. B. Thus, information would be obtained on the
dynamic response of concentrically and eccentrically braced structural
systems using free vibration tests and shaking table tests in the
elastic and inelastic ranges. It iz suggested that the basic seguence

of tests (including appropriate structural modifications and repairs)
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as recommended for the full-scale structure be followed for the one-
third scale tests to the extent possible., Certain features may

however be added or deleted on the basis of the results of other
associated tests. After producing significant, but not excessive, damage
to the medium~scale model on the shaking table, the structure should be
repaired and retested using loading conditions representing high
intensity ground motions. This test could be used to determine the

model's large deformation and failure characteristics.

Associated Tests In Japan

1. Quasi-Static Tests On Continuous Composite Beam-And-Column
Assemblages

The objective of these tests would be (a) to estimate effective
width of the slab in inelastic region under seismic loading conditions;
{b) to evaluate the effects of bearing force at column face on the load
carrying capacity and deformations of the beam and the column; and {c}
to obgerve and investigate overall cyclic behavior of the composite
beam including the effect of restraint against lateral buckling of
beams. Four two-third scale models are being considered for this
invegtigation. Specimen No. 1 is an assemblage with a econtinuous
composite beam as shown in Fig. 25 and the second is a bare steel
assemblage which can be used for comparison purposes with Specimen No. 1.
The other two are assemblages with weak-bending columns and beams connected
to the columns by shear connections. Specimen No. 3 has the concrete slab
like Specimen No. 1. In testing this specimen; the stress distribution
and failure mechanism around the shear connections including the concrete
slab should be examined. Specimen No. 4 is a bafe steel assemblage
corresponding to Specimen No. 3 which is intended to be tested for
comparison purposes. It is anticipéted that these tests would be carried

out at the University of Tokyo.
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2. Quasi~Static Tests On Braced And Unbraced Three-Story Frames

The objectives of these tests should be (a) to estimate effects
of closed K- and open K-bracing systems; (b) to evaluate post-
buckling behavior of closed K- braces (restoring force characteristics);
(¢) to estimate the bending and shear deformations of the frame
models;.(d) to examine the differences in failure mode due to moment
connections and shear connections in the closed K- braced frames;
and (e) to examine the differences in contribﬁtions of composite beams
to the behavior of frames by two bracing systems. 8ix two-third scale
models are recommended for testing. Specimen No., 1 should be a bare
frame without bracing which can serve as the basis for comparison (Fig.
26). Specimen No. 2 should be a bare frame with closed K- braces
designed to satisfy objectives (a), (b) and (c), Specimen No. 3 should
be a bare frame with open K- braces designed to satisfy objectives (a)
and (¢), Specimen No. 4 should be a bare frame with closed K-braces
and shear connections designed to satisfy objectives (d), Specimen No.
5 should be a closed K- braced frame with composite beam degigned to
satisfy objective (e), and Specimen No. 6 should be an open K- braced
frame with composite beam designed to satisfy objective (e). Figure 27
shows the anticipated details of connections at the ends of the closed
K- braces. This series of tests are being planned by the Building
Research Institute.

3. Quasi-Static Tests On Three-Dimensional Column-And-Beam
Subassemblages

The objectives of these tests should be (a) to study the response
behavior of the subassemblage subjected to combined gravity and seismic
loads, and (b} to examine the elastic-plastic behavior of the sub-

assemblage due to the cyclic load in a fixed oblique direction. Two
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identical two-third scale specimens of the type shown in Fig. 28 are

recommended for testing to satisfy objectives (a) and (b}, respectively.

4. Quasi-Static Tests On Column-To-Footing Connections

The objectives of these tests should be (a) to evaluate the ultimate
strength and rotational capacity of such connections and (b) to
study the mechanism of their shear transfer. Several two-third scale
models of the type shown in Fig. 29 are recommended for testing. Each
specimen should have the same steel column section, but the reinforced
concrete footing detailing should be different from one specimen to
another. It is intended that these tests will be carried out at the

Institute of Industrial Science, University of Tokyo.

5. Shaking Table Tests On One-Tenth Scale Models

Recognizing the difficulty in constructing the one-tenth models
which fully satisfy the similitude to the prototype, reduced simple
models which can demonstrate the most important dynamic characteristics
of response behavior are recommended herein. The characteristics to
be learned are (a) the effect of strength distribution along the height
of building on inelastic response behavior, especially in input-
energy accumulation into a particular weak story, and (b) the difference
of dynamic behavier of shear deformation model (moment frame) and of
flexural deformation model (diagonal bracing system).

The following six one~tenth models are recommended:
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UNBRACED FRAMES (Fig. 30)

No. 1 - This model has the same strength distribution along its
height as that of the prototype structure, and it should be

designed on the weak-column concept.

Na. 2 - The strength distribution of this model is the same as that
of Specimen No. 1, but it should be designed on the weak-

bean concept.

No. 3 - This model should be designed on the weak-column concept, but
its strength distribution should be different from Specimen

No. 1.

BRACED FRAMES (Fig. 31)

No. 4 = This model has the same strength distribution along its
height as that of the prototype structure, and its load
carrying ratio of moment frames to the entire structure is
also the same as that of the prototype structure. Diagonal

bracings should be the closed-K type.

No. 5 - All dimensions of this model are the same as those of
Specimen No. 4, but the beam-to~column moment connections

should be replaced by shear connections.

No. 6 -~ This model is the same as Specimen No. 4, but its diagonal
bracings should be the open-K type. Plastic hinges can be
expected to form at mid-span of the beams; thus, influencing

the deflection mode.

