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FOREWARD

This volume contains the Proceedings of the Sixth National Meeting of
the Universities Council for Earthquake Engineering Research which was held
on the campus of the University of Illinois, Urbana-Champaign, May 1-2,
1980. The purpose of this meeting was to provide a vehicle for the exchange
of information related to current and projected university research in
earthquake engineering and to evaluate progress in specific areas of
research and establish goals and priorities for future work. All univer
sity researchers with an active interest in earthquake engineering were
invited to participate. Participants were encouraged to present brief
oral and written summaries of their research activities or those of their
particular organization.

One hundred and sixty-seven individuals attended the meeting repre
senting 57 universities, various government agencies and industries.
Travel grants were awarded to 53 individuals.

There were six topically organized sessions consisting of brief seven
minute research reports and a summary discussion. Eighty individuals gave
reports. The written summaries of these reports along with some summaries
not presented orally are contained in this volume.

Local arrangements for the meeting were ably handled by Professor
Mete Sozen and Mrs. Pat Lane of the University of Illinois. The Banquet
on Thursday night at the Faculty Club was attended by 108 individuals who
enjoyed the excellent food and an interesting talk on weather prediction.

Many of the details involved in the organization and execution of the
meeting as well as the preparation of this volume were skillfully handled
by Miss Sharon Vedrode. She well deserves a special note of appreciation.

W. D. Iwan
Executive Secretary
UCEER
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SIXTH NATIONAL MEETING
UNIVERSITIES COUNCIL FOR EARTHQUAKE ENGINEERING RESEARCH

University of Illinois, Urbana-Champaign, May 1-2, 1980

FINAL MEETING SCHEDULE

Registration/Information

April 30 - 6:00-10:00 pm - Lobby, Illini Union
May 1-2, 7:30 am - 4:30 am - Lobby, CSL Building

May 1 - CSL Auditorium

8:00 - 8:30
8:30 - 9:00

9:00 - 10:15
10:15 - 10:45
10:45 - 12:00
12:00 - 1:30
1:30 - 2:30
2:30 - 3:00
'3:00 - 4:45

Opening remarks, announcements
Special report - Dr. Donald Senich, Director,

Division of Problem Focused Research, NSF
Research reports and discussion - Ground Motion
Coffee Break
Research reports and discussion - Structural Elements
Lunch
Research reports - Soils and Soil Structure Interaction
Coffee Break
Research reports and discussion - Soils and Soil

Structure Interaction

Conference Dinner - Levis Faculty Center

6:00 
7:00 -

7:00
9:00

No host social hour
Dinner - Speaker: Professor Paul Handler, University

of Illinois, Champaign-Urbana
Title: "The Weather - Can It Be Predicted'!

May 2 - CSL Auditorium

8:00 - 9:30

9:30 - 10:00
10:00 - 12:00

12:00 - 1:00
1:00 - 2:30

2:30 - 3:00
3:00 - 4:45

4:45 - 5:00

Research reports and discussion - Seismic Risk, Seismic
Design & Codes

Coffee Break
Research reports and discussion - Structural Response,

Experimental
Lunch
Research reports and discussion - Structural Response,

Analytical
Coffee Break
Research reports and discussion - Structural Response,

Analytical
Closing session
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ORAL PRESENTATION SCHEDULE

GROUND MOTION

G. W. Housner, Ca1tech
K. Aki, MIT
G. R. Saragoni, U. Chile
J. Savy, MIT
T. C. Zsutty, Stanford
N. W. Polhemus, Princeton
P. C. Jennings, Ca1tech
C. J. Higgins, Higgins, Auld & Assoc.

STRUCTURAL ELEMENTS

P. Gergely, Cornell
P. J. Craig, New Jersey Inst. Tech.
S. Cherry, U. British Columbia
M. O. Porter, Iowa St.
M. Novak, U. Western Ontario
W. S. Rumman, U. Michigan
J. K. Wight, U. Michigan
S. C. Goel, U. Michigan

SOILS & SOIL-STRUCTURE INTERACTION

L.R.L. Wang, Rensselaer
W. F. Chen, Purdue
G. Gazetas, Case Western
P. A. De Alba, U. New Hampshire
O. M. EI-Shafee, Wash. U.
Y. S. Chae, Rutgers
T. S. Vinson, Oregon St.
G. Ayala-Milian, VPI
J. Roesset, U. Texas
C. S. Chang, U. Mass.

SEISMIC RISK, SEISMIC
DESIGN & CODES

M. Fintel, Portland Cement Assoc.
D. A. Gasparini, Case Western
R. W. Stephenson, U. Missouri
A. H-S. Ang, U. Illinois
A. Haldar, Georgia Inst. Tech.
T. E. Blejwas, Okla. State U.
R. L. Sharpe, ATC
W. G. Milne, Pacific Geoscience Ctr.
A. S. Kiremidjian, Stanford
F. Y. Cheng, U. Missouri

G. Athanasapoulos, U. Michigan
J. H. Prevost, Princeton
A. S. Cakmak, Princeton
M. G. Sharma, Penn State
J. Penzien, Berkeley
D. A-Grivas, Rensselaer
W. J. Hall. U. Illinois
Y-H. Pao, Cornell
T. Ariman, Notre Dame

STRUCTURAL RESPONSE,
EXPERIMENTAL

E. P. Popov, Berkeley
B. M. Douglas, U. Nevada, Reno
J. M. Plecnik, Cal State Long Beach
W. G. Godden, Berkeley
A. E. Aktan, Berkeley
H. Krawinkler, Stanford
H. E. Lindberg, SRI
D. Rea, UCLA
G. Hart,. UCLA
J. P. Moehle, U. Illinois
A. Schiff, Purdue
F. Udwadia, USC
S. Mahin, Berkeley

STRUCTURAL RESPONSE, ANALYTICAL

M. P. Singh, VPI
J.T.P. Yao, Purdue
J. N. Yang, George Wash. U.
A. K. Chopra, Berkeley
M. A. Haroun, Caltech
M. Saiidi, U. Nevada, Reno
C. N. Kostem, Lehigh
J. F. Abel, Cornell
C. Meyer, Columbia
Y. K. Wen, U. Illinois
P. Mueller, MIT

W. D. Iwan, Caltech
P. Spanos, U. Texas
Y. K. Lin, U. Illinois
R. K. Miller, USC
D. V. Reddy, Florida Atlantic U.
W. O. Keightley, Montana St.
A. A. Huckelbridge, Case Western
B. J. Goodno, Georgia Inst. Tech.
A. M. Abdel-Ghaffar, Princeton
W. A. Mash, U. Massachusetts
F. W. Barton, U. Virginia

Note: The schedule of oral presentations does not necessarily correspond to the schedule
of written summaries. See the Index of Authors of Written Summaries, pages 271
272, for a complete listing of individuals submitting written summaries.



Abdel-Ghaffar, A. M.
Abedi, M. H.
Abel, J. F.
A-Grivas, D.
Aki, K.
Aktan, A. E.
Aktan, Haluk
Algan, B.
Ang, A. H-S.
Ariman, T.
Astaneh, Abolhassan
Athanasopoulos, G. A.
Ayala-Milian, G.