These model tests are being planned by the Building Research Institute

in Tsukuba New Town. 79 -
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VII. RECOMMENDED RESEARCH ON THE PSEUDO-DYNAMIC TEST METHOD

A. Introduction

The most realistic method for assessing the seismic behavior of
structures is to test them using earthquake simulators. However, many
structures of interest are either too la;ge, strong or massive to be
tested on available shaking tables. Two approaches have been suggested
for seismic performance testing of such structures using guasi-static
methods. One approach assumes a first mode shape, such as an inverted
triangle, and lateral displacements are applied in a cyclic manner. A
variation of this approach has been used with the forces at each floor level
being proportional to their first mode contribution and the roof displacement
controlled in a cyclic manner. A second, more sophisticated approach
assumes the force-deformation characteristics of the structure and a non-
linear dynamic analysis is performed for a given input earthquake accelerogram
to determine the response history of the structure, These computed response
histories are used as input data to control the displacements imposed on
the test gpecimen. Similar tests on components, such as beams and columns,
can also be performed using displacement sequences determined in this manner.
The major shortcoming of these two types of quasi-static methods is that
the nonlinear force-deformation characteristics of the structure must be
known or assumed prior to starting the test.

The computer-actuator on-line {pseudo-dynamic) test procedure has been
suggested as the most realistic method for simulating the dynamic earthquake
responses of tegt specimens which are too large ?or existing shaking tables.
In the on-line test procedure, a computer is used to monitor and control a
test specimen so that the quasi-statically imposed displacement sequences
closely resemble those that would be developed if the specimen were tested

dynamically. Experimental data regarding the nonlinear mechanical
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characteristics of the test specimen at a particular time are used by the
computer, along with numerically prescribed information regarding the
system's inertial and damping characteristics, to determine deformations that
should be imposed on the specimen for a numerically specified ground motion.
Thus, test data are used on-line in controlling the progression of the test
in much the same way that current building damage predicates the response
of the building during the remaining portion of the earthguake. An
additional advantage of the on-line test procedure is that it is possible
to pause at any time during a test in order to record visual observations,
as well as to recalibrate or relocate instrumentation. Such pauses should
be kept to a minimum however as time delays during testing allow for re-
laxation and redistribution of stresses which would not occur under actual
seismic conditions.

There has been considerable interest in the on-line test procedures
for several years. Since 1972, various investigators at the University of
Tokyo, in particular from the Institute of Industrial Science (IIS), have
been developing and evaluating algorithms for on~line test procedures.
Similar efforts were initiated in the early 1970's at both the University of
Michigan and the University of California, Berkeley, but they have not
maintained the continuity of effort that has occurred at the University of
Tokyc. Recent efforts have been made to impliment the on-line test procedure
at the BRI Large-Scale Test Facility in Tsukuba.

At the Third Planning Group Meeting of the U.S.-Japan Cooperative
Research Program Utilizing Large-Scale Testing Facilities which was held
December 18-23, 1978, in Tokyc, one of the major discussions at the loading
procedure session centered on the feasibility of the pseudo~dynamic test
procedure when eight or more electro-hydraulic jacks are used. Michigan
had verified that the pseudo-dynamic test procedure was valid for a one-
degree~of-freedom system and the University of Tokyo has verified the
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procedure for one- or two-degrees-of-freedom systems. The concern expressed
at the Third Planning Group Meeting was on the capability of controlling
up to eight degrees-cf-freedom simultaneously and also was on the regquired
accuracy of the prescribed displacements and measured force outputs
necessary to maintain accurate nonlinear dynamic responses of the building.
At this point in the development of the on-~line procedure there are
three basic areas which need additional research and/or verification
efforts before it can be used with full confidence in achieving the
expected results. The first of these three areas is verification and
sensitivity studies of the numerical algorithm used to connect the dynamic
equations of motion and the test specimen for the computer control.
Whether the central difference method proposed by IIS, University of Tokyo,
is the most accurate and most efficient algorithm for this procedure should
be explored and verified. Other possible integration techniques should be
considered, The second major aspect is verification that the hydraulic
actuator control system can operate accurately in multiple displacement
control operation. It is expected that displacement-time control of the
actuator movement during incremental simultaneous motion at each of the load
points will be necessary to eliminate inaccurate gpecimen feedback to the
measured forces. This verification will require a physical test in which a
specimen with force-deformation characteristics similar to those expected in
the full-size test structure are used. The third aspect which needs verifi-
cation ig that the basic differential equation of motion is an adequate re-
presentation of the actual dynamic response of the building system. This
can be verified only by comparing on-line static test results with shaking
table test results.
In addition, extensive experimental verification and correlation

studies of the on-line loading system at the BRI Large-Scale Test Facility
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in Tsukuba, Japan, are required before it can be used for the full-scale
tests. Studies are required to verify that this system performs as expected
for the quasi-static application of predetermined force and/or displacement
sequences as well as for pseudo-dynamic tests.

It is recommended that the following experimental verification tests
and corresponding analytical studies be performed in Japan and in the U.S. in
a coordinated effort to develop the pseudo-dynamic test method to a level
suitable for full-scale testing.

B. Verification And Correlation Studies Of The Pseudo-Dynamic Test
Method In The United States

1. Verification And Sensgitivity Studies Of Algorithm

The algorithm reported by Takanashi, et al. is clearly described in

the following quotation from their paper:

"2,2 Description of Method 2
The response values of the k-th story can be known by

integrating the equation of motion;

Mkii +F = Mkiio _ : (2)
in the computer for the given acceleration of a ground motion
io’ where Mk’ xk’ and Fk are the mass, the story displacement
and the restoring force of the k-th story, respectively. 1In
general, the restoring force.is a non-linear function of the
story displacement Xk and time t. Then, the direct use ¢f the
measured restoring forces at the simultaneously running test can
provide the real response of non-linear structures.

An incremental calculation for integration of Egq. (2) is

adopted. The simplest central difference gives the following

expression for the acceleration of the k-th story, Kk:
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ol _ L itl i i-1 2
Xk = (xk zxk + xk Y /7 (At) {3)

where At denotes the time interval and the superscript i means

the variables at the time, t = iAt. As an example, to solve

Ed.