Babcock, C. D.
Babendreier, C. D.
Barton, F. W.
Bergman, L. A.
Blejwas, T. E.
Bruce, J. R.

Cakmak, A. S.
Cevallos, P. J.
Chae, Y. S.
Chang, Cheng-Jung
Chang, C. S.
Chang, N-Y.
Chen, W. F.
Cheng, F. Y.
Cherry, S.
Chopra, A. K.
Costello, G.
Cotran, F. S.
Chu, Peter
Craig, R. J.
Craig, J. 1.

Dasgupta, G.
De Alba, P. A.
Dikmen, U.
Dimarogonas, P.
Douglas, B. M.
Drenick, R. F.
Durrani, A.

El-Shafee, O. M.
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ATTENDANCE LIST

Princeton
University of Illinois, Urbana
Cornell
Rensselaer
MIT
Berkeley
Wayne State
University of Illinois, Urbana
University of Illinois, Urbana
Notre Dame
University of Michigan
University of Michigan
Virginia Polytechnic Institute

Caltech
NSF
University of Virginia
University of Illinois, Urbana
Oklahoma State University
SRI International

Princeton
Illinois Institute of Technology
Rutgers
Purdue
University of Massachusetts
University of Colorado, Denver
Purdue
University of Missouri, Rolla
University of British Columbia
Berkeley
University of Illinois, Urbana
University of Illinoil, Urbana
Purdue
New Jersey Institute of Technology
Georgia Institute of Technology

Columbia
University of New Hampshire
University of Illinois, Urbana
Purdue
University of Nevada, Reno
Polytechnic Institute of New York
University of Michigan

Washington University



Fajfar, P.
Fintel, M.
Foutch, D. A.
Fujino, Y.
Fuh, Jon-shen

Gasparini, D. A.
Gaus, M. P.
Gazetas, G.
Gergely, P.
Ghosh, S. K.
Gilbertsen, N.
Godden, W. G.
Goel, S. C.
Goodno, B. J.
Gugerli, H.
Gupta, A. K.

Hanson, R. D.
Haldar, A.
Hall, W. J.
Hariandja, B.
Haroun, M. A.
Hart, G. C.
Higgins, N.
Hoedajanto, D.
Housner, G. W.
Hsiung, G. S.
Hsiung, P.
Hsieh, B. J.
Hu, Y.
Huckelbridge, A. A.

Israelson, O. A.
Iwan, W. D.

Jennings, P. C.
Jones, Lindsay

Kamel, A.
Keightley, W. O.
Kesler, C.
Khachaturian, N.
Kim, B. J.
Kiremidjian, A. S.
Kirkner, D. J.
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ATTENDANCE LIST (CONTINUED)

University of Ljubljana
Portland Cement Association
University of Illinois, Urbana
University of Illinois, Urbana
University of Illinois, Urbana

Case Western Reserve
NSF
Case Western Reserve
Cornell
Portland Cement Association
University of Illinois, Urbana
Berkeley
University of Michigan
Georgia Institute of Technology
University of Michigan
Illinois Institute of Technology

University of Michigan
Georgia Institute of Technology
University of Illinois, Urbana
University of Illinois, Urbana
Caltech
UCLA
Higgins, Auld & Associates
University of Illinois, Urbana
Cal tech
Washington, D.C.
Washington, D.C.
Argonne National Lab
Berkeley
Case Western Reserve

National Academy of Sciences
Cal tech

Caltech
Computech

Purdue
Montana State
University of Illinois, Urbana
University of Illinois, Urbana
Purdue
Stanford
Notre Dame



Koizumi, T.
Kostem, C. N.
Krauthammer, T.
Krawinkler, H.
Kreger, M.
Kung, S-Y.

Lauda, R.
Lee, B-J.
Lin, Y. K.
Lindberg, H. E.
Liou, M-T.
Liu, H. H.
Liu, Xuixian
Luo, Xuihai

Mahin, S. A.
Mayes, R.
McGuire, W.
Meyer, C.
Miller, R. K.
Milne, W. G.
Moehle, J.
Morrison, D.
Mueller, P.
Murtha, J. P.

Nash. W. A.
Nematollaahi, K.
Newmark, N. M.
Novak, M.

Pao, Y-H.
Park, R.
Pearce, H.
Pecknold, D. A.
Penzien, J.
Plecnik, J. M.
Polhemus, N. W.
Popov, E. P.
Porter, M. L.
Prevost, J. H.

Radziminski, J. B.
Rahder, M.
Rea, D.
Reddy, D. v.
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ATTENDANCE LIST (CONTINUED)

Purdue
Lehigh
University of Illinois, Urbana
Stanford
University of Illinois, Urbana
University of Illinois, Urbana

NSF
Washington University
University of Illinois, Urbana
SRI International
University of Illinois, Urbana
Purdue
Institute of Engr. Mech., Harbin
Institute of Engr. Mech., Harbin

Berkeley
Applied Technology Council
Cornell
Columbia
USC
Pacific Geoscience Center
University of Illinois, Urbana
University of Illinois, Urbana
MIT
University of Illinois, Urbana

University of Massachusetts
Purdue
University of Illinois, Urbana
University of Western Ontario

Cornell
University of Canterbury
University of Illinois, Urbana
University of Illinois, Urbana
Berkeley
Cal State, Long Beach
Princeton
Berkeley
Iowa State University
Princeton

University of South Carolina
University of Illinois, Urbana
UCLA
Florida Atlantic University



Reseidat, M. R.
Richart, F. E.
Roesset, J.
Rumman, W. S.

Safak, E.
Saiidi, M.
Santiago, J.
Saragoni, G. R.
Savy, J.
Scalzi, J. B.
Schiff, A. J.
Schnobrich, W. C.
Scribner, C. F.
Senich, D.
Shah, S. D.
Sharma, M. G.
Sharpe, R. L.
Shih, T-Y.
Shye, K-Y.
Singh, M. P.
Sozen, M. A.
Spanos, P-T. D.
Stephenson, R. W.
Stepneski, A.
Sunidja, H.

Tang, W. H.
Toussi, S.
Tzou, H-S.

Udwadia, F. E.

Vasilescu, D.
Vasseghi, M.
Veletsos, A. S.
Vinson, T. S.

Walker, W. H.
Wang, L.R.L.
Wen, Y.
White,R. N.
Wight, J. K.
Wood, R.
Wu, S-M.
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Purdue
Penn State
Applied Technology Council
University of Illinois, Urbana
University of Illinois, Urbana
Virginia Polytechnic Institute
University of Illinois, Urbana
University of Texas, Austin
University of Missouri, Rolla
University of Illinois, Urbana
University of Illinois, Urbana

University of Illinois, Urbana
Purdue
Purdue

USC

University of Illinois, Urbana
University of Illinois, Urbana
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Oregon State University

University of Illinois, Urbana
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AJIT K. MAL

University of California, Los Angeles

The major ultimate objective of all ground motion research is to pro
vide in advance, the motion expected to occur at a given site in future
earthquakes. Due to highly complex nature of the earthquake phenomenon only
limited aspects of this objective can be realized. Our research has been
focused on the characterization and eventual prediction of strong ground
motion for engineering applications. Our approach has been based on the
premise that the geologic structure in the vicinity of the site including
major faults and soil conditions, is known.

In recent years, several research groups have developed computer codes
that generate theoretical ground motion time histories for models in which
the earthquake source is represented by a distribution of double couples
and the earth by a flat multilayered elastic continuum. The models for
these calculations have been developed on the basis of knowledge derived
largely from far field seismological observations or near field (static)
geodetic observations. The frequencies and/or distances in these obser
vations are usually outside the ranges of interest in engineering applic
ations. Clearly, many of the source properties (e.g., abrupt change
in propagation velocity) and layer properties (e.g., rapid variation in
near surface shear wave speed), ignored in seismological models may be more
significant at high frequencies.

Our most recent research has been directed toward identifying those
features in models of the source and the earth that are most effective in
generating strong high frequency ground motion. The influence of the source
was examined by placing complex faultings in a simple (uniform half space)
model of the earth. A two dimensional (in plane) model was used for dip
slip type faults and three dimensional model for strike-slip faults. The
influence of layering was examined by placing a point dislocation in a multi
layered earth model. The problem was formulated in the frequency domain;
body and surface wave spectra were calculated separately. Time histories
were obtained by means of an FFT algorithm. Details of the formulation can
be found in Duke and Mal (1978). Some of our recent results are as follows:

1. The most significant high frequency motion from a rupture that suddenly
appears on a fault at depth and subsequently propagates with constant velo
city is a single shear pulse. An abrupt change in rupture velocity (in
cluding change of direction or stoppage) introduces a second shear pulse,
which may (or may not) be significant.

2. For a dip-slip or thrust type surface faulting the significant ground
motion is a single Rayleigh pulse. The same is true for a propagating
strike slip type surface faulting: the sharpness of the Rayleigh pulse de
pends on the rupture speed and length of faulting.

3. For buried sources in a multilayered medium the grQund motion is not
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significantly sensitive to moderate variations in source depth and eip
central distance.

4. Calculated spectra from theoretical ~odels with only ~aterial

damping (i.e., viscoelasticity} have significantly slower decay with
frequency than those calculated from the available near field accelero
gram. Inclusion of some loss mechanism at the source (e.g., friction)
is essential for near field calculati<:>ns.

In conclusion, our research indicates the need to create models of
the earthquake source that differ from existing seismological models.
The engineering model of the source must include features that are most
effective in generating high frequency~otionbut~y ignore others that
are effective in producing long period waves. Clearly, it is also
necessary to create similar engineering ~odels of the earth which may
include a top layer of varying elastic properties overlying others
having uniform properties.

REFERENCES

1. Duke, C. M. and Mal, A. K., "Site and Source Effects on Earthquake
Ground Motion" , School of Engineering and Applied Science, University
of California, Los Angeles, Res. Rep. UCLA - ENG - 7890, Nov. 1978.
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G. RODOLFO SARAGONI

University of Chile

University of Chile has been conducting the research project on
"Destructiviness of Earthquake Ground Motions".

The fields under study are capacity of strong motion to cause damage
to structures, installation of strong motion acce1erographs, theoretical
and empirical characterization of earthquake ground motion.

1. Capacity of Strong Ground Motions to Cause Structural Damages.

An attempt to identify strong motion parameters that control ductility
requirements for simple nonlinear structures has been done. Expected
ductility requirements for simple e1astop1astic and stiffness degrading
structures are studied in terms of expected maximun ground acceleration,
duration of strong motion region and characteristic frequency or intensity
of zero corossings as earthquake acce1erogram parameters and natural
period and damping as structural parameters.

The solution to this problem could explain large differences in
structural damage observed during strong earthquakes. This study is of
particular interest when structural responses due to acce1erograms generated
at subduction seismic zones (Alaska, Chile and Japan) are compared with the
ones produced at transcursive seismic zones as California and Central Ameri
ca.

Estimation of simple e1astop1astic oscillator expected ductility
required under action of nonstationary acceleration process {a(t)} is done
by using the approximated solution of the Fokker-Plank equation for random
responses of hysteretic structures with strong nonlinearity suggested by
Sveshnikov (1) and adapted by Kobori et a1. (2). This method considers the
transformation of the equation for probability density function to the
equation for the characteristic function and the expansion of characteristic
function in terms of power series when the nonlinear hysteretic characteris
tics are expressed by a signum type function of state variables.

It is concluded (3) that earthquake ground motion destructiviness
associated to expected ductility requirement of simple e1astop1astic oscillator
dependes essentially of expected maximum ground acceleration and intensity
of zero crossings acting both parameters always simultaneously.

The results obtained are particularly important when acce1erogram
recorded in transcursive and subductive zones are compared. Since subductive
earthquake acce1erograms usually have larger values of intensity of zero
crossings than transcursive ones it can be expected in these zones to record
acce1erograms with very large maximum ground acceleration that does not
produce structural damage. In this ~te maximum ground acceleration must be
connected to the intensity of zero crossings effect and use and smaller
value of expected maximum ground acceleration or effective ground accelera
tion.
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Strong motion duration can duplicate ductility requirements. However
its influence can be considered secondary compare with effects of expected
maximum ground acceleration and intensity of zero crossings.

Figs. 1, 2 and 3 show the influence of expected maximum ground
acceleration E{amax}, duration of strong motion region ~ts and intensity of
crossings V o on the expected ductility requirements of elastoplastic
oscillators.

2. Installation of Strong Motion Accelerographs.

The installation of 10 new accelerographs in the Valpararso-La Ligua
Santiago region was done in 1979. With this new array is expected to record
in the next ten years an event of magnitude 8.5 with epicenter at the sea
in front of Valparaiso and other of magnitude 7.5 with epicenter near La
Ligua.

l-Jith the Organization of American States project "Andean Seismic
Protection" the accelerograph-national network will be expand from 37 to
57. Ten of the new 20 instruments were already bought and they will be
located at the same region in order to increase the reliability of the net
work in this area and the probability to obtain records at epicentral
regions or populated areas.

3. Characterization of Earthquake Accelerograms.

Three gaussian properties of earthquake accelerograms were derived
using the central limit theorem (4). The properties are:
i) mean square acceleration tends to a chi-square function.
ii) probability density function of acceleration amplitudes is gaussian

with zero mean and mean square value variable in time, given by the
chi-square function, and

iii) generalized autocorrelation function tends to a gaussian function in
the vecinity of the origin.

Two first properties were satisfactory verified to a 1% level of
significance by application of run and chi-square tests to a set of 16
accelerograms from U.S.A., Chile and Argentina. The third property has
satisfactory verified by simple comparison with realized functions.

4. References.

1. S~eshnikov, A. A. "Application of the Theory of Continuous Markov
Processes to the Solution of Nonlinear Problems of Applied Gyroscopy".
Proc. S. Int. Conf. Nonlinear Oscillations, Vol.3, (1970).