(2) at the time, t = iAt, is now considered. Eq. (2) can be

i+l

solved approximately and Xk can be calculated by the use of

Eq.

value at t = (i+l)At, X

i i-1 i

(3} since Fk' Xk and X are already known. The response

k

i+l . .
; , 1s the input to the controller of

the testing machine. The test frame will be deformed by this

i+l

response displacement Xk at the k-th floor level. The reaction

forces for these displacements are sensed by the load cells and

1

converted into restoring force Fl+ . Then, all jobs at t = iAt

k

are completed. This procedure is continued successively."

This algorithm can be verified using digital computer simulation with-

out necessity of going to physical testing., The method recommended to

verify this algorithm or alternative algorithms suggested as an

improvement is as follows:

(a)

(b)

Establish F(t,x) function analytically or select one from
test data which has been obtained by the Japanese. Use a
good standard numerical integrator to determine the response
of the nonlinear structure to the selected ground motion
and define that response as X* (t)}).

With the same ground motion input and the same PF(t,x}

function, use the Japanese algorithm or any competing algorithm
i+l

to generate Xk

Perform analyses of these systems following
classical numerical analysis procedures for appropriate

At's and compare these responses to X* (t).
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(c}) Perform simulations on the algorithms used in Item (b) to
determine the effect of errors in executing the displacements
and in measuring the forxce for given displacement, and to
determine the sensitivity of the algorithm and the structural
model in maintaining the accuracy of the solution. It is
suggested that the error functions used in this computation
would be a normal distribution of error based upon a percentage

of maximum force and displacement expected in the test.

2. Verification Of Computer Control System

It is necessary that the computer control system be adequate to
handle simultaneously up to eight degrees of freedom. A recent site
visit by an Earthquake Engineering Research Institute Panel to the
NASA Huntsville Test Facility provided considerable information
regarding this phase of the verification. NASA Huntsville has static
and dynamic control systems capable of accomplishing simultaneous
actuator movement. Their system has been in operation since January
1977 for structural testing of space vehicles prior to final design.

The primary difference between seismic full-scale testing needs and their
experience is that these vehicles have been loaded in the small-amplitude
linear-elastic range with force contreol whereas seismic testing of full-
scale buildings must be capable of displacement control in the large
nonlinear range of structural response.

It is recommended that a simulated physical structure with force
deformation characteristics similar to those to be encountered during
the full-scale test program be tested. This structure need not
necessarily be full-size since relative sensitivity, errors and non-
linearity output characteristicg are of primary interest. Therefore,
small actuators and displacement devices together with a small test
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structure may be used to simulate the larger structure with equal

relative accuracies.

3. Verification Of Discrete Form Of Mathematical Modelling

The third phase of the verification process is to establish that
the response of multistory structures obtained using the on-line computer
controlled testing procedure resembles that which the structure would
achieve if they were subjected to earthquake ground motiocns. To do
this, it is recommended that a thorough study be made comparing results
of dynamic shaking tests with corresponding results obtained using the
on-line test procedure and nonlinear dynamic analyses. Such comparisons
can be used to verify the overall accuracy, reliability and practicability
of the test method. Specific investigations carried out in this phase
should focus primarily on problems related to representing the nonlinear
dynamic response of multistory structures by lumped-mass differential
equations of motion of the type suggested by the 1IS Group in Eg. 2.

The assumptions inherent in these simplified equations may lead to errors
in the on-line tests, even if the numerical and control problems
previously described are completely resclved.

For the basic eéuations of motion used, the deformations of a
structure should be characterized by as few degrees of freedom as
possible and its mass must be lumped at these points. While this is
a common analytical idealization, many structures of interest,
especially reinforced concrete shear wall buildings and masonry
bearing wall buildings, may have considerable portions of their mass
distributed along structural elements located between degrees of
freedom. The accuracy of lumped mass models and the consequences of
distributed masses have not been studied in any great detail. Methods

for accounting for distributed masses should be examined and verified

- 93 -



using dynamic shaking table results.

The equations of motion used by the IIS Group alsoc disregard the
effects of viscous damping. While it is expected that inelastic
deformation might be the primary source of energy dissipation, viscous
damping may also have an appreciable effect. If shaking table test
results indicate the need for including the effects of viscous damping,
methods for including these effects in the on-line test procedure should
ke examined. Coulomb (friction} damping effects are directly accounted
for in the restoring force term in Eg. 2. However, this type of damping
nay be sensitive to rate of loading or high freguency vibrations occuring
in the specimens. This possibility should be investigated, if results
indicate that such effects are significant.

The restoring forces used in the equations of motion are subject to
a number of non-instrumentation errors that may affect the coﬁputed
response. For example, many materials are rate sensitive so that dynawmic
forces may differ from those developed in pseudo-dynamic on-line tests.
The effects of creep or stress relaxation can also have a significant
effect on the measured restoring force. Moreover, in the on-line test
procedure restoring forces are applied as concentrated external loads
which may result in different distributions of internal forces than
would be produced by inertial loading. The consequences ¢f these
problems, and methods for mitigating them, should be investigated.

The first step in this study should utilize relatively simple steel
and reinforced concrete structures with at least three degrees of
freedom for which the magses can adequately be assumed to be lumped
at floor levels. In this manner, the basic methods and assumptions
can be verified and refined where required. It is considered desirable
to use structural test specimens for this stage of testing which are
designed to concentrate inelastic deformations in members that can
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easily be replaced. Thus, on-line tests can be easily and economically
repeated using different analytical assumptions regarding mass, damping,
etc.