2. Kobori, T., R. Minai and K. Asano "Random Response of the Nonlinear
System with Hysteretic Characteristics". Proceedings, 24 tho Japan
Nat. Congress for App. Mechanics, Tokyo, Japan, 1974.

3. Araya, R. and G.R. Saragoni "Capacity of Strong Ground Motion to Cause
Structural Damage", 7 WCEE, Istambul, Turkey, 1980.

4. Saragoni, G.R., R. Alarcon and J. Crempien "Gaussian Properties of
Earthquake Ground Motion", 7 WCEE, Istambul, Turkey, 1980.
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COMPILED BY J. HEALEY

Cornell University

The followin is a brief account of the various research projects con
cerned with seismology in the Department of Geological Sciences.

Search for Precursors to Earthquakes in the New Hebrides Island Arc by
Monitoring Tilt and Seismicity (B. Isacks; USGS)

Observations taken close to the plate boundary of a seismically active
subduction zone include (1) recordings of tilt by a network of borehole,
bubble-level tiltmeters, by a long-baseline water-tube tiltmeter, and by re
leveling of two arrays of benchmarks; and (2) monitoring of locations of
small earthquakes by a network of seismographs. Precursors to large earth
quakes are sought in the measurements of tilt and in the temporal variations
of the locations and source properties of numerous small earthquakes. Al
though no earthquakes with magnitudes larger than 5 1/2 have occurred in the
region covered by the observations, the past seismicity record indicates
that larger events are due.

Regional Seismic Wave Propagation (B. Isacks and J. Oliver, AFOSR)

The objective of this program is to compile a global reference catalog
for seismic wave propagation at regional distances. Hundreds of short
period WWSSN seismograms are being examined visually in an effort to map
lateral variations in wave propagations across an area. The first region
studied is the Middle East, with Tibet and adjacent regions of Central Asia
to follow. Emphasis is placed, in particular, on a study of the variations
in propagation of the high-frequency shear waves Sn and Lg. Studies of
other areas will be compared with that of the Middle East.

Stress State in the Lithosphere (D. L. Turcotte; NSF)

The primary focus is on sedimentary basins and major strike-slip faults.
Both the mechanisms of basin formation and the structure of basins are stu
died. The similarity solution for basin subsidence derived is applied to a
variety of basins, and basins whose structure appears to be dominated by
flexure are studied in detail. Examples include the Appalachian and Hudsons
Bay basins. Mechanisms of stress accumulation and release on major strike
slip faults are also studied. The role of frictional heating and tempera
ture-dependent rheologies on the cyclic faulting system is receiving par
ticular attention.

Geological Processes along the San Andreas Fault (D. L. Turcotte and
F. H. Kulhawy; NASA)

The three-dimensional strain field adjacent to the San Andreas fault
is studied using the finite element method. The distribution of surface
strain and stress between great earthquakes will be obtained and will be
compared with available geodetic measurements. The results will be parti
cularly important in determining the sites for geodetic stations to monitor
the cyclic strain history of the fault.
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Study of the Excitation of the Seismic Phases Pn, Sn, and T produced by
Earthquakes Located Along the New Hebrides Island Arc and Recorded at
Stations Located Seaward of the Arc (J. Oliver and B. Isacks; ONR)

Ocean bottom seismic data and land seismograms are analyzed to develop
a synthetic seismogram computer program to determine focal depths of shal
low oceanic earthquakes. A digital seismograph network has been intalled
on the Loyalty Islands to record the seismic phases Pn, Sn, and T from
earthquakes in New Hebrides. The nature of the offshore-onshore propaga
tion of T as recorded by land stations is specifically investigated. The
data are analyzed in terms of apparent velocities (or phase velocities) and
particle motions of the recorded waves, and thus information about the mode
of propagation of T as well as that of Pn and Sn are obtained.

Seismotectonics of Subduction Zone: Intensive Field Studies of the New
Hebrides Island Arc Complemented by Comparative Studies of Other Zones of
Lithosphere Subduction (B. Isacks; NSF)

New observations are sought by (1) intensive studies of detailed struc
ture and seismicity of the New Hebrides island arc and (2) comparative stu
dies of other zones of subduction through analysis of teleseismic data. The
New Hebrides work will focus on data from a new seismograph network estab
lished in the region that covers the shallow part of the subduction zone
and continued analysis of data from the global networks and temporary net
works previously operated in the region. Detailed resolution of the struc
ture and seismicity is likely to produce new insights into the mechanics of
subduction, the generation of large earthquakes, and the causes of island
arc volcanism. The studies of other subduction zones based on global data
will include determinations of three-dimensonal configuration of Benioff
zones and the relationship to regional tectonic processes, deformation of
the descending lithosphere, and convective flow of material in the mantle;
determinations of thickness, detailed structure and focal mechanisms in
mantle seismic zones; and studies of shallow seismicity above the subducted
plate, especially in the region of western South America, where important
modern analogues exist for Laramide-type orogenic activity.

Study of Hazards Related to the Suva-Mbengga Seismic Zone in Fiji
(B. Isacks; AID)

A seismically active fault zone that may run through the City of Suva
was discovered by previous Cornell work in Fiji. The exact location of this
fault zone has immense implications; building codes must be studied and town
plans revised, and microzoning is vital. Steps to minimize the impact of
any strong earthquakes through proper planning procedures must be taken.
Since 1953 4 strong earthquakes were felt in Suva and one mag. 6.75 earth
quake caused considerable damage and resulted in 8 casualties in Suva and
Kandava. Cornell is assisting the Fiji Mineral Resources Division, which
has primary responsibility for the project, to acquire and install the re
quired instrumentation and will provide technical help in the analysis of
data.
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Seismic Reflection Profiling to Determine Fine Structure of the Crust and
Upper Mantle (J. Oliver, S. Kaufman, and L. Brown; NSF)

Application of modern high-resolution seismic profiling methods of the
petroleum industry to studies of the continental crust and upper mantle.
The sites successfully surveyed to date in the U.S. are Hardeman County TX', ,
the Rio Grande Rift, N.M.; Coalinga and Parkfield, CA; Abo Pass, N.M.; Wind
River Uplift, WY; Anadarko Basin, OK; Charleston, S.C.; Michigan Basin,
Kansas MGA; Minnesota Precambrian; and a traverse in the Southern Appala
chians. Further work in the Soutern Appalachians, as well as in other
sites, is projected. .

Fine Structure of the Crust and Upper Mantle from Analysis of Seismic
Reflection Records (J. Oliver, S. Kaufman, and L. Brown; NSF)

This investigation makes comparative analyses of seismic reflection pro
filing data from sites profiled by COCORP. Syntheses of the data thus far
have been primarily qualitative, i.e., visual identification and mapping of
similar and dissimilar characteristics of reflector patterns in the deep
crust. Recent installation of a new dedicated computer will accelerate
this research.