It is also recommended that the behavior of more complex structures
with distributed mass be investigated since many structures to be
tested with the on~line method will be of this type. Possibly, suitable
test specimens for part of this investigation can be identified from
those that are recommended for the testing on shaking tables. In
this event, it may be possible to build a single specimen which can be
tested on-line with the results suitable for comparison with those
obtained on the shaking tables. This could save the cost of constructing
relatively expensive duplicate specimens.

The results obtained in this phase of the investigation should be
carefully evaluated in terms of the ability of the on-line computer
controlled pseudo-dynamic test method to provide a meaningful assessment
of the seismic behavior of structures. Guidelines and suggestions for

potential applications or extensions of the method should be developed.

4. Pseudo~dynamic Testing Using Steel And Reinforced Concrete Frames

It is suggested that more sophisticated on-line tests be conducted
where feasible, using steel and reinforced concrete frames constructed
for the associated tests. The advantages of coupling these verification
tests with preliminary building tests are twofold. First, the results
are directly applicable to the expected utilization and second the
experimental expense is reduced by multiple use of the test specimens.
Steps should be taken to compare and correlate the results obtained from
the on-line (pseudo-dynamic) tests with the results obtained from the
one-third scale shaking table tests described earlier, eventhough the
proposed one-third scale shaking table tests may be carried out after

- 95 -



the primary effort of this verification program.

Verification And Correlation Studies Of Pseudo-Dynamic Test Method

In Jagan

1. - Verification Studies Of BRI Pseudo-~-Dynamic Test Systems

A large scale two-story R/C model and a two story steel model
is planned for testing in Japan to verify the loading set-up to be used
in testing the full-scale seven-story buildings, and the displacement
control procedures for predetermined displac;ment control tests and
pseudo-dynamic tests. The planned test arrangement for R/C structure
is shown in Fig. 32 and the structural details are shown in Figs. 33

and 34.

2. Correlation Studies Between Pseudo-Dynamic Test And Shaking Test

Two identical R/C two-story medium écale models are planned for
testing to investigate the correlation between the pseudo-dynamic and
the shaking table test methods. It is intended that the two-story
model shown in Fig. 35 be tested on the shaking table and that another
identical model be tested by the pseudo-dynamic testing procedure.

The table acceleration measured during the shaking table test is to

be used for the input ground motion of the pseudo-dynamic loading test.
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VIII. RECOMMENDED ANALYTICAL STUDIES

It is recommended that a program of analytical studies be performed
to assist in the design of the test specimens, to identify appropriate
seismic excitations, and to correlate and evaluate the experimental
results. These studies should be undertaken on a cooperative basig at
various institutions in Japan and the United States. They should also
be carefully coordinated with the experimental portions of the overall
research program.

Dynamic analyses should be performed prior to conducting the
full-scale tests using the best available computer programs based on
linear elastic and inelastic modeling idealizations. Results obtained for
various types of seismic excitations should aid in the final design of the
test specimen and loading apparatus, and in the selection of the critical
seismic actions to be used in the experimental investigations.

Analytical studies should alsc be made following each phase of the
expeiimental investigations to correlate data obtained with existing
research information as well as with experimental and analytical data
cbtained in other phases of the overall investigation. In particular,
relationships among results obtained from guasi-static component, sub—
assemblage and frame testg, small- and medium-scale shaking table tests,
and full-scale pseudo-dynamic tests should be determined. Current
analytical methods should be evaluated in terms of their ability to predict
observed member and structure behavior in the elastic and inelastic ranges.
The advantages and disadvantages of each type of experimental and analytical

procedure considered should be identified.
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IX. CONCLUDING REMARKS

The recommended cooperative research program degscribed herein con-
taining four major components namely (1) research on reinforced concrete
building structures, (2) research on steel building structures, (3)
research on the pseudo-dynamic test method, and (4) analytical studies,
can be effectively carried out over a period of five years provided adequate
funds are allocated to the program, With regard to scheduling, it is
recommended that the tests on the full-scale reinforced concrete structure
be carried out ahead of the tests on the full-scale steel structure and that
the associated tests for each structural type be phased with their respective
full-scale tests so as to be most effective in the overall program. The
pseudo-dynamic test method investigations should be initiated at the beginning
of the program as verification of the suitability of this method for multiple
actuator applications is needed prior to the start of testing of the full-
scale structures. Analytical studies should be conducted throughout the
entire program.

In view of theéir importance to the long-range success of the recommended
U.S.~JAPAN COOPERATIVE RESEARCH PROGRAM UTILIZING LARGE-SCALE TESTING
FACILITIES, it is appropriate that the pertinent resolutions adopted at the
conclusion of the Fourth Planning Group Meeting, Berkeley, California,

July 9 - 14, 1979, be stated once again as follows:
(3) The level of funding provided to the cooperative research program
should permit the fulfillment of goals and objectives as defined
in the Planning Group final report.
(4) To ensure successful execution of the fecommended cooperative
research program, full coordination of all research activities
carried out in both countries is essential; therefaore, the

following committees are recommended:
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(5)

(6)

(7)

(8)

(a) Joint Technical Coordination Committee to provide scientific
and technical advice to participating institutions in the
program. This committee should meet at least once a year
during the program.

(b) Joint subcommittees to provide advice on the execution of
regearch related to reinforced concrete buildings, steel
buildings, pseudo-dynamic loading techniques, and other major
areas of activity. These committees should meet as
fregquently as needed.

To assure and enhance the cooperative effort in this joint

research program, adeguate exchange of research personnel from

both countries is needed. It would be desirable for one exchange
researcher to be associated with each participating research
organization in each country.

Following successful completion of the recommended cooperative

research programs related to reinforced concrete and steel

buildings, similar investigations should be carried out on other
structural types as suggested in previous resclutions taking full
advantage of the experience gained in the use of the pseudo-
dynamic testing procedure. Appropriate planning for this activity
should be initiated at an early date.