Recent Vertical Movements of the Crust in the Western U.S. (USGS) and
Recent Vertical Crustal Movements: The Eastern United States (NRC)
(J. Oliver and L. Brown)

Vertical crustal movement information derived from re1eveling data collected
by the NGS in the western U.S. is used to determine to what extent this data
base can contribute to our understanding of geodynamic phenomena with empha
sis on earthquake prediction and seismic hazard evaluation. In the eastern
U.S., integration of precise leveling data and results from independent
methods of determining elevation changes are used to study the intraplate
regions. Research includes analysis of a map of vertical crustal movements
produced for the East; preparation of a grid of geodetic observations in
the southern states, including Texas, Louisiana, and Mississippi, investiga
tion of relative arching in the Gulf Coast, development of methods of geo
morphic analysis for identifying crustal movements; and analysis of possible
elevation-correlated leveling errors in re1eveling results. Leveling results
are interpreted in view of other relevant geophysical and geological data.

Precise Leveling, Space Geodesy, and Geodynamics (J. Oliver and L. Brown;
NASA)

Vertical crustal movement information, derived from repeated leveling
surveys, is used to determine stable areas where space-based systems can be
tested, locate presently active areas where space systems are most likely to
detect tectonic deformation, and determine the precision and frequency of
measurements necessary to monitor crustal movements in different areas.
Leveling results will also be used to evaluate the precision of space tech
niques and to integrate leveling results with space-based measurements of
crustal movement to enhance our understanding of contemporary crustal dy
namics.



18

CORNELIUS J. HIGGINS

Higgins, Auld &Associates, Inc.

This paper ,summarizes recent and current research in the use of high
explosives to simulate earthquake ground motion effects on engineering
systems. This research is being pursued because of the need for response
data on large structures in general and on soil and soil-structure sys
tems which cannot be evaluated adequately in any other way. The research
discussed was performed primarily at the University of New Mexico and at
the author's current firm.

Recent studies by the University of New Mexico for the National
Science Foundation (NSF) (Ref. 1) and the Electric Power Research Insti
tute (EPRI) (Refs. 2 and 3) have indicated that it is technically and eco
nomically feasible to simulate earthquake-like ground motions with high
explosives. The NSF study involved analysis of high explosive field data
from experiments performed prior to about 1977, and finite difference cal
culations of various explosive configurations to derive prediction rela
tions in dry alluvium that could be used in simulation designs. The ex
plosive charge configurations considered were spherical, cylindrical and
planar. The planar array configuration was determined to be most adapt
able to simulation because it provides relatively uniform motions across
the width of the array and, in addition, allows a wider range of control
over motion amplitudes and attenuation rates than is possible with con-
centrated charges. .

The NSF study also included consideraUon of a number of other factors
in simulation design. These included scaling to other geologies, enhance
ment techniques and simulation criteria. In the area of scaling to other
geologies, dimensional analysis and a few elastic calculations were used
to derive relations for extrapolating in elastic materials. With regard
to simulation techniques, it was recognized that it might be necessary in
some simulations to enhance the ground motions produced by explosions to
improve their fidelity compared with earthquake motions. Enhancements
evaluated included methods for increasing the number of motion cycles and
the duration of excitation; methods for reducing the frequency of the
motion; and methods for reducing the peak acceleration while maintaining
relatively high levels of particle velocity and displacement.

The use of multiple, sequenced explosions appeared to be a viable
method for enhancing numbers of cycles and durations. This was amply
demonstrated by the later EPRI experiments. A potential method for re
ducing the frequency content of the explosive ground motion was decou
pling of the explosion by detonating in cavities. A potential method
for reducing accelerations while maintaining relatively high levels of
velocity and displacement was identified as the use of trench shields.

The NSF study also looked briefly at simulation criteria. Since
every feature of an earthquake cannot be reproduced in detail, it was
recommended that simulation criteria be based upon system response to
credible earthquake-like moti~ns. The simulation should be designed to
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excite the types and amplitudes of response that might be expected in a
strong earthquake rather than to reproduce every specific earthquake de
tail. Response spectra were recommended as one means of evaluating re
sponse and establishing criteria.

The NSF study was used as the main basis for the design of the
SIMQUAKE series of tests (Refs. 2 and 3). These tests, conducted at the
McCormick Ranch Test Site of the University of New Mexico, were designed
to simulate strong earthquake ground motion effects on model nuclear
power plant structures. The largest experiment was SIMQUAKE II, a double
array experiment. The experiment involved two large explosive arrays
with approximately 30 tons and 40 tons of ANFO, respectively, in the
front and back arrays. The back array was fi red fi rs t and the front
array was fired 1.2 seconds later. Six (6) model structures were included
in the test and 144 active measurements were made. Parameters investi
gated included structure scale, depth of embedment, backfill type, and
level of ground motion excitation.

The studies cited demonstrated technical and economic feasibility of
explosive simulation, provided data on generic nuclear power plant struc
tures, and suggested areas where further investigation can lead to addi
tional progress in simulation technology. The current NSF program at
Higgins, Auld &Associates, Inc. (HA&A) is addressed to the improvement
of simulation capability. Research is underway in four areas:

• The update of simulation prediction methods based upon a synthesis
of recently obtained simulation field data with the current prediction
methods.

• The development of simulation design prediction methods for a
wider range of geologies.

• The further investigation of enhancement methods. In particular,
the use of trench shields to reduce the acceleration transmitted to a test
area while maintaining relatively high levels of velocity and displacement.

• The development of simulation criteria and simulation designs for
a few selected generic engineering systems.

The major source of directly applicable data is the SIMQUAKE series
of tests performed by the University of New Mexico. The series consisted
of four events: Mini-SIMQUAKE, SIMQUAKE lA, SIMQUAKE IB and SIMQUAKE II.
These were the first set of explosive experiments designed expressly for
earthquake simulation purposes. Over 375 channels of data were recorded
of which about 50 percent were free-field ground motion response measure
ments.

The SIMQUAKE ground motion data is being analyzed and synthesized
with the data presented and analyzed in Reference 1. The SIMQUAKE data
will be used to help in answering simulation questions associated with
the wave structure of the explosive experiments, the ratio of vertical
to horizontal motions in the explosions and the ground motion frequency
prediction methods.
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Data measured at SRI International also forms an important part of
the current simulation data base. The data on source coupling will be
compared with the source coupling calculations of Reference 1. In addi
tion, these experiments provide additional data on the effect of array
size. The geologies for the SRI experiments are somewhat different than
McCormick Ranch. Some insight into geology difference effects may also
be obtained from the data.

The effect of geology is very important in simulation design. Almost
all data now available are in dry alluvium. Yet simulation procedures
must be developed for a wide range of geologies. Wet geologies are of
particular concern because of the possibility of cyclic mobility or
liquefaction. Prediction methods which are applicable in any geology
are being developed. Since the amount of data in varying geologies are
limited, the major work here is through the use of finite difference
calculations.

Analysis of the use of trench shields to modify the motions entering
a test area is also being analyzed primarily with finite difference cal
culations. It is necessary to consider variations in the size and loading
density of the explosive array, the range to the test area, and material
properties, as well as the trench depth.

It is believed that at the conclusion of the research currently in
progress, it will be possible to go to the field to actually test large
scale engineering systems. As the last part of the HA&A study, simula
tionrequirements for selected engineering systems will be evaluated, and
preliminary simulation designs will be developed. The actual systems to
be evaluated will be selected during the research after consultation with
NSF and others in the earthquake community. Candidate systems include
masonry structures, underground pipelines, tunnels, bridge abutments,
earth dams, retaining walls and POL storage tanks, to name a few.
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M. O. ERD1K

Earthquake Engineering Research Institute
Middle East Technical University

The determination of site effects to be reflected in the new Turkish
Earthquake Resistant Design Code are being pursued under the sponsorship
of the Earthquake Research Institute. The work (1) the collection and evalu
ation of the observed site effects from the macroseismic data files on Turkish
Earthquakes and, in parallell, (2) the development of simple theoretical models
to predict the controlling parameters of soil amplification. These studies will
be correlated to provide a simple, yet realistic procedure to account for site
effects in earthquake resistant design. The uniformit.y and homogenity of
Turkish rural housing and settlements provide a good opportunity to assess the
degree of local variations in the intensity of ground motion from the obser
ved earthquake damage inventories.

This paper outlines the development and applications of a simple, analo
gous single-degree-of-freedom (SDF) model for the non-linear soil amplifica
tion. The development is based on the assumption that the response of the soil
deposit over the bedrock is mainly due to the upward propagation of horizon
tally polarized shear waves. The soil deposit is assumed to have constitutive
relations of the Ramberg-Osgood type with a maximum shear stress, varying
linearly with depth, and a low-strain shear modulus, varying lineary with the
square root of the depth.

The Analogous SDF Model

An analogous, nonlinear-hysteretic, SDF model representing the first mode
response characteristics of the actual soil deposit can be derived: (1) by
setting the frequency of vibration of the SDF model equal to the fundamental
frequency of vibration of the soil layer and, (2) by insuring that the amount
of energy dissipated per cycle by the SDF model is equal to that dissipated
by the soil deposit responding in its fundamental mode, for all strain levels.
Here, it should be noted that, the terms of frequency and mode are being used
rather loosely, and they actually refer to their strain dependent apparent
values. It has been shown that (Erdik, 1979) such a SDF model will have a
frequency of vibration, f, given by:

[ 1]

and a nonlinear-hysteretic spring with constitutive characteristics given by:

F =
u/U

r

1+1. 071 u/U Ir

and F =
2u/U

r

2+1.071 u/U Ir

[2,3]

respectively for the initial loading and unloading or reloading paths. It has
also been assessed that, if f1 of Eqn.l is set equal to the fundamental frequ
ency of the soil layer and, U , termed reference displacement, is taken to be
the value obtained by integrafion of the 'reference strain' (After, Hardin and
~rnevich, 1972) throughout the depth of the soil layer, than the deformation,
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u, of the SDF model will be analogous to the surface displacement of the
soil deposi t.

Assessment of the Accuracy and Parametric Studies

The approximation provided by this analogy is tested for the following two
cases. The first case involves the response of a 200 m deep soil deposit to
the N21E component of 7.21.1952 Taft record scaled to a peak acceleration of
0.7g. The surface velocity as given by Joyner and Chen (1975), and as obtai
ned on the basis of the analogous SDF model, with f 1 = 0.5 Hz ... and U =22. 7cm,
are provided in Fig.1. The second test case involves the response ofrthe 50ft.
deep soil deposit to the SOOE component of E1-Centro record scaled to a peak
acceleration of O.lg. The surface velocity as given by Martin and Seed (1978),
and as obtained on the basis of the analogous SDF model, with f

l
= 3.1 Hz.

and U = l.lcm, are provided in Fig.2. Both of these comparisons indicate the
exce1fent approximation provided by the analogous SDF model.

Parametric studies conducted using 12 different accelerograms as the
bedrock motion (to be presented in 7.WCEE) have resulted in the iso-amplifi
cation contour envelopes given in Fig.3 for different peak bedrock velocity
and accelerations. The ranges of the reference displacement in the vertical
axis and the fundamental frequency of vibration in the horizontal axis co
vers a wide group of soil deposits of importance in earthquake engineering.
It can be assessed that: (1) for a given soil deposit .the greater the in
tensity of bedrock motion smaller is the acceleration, (2) for a given soil
deposit and bedrock motion the velocity amplification is greater than that
of acceleration, (3) for peak bedrock velocities greater than 20 em/sec. the
amplification is always less than two, (4) for peak bedrock accelerations
greater than 0.2g the amplification is always less than 1.5 and the bedrock
accelerations with peaks above 0.5g are de-aniplified. Note that, in general
the ATC-3 stipulations for site effects conform with these assessments.
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KEIITI AKI

Massachusetts Institute of Technology

The objective of our project is to predict earthQuake strong
motions in a seismic area where little or no historic earthQuake data
exist. The need for such prediction is Quite urgent, especially for
siting critical facilities in relatively aseismic areas such as the
eastern United States. Our approach to this outstanding unsolved
problem is to predict strong motion on the basis of the laws of physics
using information on the tectonic stress and physical properties of the
earthQuake fault which can be measured at the present time. Recent
advances in the study of earthQuake source mechanisms, plate tectonics,
rock mechanics, and seismic wave propagation in realistic media have

/made this approach viable and promising.

An increasing number of seismologists at more than half a dozen
universities and several research institutions are now working along
this line of approach. A variety of earthQuake modelling and
computational procedures are being developed by various groups as
presented in the NSF seminar-workshop on strong ground motions held
in February, 1978.

A major break-through was made in our project on the computational
procedure for simulating strong motion. Bouchon has succeeded in
extending the discrete-wave-number representation method developed by
Bouchon and Aki to three-space-dimensional cases. We can now calculate
the seismic motion due to an earthQuake fault rupture having an
arbitrary space-time slip function embedded in an arbitrarily layered
half-space.

We used the new method to study the interaction of a low-velocity
surface layer and rupture propagation in the basement rock for both
strike-slip and dip-slip earthQuakes. We found a pronounced effect of
low-velocity layers on the amplitude and duration of the ground shaking,
as described later.

The new method was also used in simulating the long-period
(longer than 5 seconds) seismic motion from the great 1857 earthQuake
of California, using the detailed distribution of slip recently
published by Sieh. Snapshots of the spatial pattern of seismic
motions throughout central and southern California as well as the
time-domain seismograms were calculated at selected locations.
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The new method was, then, used for reexamlnlng the station No. 2
record of the Parkfield earthquake of 1966. The inclusion of the
surface-layer effect made more realistic evaluation of the slip function
than in previous attempts using a homogeneous full-space or half-space.
The resultant slip function was, then, interpreted in terms of a barrier
characterized by Griffith's surface-energy and Barenblatt's cohesive
force. The physical model of barriers and geological observations on
the great 1857 earthquake are then combined to offer a physical basis
for the dependence of barrier interval on earthquake magnitude.

Another problem we are working on is the attenuation of shear waves
in the lithosphere for the frequency range from 1 to 25 Hz. We found
that the quality factor Q depends strongly on frequency, in the form of
Q = QafID, where m is from 0.5 to 0.8 depending on the area. The
consequence of this work on our present project is grave and far-reaching,
since the frequency range and wave propagation paths are directly
relevant to Earthquake Engineering.
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J. B. SAVY

Massachusetts Institute of Technology

OVerview of the Project

The project addresses engineering strong ground motion estimation
procedures based on combining empirical records and theoretical models.
The latter are used, on one hand, to understand seismic energy propa
gation in the development of functional forms for such things as peak
ground motion attenuation, and on the other hand, to study network
induced biases in actual recorded data.