Long-range plans should include the possibility of testing large-

scale structures and systems, other than buildings, in this

cooperative programn.

The planning group encourages support of the recommended cooperative

large-scale test program by the U.J.N.R. Panel on Wind and Seismic

Effects.
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The members of the U.8.-Japan planning group consider the recommendations
set forth herein to be technically sound with high potential of yielding

valuable results of mutual value to both Japan and the United States.
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EERC 68-1 Unassigned
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1969 (PB 189 114)A03
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EERC 70~-1 "Earthquake Response of Gravity Dams," by A.K. Chopra -1970 (AD 709 %40)A03
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EERC 73-4 "Experimental Investigation into the Seismic Behavior of Critical Recions of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1973 (PR 215 E84)A09

EERC 73-% "Hysteratic Behavior of Epoxy-Repairad Reinforced Concrete Beams," by M. Celebi and J. Penzien - 1972
{PB 233 568} A03

EERC 73-6 "General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H. Powell - 1973 (PB 221 260)}A08

EERC 73-7 "a Computer Program for Earthguake Analysis of Gravity Dams Including Reservoir Interaction,” by
P. Chakrabarti and A.K. Chepra - 1973 {AD 766 271.)A04

TERC 73-8 "Behavior of Reinforced Concrete Deop Beam-Column Subassemblages Under Cyclic Loads,” by 0. Kustl and
J.G. Bouwkamp - 1973 (PR 246 117)Al2

EERC 73-9 "Earthgquake Analysis of Structure~Foundation Systews,” by A,K. Vaish and A.K. Chopra - 1973 (AD 766 272)A07
EERC 73-10 ‘"Deconvolution of Seismiec Response for Linear Systems,” by R.B. Reimer - 1973 (PB 227 179}a08

FERC 73-11 “SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systews,” by K~J. Bathe,
E.L. Wilson and F.E. Peterson - 1973 (PB 221 967)A09

EERC 73-12 "Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.5. Tseng
and J. Penzien =1973 {PB 227 B1l&}hlQ

FERC 73-13 "Earthquake Analysis of Multi-Story Buildings Including Foundation Interaction,” by B.X. Chopra and
J.A. Gutiecrxyez - 1973 (PB 222 970)A03

FERC 73-14 "ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams." by R.W. Clough, J.M, Raphael and
S. Moijtahedi - 1973 (PB 223 761)A09

EERC 73-15 "Cyclic Plastic Analysis of Structural Steel Joints,” by R.B. Pinkney and R.W. Clough - 1973 (PB 226 843)A08

EERC 73-16 "QUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Damping
Finite Element Procedures," by I.M, Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A05

EERC 73-+17 “Dynamic «havior of a Multi~Story Pyramid Shaped Building," by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718)A06

EERC 73-18 "Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columns," by V.V. Bertero,
J. Hollings, O. Kistd, R.M. Stephen and J.G. Bouwkamp - 1973

EERC 73-19 "Olive View Medical Center Materials Studies, Phase I." by B. Breslex and V.V. Bertero - 1973 [PB 235 9686)A06

FERC 73-20 “Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.8. Tseng and J. Penzien - 1973

EERC 73-21 "Constitutive Models for Cyclic Plastic Deformation of Engineering Materials," by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)a03

EERC 73-22 "DRAIN -~ 2D User's Guide," by G.H. Powell - 1973 (PB 227 016)A05
EERC 73-23 "“Earthguake Engineering at Berkeley - 1973," (PB 226 033)All
EERC 73-24 Urassigned

EERC 73-25 "Earthquake Response of Axisymmetric Tower Structures Surrounded by Water,” by C.¥. Liaw and A.K. Chopra
1973 (AD 773 052)A09

EERC 73-26 "Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthguake and Their
Implications on Seismic Design,” by V.V. Bertero and R.G. Collins - 1973 (PB 235 106)Al3

EERC 73-27 "Further Studies on Seismic Behavior of Steel Beam-Column Subassemblages,” by V.V, Bertero, H. Xrawinkler
and E.P. Popov ~1%973 (PB 234 172)}A06
EERC 74-1 "Seismic Risk Analysis,” by C.S5. Oliveira ~ 1974 (PB 235 S20)A06

EERC 74-2 "Settlement and Liquefaction of Sands Under Multi-Directional Shaking,” by R. Pyke, C.K. Chan and H.B. Seed
1974

EERC 74-3 "Optimum Design of Earthquake Resistant Shear Buildings," by D. Ray, K.S5, Pister and A.K. Chopra -1974
(PR 231 172)A06

EERC 74-4 YLUSH ~ A Computer Program for Complex Response Analysis of Soil-Structure Systems," by J, Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (PB 236 796)A05
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75-13
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75~15

75-16
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75-18

"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering." by D. Ray
1974 (PB 233 213}A06

"Soil Structure Interaction Analyses for Evaluating Seismic Response,” by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

Unassigned
"Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 863)A03

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,”" by
V.V. Berterc, E.P. Popov and T.Y. Wang - 1974 (PB 236 797)A07

“Applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,”
by E. Vitiello and X.S. Pister - 1974 (PB 237 231)A06

"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions,™ by R.T. Wong, H.B. Seed and C.X. Chan
1974 (PB 242 042}A03

"3ite-Dependent Spectra for Earthquake-Resistant Design," by H.B. Seed, C. Ugas and J. Lysmer - 1974
{(PB 240 953)R03

"Earthquake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalgo and R.W. Clough - 1974
(PB 241 924)A13

"Nenlinear Earthquake Response of Concrete Gravity Dams," by N. Pal -1974 (AD/A 006 583)A06

"Modeling and Identification in Nonlinear Structural Dynamics - I. Une Degree of Freedom Models,” by