At the present time our group is working on four specific problems
as follows:

Development of a ground motion model
Estimation of parameters for the above model
Preliminary study of network induced biases
Study of seismic hazard attenuation laws.

Ground Motion Model

The approach is based on the idea that an earthquake fault is not
a single smooth rupture over the entire fault plane, but consists of
multiple patches breaking in a non-coherent manner. The acceleration
at a given site is computed by superposition of the effects due to each
patch, assuming a homogeneous and isotropic medium. The present model
is an extension of the author's model (Savy, 1978) where the solution
is improved for the intermediate to near field by addition of second
order distance terms, and by computing the three components of the P and
S motion instead of only S. The input parameters are the seismic moment,
the average coherence length of the rupture patches, the average rupture
velocity, the (dislocation) rise time, and an empirical relationship
between the seismic moment and the dimensions of the fault. Coherence
length, rupture velocity and rise time are random variables varying from
patch to patch with assumed probability distributions. A detailed
parametric study is being performed which will define the limitations of
the model uses and allow a better understanding of the (assumed) source
behavior. The next improvement anticipated is the development of an
analytical solution for the Power Spectral Density (PSD) of an ensemble
of earthquakes occurring on a given fault thus allowing an analytical
definition of the statistical characteristics of possible earthquakes
at a given site.

Parameter Estimation

Based on the work of Aki (1979) and Sato & Hirasawa (1973) a model
is developed which details the faulting process most responsible for the
high frequency content in the near and intermediate field. The theoret
ical PSD (defined essentially by three parameters: Seismic moment, cor
ner frequency and high frequency decay) is computed and compared with
the PSD of the strong motion part of an actual record. By fitting the
theoretical spectrum to the actual one the corner frequency and attenu
ation frequency dependence are determined. The corner frequency, in
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turn will give the average intervals between barriers of the source,
thus enabling the estimation of the coherence length to be used in the
ground motion model. The use of this technique, now under development,
requires the establishment of a data file which includes all the source
parameters needed in the computation of the theoretical spectrum. This
requirement limits the number of actual records which can be analyzed.

Study of Network-Induced Biases

A preliminary study is underway which assumes a given "real" law of
energy attenuation and simple fault and strong-motion network arrange
ments. An ensemble of acceleradonvalues is generated by simulation for
different instrument locations. From this synthetic data, "empirical"
(different in functional form from the "real" law) attenuation laws are
estimated by using ordinary or weighted least square techniques. As
expected, the instrument network introduces a bias which can be quanti
fied. Several techniques are being tested which, by weighting the data
in some way, generate an ensemble of network-independent data points.
Further studies will include realistic synthetic ground motion studies
using the above ground motion model and actual instrument networks which
will permit us to refine and test the technique for use with actual
ground motion data.

Study of Seismic Hazard Attenuation Laws

A theoretical investigation was carried out in the area of seismic
attenuation laws to ascertain the adequacy of current popular forms.
The results of regression analysis showed that (1) linear attenuation
forms satisfy the underlying assumptions of the statistical model, (2)
acceleration is a function of site soil condition in conjunction with
magnitude but not distance, and (3) linear functions poorly represent
acceleration in the near field.

The results of robust regression analysis on the same strong motion
data set (assuming a linear model) display only minor differences from
the linear attenuation form, typically less than 0.05g over all magni
tudes and distances. Therefore, the robust models also poorly represent
accelerations in the near field. However, a linear model assuming nor
mally distributed errors in magnitude and distance indicates a high de
gree of sensitivity in the prediction attenuation law over a reasonable
range of variances for magnitude and distance.

Several non-linear attenuation models solved by the Marquardt iter
ative technique indicate that the sparsity of near field data results in
predictive models that are highly sensitive in the near field to the
forms assumed. Far field prediction with all non-linear attenuation laws
is comparable with the popular linear model (Askins 1980).
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The development of the critical excitation method has been reported
on at several UCEER meetings. At about the time of the most recent one,
the development was judged to have completed the basic research phase and
to have reached the point at which its appeal to potential users should
be explored. This summary recapitulates briefly the motivation for the
method, sketches the method itself and then reports on the experience so
far with the effort of gaining user acceptance.

The critical excitation method is for the assessment of the earth
quake resistance of structures. The incentive for its development was the
wish to have a method that would lead to assessments on as high a level
of assurance as is compatible with current information regarding the
nature of strong ground motion at a pa.rticular location. In order to
achieve such a level, a method must avoid all information that is not
available on a comparable level, but it must utilize all that is.

The critical excitation method, it is felt, does this. It fully
exploits existing ground motion data regarding frequency content, time
envelope and local overburden characteristics. On the other hand, it
avoids most customary assumptions of a statistical nature which lead
(demonstrably) to a degradation in the confidence level. In this way
it arrives at assessments of earthquake resistance which are somewhat
conservative, but whose conservatism may not be negotiable downward to any
great extent, at the present state of knowledge regarding seismic events.

The National Science Foundation which had supported this line of
research encouraged a search for potential users of the method among
Federal Government mission agencies. In fact, it was actively helpful with
it, being careful at the same time to avoid the impression of an endorse
ment of the method as such. Contact was established with five government
offices. Two of these declined to pursue the matter even as far as a
presentation. Two others permitted presentations but, for different
reasons, declined to go beyond them.

A fifth agency (the Structural Engineering Research Branch of the
Nuclear Regulatory Commission) expressed an interest. It pointed out
that the critical excitation method, as then conceived, improperly avoided
the use of two highly reliable pieces of information, namely, the limits
on ground acceleration and velocity. After a modification to include them,
the Commission authorized a large engineering firm to undertake the analy
sis by the method of two nuclear reactor structures and to report on its
experience with it.

A preliminary version of this report has recently been completed. The
conslusions the firm arrived at appear to be the following:
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1. The critical excitation method is of potential utility in the
seismic analysis of nuclear reactor structures.

2. The assessments of earthquake resistance arrived at by the
method are compa.rable in conservatism with those obtained from
methods currently in use, provided that similar assumptions
are made regarding the desired structural resistance.

3. The utilization of the two additional pieces of information
does not appear to have a strong bearing on the assessments
(the implication thus being that they are essentially subsumed
under the information that had formed the basis of the method
previously).
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Parametric time series analysis of earthquake ground motion has the
potential for characterizing observed series in terms of a small number of
parameters. Such parsimonious representations are important for separat
ing site-specific and quake-specific characteristics. However, application
of stationary models requires a method for dealing with a time-dependent
variance. Simulation from the fitted models can also produce multiple
realizations with similar characteristics for input to structural experi
ments. Validation of the models depends in part on the similarity between
the response spectra for the observed and simulated series.