N. Distefano and A. Rath - 1974 (PB 241 548)A06 )

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.T: Description,
Theory and Analytical Modeling of Bridge and Parameters,"” by F. Baron and S.-H. Pang - 1975 (PB 259 407)A15
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure,Vol.II: Numerical
studies and Establishment of Seismic Design Criteria," by F. Baron and S.-H. Pang - 1975 (PB 259 408)all
{For set of EERC 75-1 and 75-2 (PB 259 406))

*Seigmic Risk Analysis for a Site and a Metropolitan Area," by C.5. Oliveira ~ 19375 (PE 248 134)A09

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
M.—C. Chen and J. Penzien~ 1975 (FB 241 454)Aa09

"An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.A.
Mahin and V.V. Bertero - 1975 {PB 246 306)Alé6

"Earthguake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 9B1)Al3

“hynamic Properties of San Bernardino Intake Tower,” by D. Rea, C.-Y. Liaw and A.XK. Chopra - 1975 (AD/AQOS 406)
A0S

"Seismic Studies of the articulation for the Dumbarton Bridge Replacement $tructure, Vol. I: Description,
Theory and Analytical Modeling &6f Bridge Components," by F. Baron and R.E. Hamati ~ 1975 (PB 251 539}A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
Studies of Steel and Concrete Girder Alternates,” by P. Baron and R.E. Hamati - 1975 (PB 251 540}Al0

"Static and Dynamic Analysis of Nonlinear Structures,” by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns,”™ by E.P. Popov, V.V. Bertero and §. Chandramouli ~ 1975 (PB 252 3A5)All
"Earthquake Engineering Research Center Library Printed Catalog," -1975 {(PB 243 711)A26

“Three Dimensional Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 {PB 243 989)A07

“Determination of Soil Liquefaction Characteristics by Large-Scale Laboratory Tests,” by P, De Alba,
C.K. Chan and H.B. Seed - 1975 {(NUREG 0027)a0B

"A Literature Survey -~ Compressive, Tensile, Bond and Shear Strength of Masonry,” by R.L. Mayes and R.W.
Clough - 1975 (PB 246 292)Al0

"Hysteratic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Bertero and
E.P. Popov - 1975 (PB 246 388)A05

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes," by H,B. Seed, R. Murarka, J. Lysmer and I.M. Idriss - 1975 (PB 248 172)A03

"The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Sunmmarized in EERC 75-28}
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75-34

75-35
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75-37
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75-39

75-40

75-41

76-1

76~2
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76-4

"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 B842)Al]l

"Oynamic Properties of an Eleven Story Masonry Building,” by R.M. Stephen, J.P. Hollinds, J.G. Bouwkamp and
D. Jurukovski - 1975 (PR 246 945)A04

“State—of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (PB 249 040)A07

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations," by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov - 1975
"Testing Facility for Subassemblages of Frame-Wall Structural Systems,” by V.V. Bertero, E.P. Popov and
T. Endo - 1975

"Influence of Seismic History on the Liguefaction Characteristics of Sands," by H.B. Seed, K. Mori and
C.K. Chan - 1975 {Summarized in EERC 75-28)

“The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction," by H.B. Seed, P.P. Martin
and J. Lysmer - 1975 (PB 252 648)A03

"Identification of Research Needs for Improving Aseismic Design of Building Structures,” by V.V. Bertero
1975 (PB 248 136)A05

"Evaluation of Soil Liquefaction Potential during Earthguakes,” by H.B. Seed, I. Arango and C.X. Chan-1975
{NUREG 00Z6}Al3

"Representation of Irreqular Stress Time Histories by Equivalent Uniform Stress Series in Ligquefaction
Analyses," by H.B. Seed, I.M. Idriss, F. Makdisi and N, Banerjee - 1975 (PB 252 £35)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems,” by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed ~ 1975 (PB 259 332)A07

"ALUSH -~ A Computer Program for Seismic Response Analysis of Axisymmetric Soil~Structure Systems,™ by
E. Bexger, J. Lysmer and H.B. Seed - 1975

“TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analy51s with Horizontally Travelling
Waves,"” by T. Udaka, J. Tvsmer and H.B. Seed -1975

"Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien - 1975 (PB 248 L30)A0:

"Efficient Finite Element Analysis of Seismic Structure - Soil - Direction,” by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai -1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three- Story Steel Frame Subjected to Earthguake Loadiayg,”
by R.W. Clough and L.-Y, Li- 1975 (PB 248 £41)}A05

"Earthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results,” by D.T. Tang - L1975
[PB 252 926)Al0

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P., Mondxar
and G.H. Powell - 1975 (PB 252 386)A08

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrere
structures,” by M. Murakami and J. Penzien - 1975 (PR 259 530)A05

"Study of a Method of Feasible Directions for Optimal Flastic Desiqn of Frame Structures Subjected to Eart:i-
quake Loading,” by N.D. Walker and K.S. Pister - 1975 (PB 257 78l)}R06

“An Alternative Representation of the Elastic-Viscoelastic Analogy." by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173)A03

"Effect of Multi-Directional Shaking on Liquefaction of Sands,” by H.B. Seed, R. Pyke and G.R. Martin - 1975
(PB 258 781)A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings = Screening Method," by

T. Okada and B. Bresler - 1976 (PB 257 906)All

“Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)Al2

“"Dynamic Behavior of a Multistory Triangular-shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 {(PB 273 279)A07

“Earthquake Induced Deformations of Earth Dams," by N. Serff, H.B. Seed, F.1. Makdisi & C.-~Y. Chang - 1976
(PB 292 065)R08
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“Analysis and Design of Tube-Type Tall Building Structuras,” by H. de Clercq and G.H. Powell - 1976 (PB 252 220}

Alo

"Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernande Earthquake," by T.
and J. Penzien {PB 260 556)all

"Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, S5.W.
and R.W. Clough - 1976 (PB 270 098)AQS

"Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results," by R.L. Mayes, Y. Omote, R.W,
Clough ~ 1976 (PB 264 424)}A06

"A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.K. Chopra - 1276 (PB 257 783)Aa08

"Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems," by R.B. Seed and
J.R. Booker - 1976 (PB 258 820)A04

Kubo

Chen

"Influence of Design and Analysis assumptions on Computed Inelastic Response of Moderately Tall Frames.," by

G.H. Powell and D.G. Row= 1976 (PB 271 409)A06

"Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and

E. Polak - 1976 (PB 262 §59)A04

"Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.K. Chopra -
197¢ {(PB 257 S07}A09

“S8eismic Analyses of the Banco de America," by V.V. Bertero, 5.A. Mahin and J.A. Hollings - 1978

"Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08

"Cycli¢ Shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results,” by R.L. Mayes, Y. Omote
and R.W. Clough ~ 1976

"Structural Steel Bracing Systems: Behavior Under Cyelic Leading,” by E.P. Popov, K. Takanashi and
C.W. Roeder - 1976 (PB 260 715)A05

"Experimental Model Studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden - 1976 (PR 269 548)A08

"Effects of Non-Uniform Seismic¢ Disturbances on the Dumbarton Bridge Replacement Structure," by
F. Baron and R.E. Hamati - 1976 (PB 282 981)Al6

"Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Bxperiments,” by V.C. Matgzen and H.D. McNiven = 1976 (PR 258 453}A07

"Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 378)A04

"Response of the Olive View Hospital Main Building during the San Fernande Earthguake," by S. A. Mahin,
V.V. Bertero, A.K. Chopra and R. Collins - 1976 (PB 271 425)Al4

"A Study on the Major Factors Influencing the Strength of Masonry Prisms,” by MN.M. Mostaghel,
R.L. Mayes, R. W. Clough and S.W. Chen - 1976 (Not published)

"GADFLEA - A Computer Program for the hnalysis of Pore Pressure Ganeration and Dissipation during
Cyclic or Earthquake Loading," by J.R. Booker, M.S. Rahman and H.B. Seed - 1976 (PB 263 247)A04

"Seismic Safety Evaluation of a R/C School Building,” by B. Bresler and J. Axley - 1976

"Correlative Investigations on Theoretical and Experimental Dynamic Behavior of a Model Bridge
Structure,” by K. Kawashima and J. Penzien - 1974 {PB 263 388)All

"Earthguake Response of Coupled Shear Wall Buildings," by T. Srichatrapimuk - 1976 (PB 265 157)A07
"Tensile Capacity of Partial Penetration Welds,” by E.P. Popov and R.M. Stephen ~ 1976 (PB 262 899)A03

"Analysis and Design of Numerical Integration Methods in Structural Dynamics,” by H.M. Hilber - 1976
{PB 264 410)A06

"Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings," by
L.BE, Malik and V.V, Bertero - 1976 (PB 272 247)Al3

"The Effects of Seismic Disturbances on the Golden Gate Bridge," by F. Baron, M. Arikan and R.E. Hamati -

1976 (PB 272 279)A09

"Infilled Frames in Earthquake Resistant Construction,” by R.E. Klingner and V.V. Bertero -~ 1976
{PB 265 892)Al3

~ 116 -~



UCB/EERC-77/01

UCB/EERC-77/02

UCB/EERC-T77/03

UCE/EERC~77/04

UCB/EBERC-77/05

UCB/EERC-77/06

UCB/EERC-77/07

UCB/EERC~77/08

UCB/EERC~77/09

UCR/EERC-T77/10

UCB/EERC-77/11

UCB/EERC-77/12

UCB/EERC-77/13

UCB/EERC-77/14

UCB/EERC~77/15

UCB/EERC-77/16

UCB/EERC~T77/17

UCB/EERC-77/18

UCB/EERC-77/19

UCB/EERC~77/20

UCB/EERC-77/21

UCB/EERC-77/22

UCB/EERC-77/23

UCBR/EERC-77/24

UCB/EERC-77/25

UCB/EERC~-77/26

UCB/EERC-77/27

UCB/EERC-77/28

UCB/EERC-77/29

UCB/EERC-77/30

"PLUSH - A Computer Program for Probabilistic Finite Element hAnalysis of Seismic Seoil-Structure Inter-—
action,” by M.P. Fomo Organista, J. Lysmer and H.B. Seed = 1977

"Soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 1975, by J.E. Valera, H,B, Seed, C.F. Tsai and J. Lysmey - 1977 {(PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Loading,"” by K. Mori, H.B. Seed and C.K.
Chan - 1977 (PB 267 352}a04

"Seismological Studies of Strong Motion Recopds,” by J. Shoja-Taheri - 1977 (PB 269 655)A10

“Testing Facility for Coupled-Shear Walls," by L. Li-Hyung, V.V. Berteroc and E.P. Popov - 1977

"Developing Methodologies for Evaluating the Earthquake Safety of Existing Buildings,'" by No. 1 -
B. Bresler; No. 2 - B, Breslexr, T. Ckada and D. Zisling; No. 3 - T. Okada and B. Bresler; No. 4 - V.V.
Bertero and B. Bresler - 1977 (PB 267 354)R08

"A Literature Survey -~ Transverse Strength of Masonry Walls," by Y. Omote, R.L. Mayes, S.W. Chen and
R.W, Clough - 1977 (PB 277 933)AQ7

"DRATIN~TABS: A Computer Program for Inelastic Barthquake Response of Three Dimensional Buildings,” by
R. Guendelman-Israel and G.H. Powell - 1977 (PR 270 693)}A07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Desigyn
of Structural Walls with Substructure Option," by D.{. Le, i, Peterson and E.P. Popov - 1977
(BB 270 567)A05

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks,™ by D.P. Clough
{PB 272 280)}n13

"Farthquake Engineering Research at Berkeley - 1976, - 1977 (PB 273 507)A00

"Automated Design of Earthquake Resistant Multistory Steel Building Frames,™ by N.D. Walker, Jr. - 1977
{PB 276 526)A09

"Concrete Confined by Rectangular Hoops Subjected to Axial Loads," by J. Vallenas, V.V. Bertero and
E.P. Popov = 1977 (PB 275 165)A06

*geismic Strain Induced in the Ground During Earthquakes,” by Y. Sugimura - 1977 (pB 284 201)A04

"Bond Deterioration under Generalized Leading," by V.V. Bertero, E.P. Popov and 8. Viwathanatepa - 1977

"Computer Aided Cptimum Design of Ductile Reinforred Concrete Moment Resisting Frames;" by S.W.
Zagajeski and V.V. Bertero - 1977 (PB 280 137)A07

"BEarthquake Simulation Testing of a Stepping Frame with Enerqy-Absorbing Devices,” by J.M, Kelly and
D.F, Tsztoo - 1977 (PB 273 506)A04

"Inelastic Behavior of Eccentrically Braced Steel Frames under Cyclic Loadings," by C,W. Roeder and
E.P. Popov - 1977 (PR 275 526)AlS

"A Simplified Procedure for Estimating Barthquake-Induced Deformations in Dams and Embankments.” by F.I.
Makdisi and H.B. Seed - 1977 (pB 276 820)A04

"The Performance of Barth Dams during Earthquakes,”™ by H.B. Seed, F.I. Makdisi and P. de Alba -~ 1977
(PR 276 821)A04

"Dynamic Plastic BAnalysis Using Stress Resultant Finite Element Formulation," by P, Lukkunapvasit and
J.M. Kelly - 1977 (PB 275 453} a04 ’

"breliminary Experimental Study of Seismic Uplift of a Steel Frame," by R.W. Clough and A,A., Huckelbridge
1977 (PB 278 769)A08 ’

"Earthquake Simulator Tests of a Nine-S5tory Steel Frame with Columns Allowed to Uplift," by A.A.
Huckelbridge - 1977 (PB 277 344)A09

“Nonlinear Soil-Structure Interaction of Skew Highway Bridges," by M.-C. Chen and J. Penzien - 1977
(PB 276 176)A07 . .

"Seismic Analysis of an Offshore Structure Supported on Pile Foundations." by D.D.-N. Licu and J. Penzien
1977 (PB 283 180)A06

“Dynamic Stiffness Matrices for Homogeneous Viscoelastic Half-Planes,” by G. Dasgupta and A.K. Chopra -
1977 (PB 279 654)a06

“a Practical Soft Story Earthquake Tsolation System," by J.M. Kelly, J.M. Eidinger and C.J. Derham =
1977 (PB 276 814)Aa07

"Seismic Safety of Existing Buildings and Incentives for Hazard Mitigation in San Francisco: An

Exploratory Study,” by A.J. Meltsner - 1377 {pB 281 370)R05

“Dynamic Analysis of Electrohydraulic Shaking Tables," by D. Rea, §. Abedi-Hayati and Y. Takahashi
1977 (PB 282 569)A04

"An Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints," by
B. Galunic, V.V. Bertero and E.P. Popov - 1977 (PB 290 870)A06
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UCh/EERC-78/01 *The Development of Energy-Ahsorbing Devices for Aseismic Base Isclation Systems,"™ by J.M. Kclly and
D.F. Tsztoo - 1978 (PB 284 978)A04

UCB/RERC-78/02 "Effect of Tensile Prestrain on the Cyclic Response of Structural Steel Connections, by J.G. Bouwkamp
and A. Mukhopadhyay - 1978

RS EERC-T8/03 "Exparimental Results of an Earthquake Isolation System using Natural Rubber Bearings," by J.M.
Eidinger and J.M. Kelly -~ 1878 (PB 281 685)Aa04

UCB BERC-T8 /04 "Seismic Behavior of Tall Liguid 3torage Tanks,™ by A. Niwa ~ 1978 (PB 284 017)Al4d

UCR/EERC=-78/05 "Hysteretic Behavior of Reinforced Concrete Columns Subjected to High Axial and Cyclic Shear Porces,"
Y
by $.W, Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978 {pPB 283 888)Al3

UCB/EERC-78/06 "Inelastic Beam-Column Elements for the ANSR-T Program,” by A. Riahi, D.G. Row and G,.H. Powell - 1978
UCB/EERC-78 /07 "studies of Structural Response to Earthquake Ground Motion," by O.A. Lopez and A.K. Chopra - 1978
(rB 282 790)A05

UCB/EERC~T4/08 "A Labhoratory Study of the Fluid~Structure Intsraction of Submerged Tanks and Caissons in farthquakes,®
by R.C. Byrd - 1978 (PR 284 957;h08

UCB/EERC=78,09 "Madel for Evaluating Damageability of Structures," by I. Sakamoto and B. Bresler - 1978

UCR/EERC-78/1N0 "Seismic Performance of Nonstructural and Secondary Structurai Elements," by 1. Sakamoto - 1978

UCB/EERC=-78/11 "Mathematical Modeliing of Hysteresis Loops for Reinforced Concrete Columns,” by 3. Nakata, T. Sproul
and .J. Penzien - 1978

UCB/EERC-78/12 "Damageability in Existing Buildings,” by T. Blejwas and B, Bresler -~ 1978

UCRERRC-78,13 “Dynamic Behavior of a Pedestal Base Multistory Building," by R.M. Stephen, E.L. Wilsen, J.G. Bouwkamp

and M. Button - 1978 (PB 2B6 ©50)A08

UCB/EERC-78/14 "Seismic Response of Bridges ~ Case Studies," by R.A. Impsen, V. Nutt and J. Penzien ~ 1978
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