Parametric Time Series Modeling

To describe acceleration as a discrete stochastic process, we postu
late a model of the form

L 1/J.g(t)at _·
j=O J J

where the 1/Jj are constant coefficients, {at} is a white noise process, and
g(t) induces a change of variance as a function of time. To fit a model
to an observed series, the following procedure is used:

Step 1: Estimation of g(t) through a polynomial model for
{Zt2} after an appropriate Box-Cox transformation
(lJ.

Step 2: Stabilization of the acceleration variance using
the untransformed variance polynomial.

Step 3: Estimation of a stationary ARMA model for the
variance-stabilized acceleration series [2].

Simulation

Simulated acceleration time series are produced by generating real
izations from the fitted ARMA models and scaling the data according to the
estimated variance polynomial.

Figure la shows a typical horizontal acceleration component from the
San Fernando Earthquake (ML=6.3) recorded at 8244 Orion Blvd. (comp NOOW,
Caltech record no. C048). Figure lb shows a simulated series following the
above procedure. Figure 2a shows the fitted variance polynomial in the
transformed metric, and Figure 2b the series after variance stabilization.
Figure 2c shows the ARMA (2,1) simulation of the variance-stabilized series.
It appears that this model consistently explains most of the time dependent
structure of the variance-stabilized series, with little reduction in mean
squared error for higher-order models [3].

To compare the observed and simulated data, response spectra are
calculated. iigures 3a, b, c show typical acceleration, velocity and
displacement spectra for the observed series (dots) and three simulations
from the same model, in this case for 5% damping. Good agreement is achieved
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consistently except for periods in excess of approximate1v eight second~,

where preprocessing of the data has a significant impact.

Comparison of Series

When the process was repeated on the other two components of the
selected earthquake record, very close agreement was observed among esti
mated ARMA (2,1) model parameters. This process will be repeated at a
number of other selected sites for earthquakes of various magnitudes in
order to determine whether the model parameters can be linked to site or
quake-specific characteristics. Multivariate models to describe the three
components simultaneously are also being fitted.
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This paper summarizes research currently sponsored by the National
Science Foundation on the Description of Seismic Ground Shaking for
Structural Design Applications.

Description of Results and Applications

The large sample histogram or frequency distribution of the family of
absolute peak values of robust earthquake accelerograms has been found to
be well modeled by the exponential probability distribution function.
Further, using the theory of extremes, the mean and variance statistics of
the largest peak acceleration (PGA) are predicted in termscrf a standarrlized
sample size N* of the number of peaks. The exponential model and extreme
value theory also apply to acceleration response peaks in the spectral
period range of 0.1 to 1.0 seconds. This research proposes to employ this
statistical knowledge concerning the mean or expected values of PGA and
spectral ordinates S to improve upon the description of load criteria in
existing and tentati~e seismic design recommendations. Specifically the
zone factor Z is the Uniform Building Code and the A factors in the tenta
tive ATC-3 provisions have been evaluated with either subjective estimates
or highly variable acceleration attenuation information. Similarly, the
spectral shape representations (CS) in the code and its counterpart in
ATC-3 are based on statistical averages of spectra which have been normal
ized by the single observed (not mean value) PGA of each spectral record.
A high degree of spectral ordinate variance has been created by this means
of spectral normalization and by the use of many non-compatible records
having both near (10 km) and far (100 km) epicentral distances.

The main research objectives will be to employ the exponential and
extreme value behavior of robust earthquake acceleration peaks to:
formulate improved attenuation prediction for the spectral scaling factor
"A"; and to better define spectral shapes (DAF) for given site and source
conditions. Related research objectives will concern the refinement of
the statistical analysis of acceleration peaks, and studies concerned with
why the exponential model generally typifies the strong long duration
character of the favorite engineering time histories such as El Centro
1940, and Taft 1952.



(1)

35

S. F. BORG

Stevens Institute of Technology

A model -an equation- a IImechanism ll is obtained for a deep-focus
earthquake, i.e., one which is generated in the mantle, say between 50-800
kID below the surface of the earth. The model is based upon the conserva
tion equations of mechanics appropriate for the phenomena use in conjunc
tion with a number of physically reasonable considerations. These equa
tions are transformed by utilizing a fundamental similarity coordinate and
the resulting field equations and boundary conditions are solved in a
closed form. The analysis permits a consideration of energy computations.
This research is sponsored by the National Science Foundation.

The Mathematical-Physical Model

Deep within the mantle, where the earthquake is assumed to occur we
have a condition of hydrostatic stress. This is a zero, initial condition.
Due to tectonic plate movement of the crust of the earth (or other causes),
a tensile stress 00 is added to a strip of mantle of thickness, t. This
stress is assumed uniform along the edge of an enclosed area of indefinite
extent and we consider the affect of 00 alone. These (very high) stresses
00 introduce a strain energy in the layer caused by stretching. The stress
00 gradually increases and builds up as the tectonic plate action.proceeds.
Finally, a value of 00 is reached which in conjunction with the initial
state of the layer and a possible phase change leads to a "rupture" or
"fracture" initiated at a single point A. (It 'is interesting to note that
Benioff has suggested on the basis of observed wave forms from three earth
quakes that a class of deep earthquakes may arise when a phase transition
occurs thorugh a region of rock, causing a sudden change in volume). This
failure at A spreads circularly throughout the layer, with the outer reach
of its effect travelling with the velocity of small disturbances and the
velocity of formation of the ruptured area as determined by the field
equations.

Mathematical Analysis

For the dynamic phenomenon being investigated in this paper, the
material may be assumed to have the properties of a border region fluid
solid. Therefore the analysis may be based upon the conservation equations
of continuum fluid mechanics instead of the somewhat uncertain relations of
combined dynamic elasticity-plasticity action, as is usually done in ana
lyzing fracture phenomena.

Utilizing these equations and a similarity transformation appropriate
to the phenomena, one obtains finally a value for the "critical II stress,
00' which initiates the rupture-the earthquake. This is given by

2
0.92poC +oeF

°0 = --2""'('-:1:-+-\)"'"")-
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in which

Po = initial density of the layer

C =velocity of sound of small disturbances in the stressed
strip and determines the outer-reach-of-effect.

0eF= fracture stress of the layer

v = Poisson's ratio of the layer

Then using this solution in conjunction with an elastic strain energy
analysis, it is possible to relate the mechanism to earthquake energy. A
typical computation indicates reasonable values.

Under Study and Still to be Done

Extensions of the theory are currently being studied and data is being
sought to check the various predictions of the new mechanism. Among the
topics being investigated are:

1) Values of the physical constants that occur should be
determined. These will have to come from some of the
centers working in deep-earth research, such as the
one, for example, at Cornell University.

2) Is there any evidence -geologic, seismograph, acceler
ogram, observation- that tends to confirm or contradict
the proposed model, for deep focus earthquakes?

3) Among the behaviors to look for are

a) A "pulsating" loading withthe corresponding
P and S waves.

b) An enormous release of energy in a matter of
seconds.

c) Energy release from a layer or area a mile
(miles) in extent - or a thicker strip of lesser
area..

d) Surface movement which leads to the build-up
of the stress ° .o

e) A phase change of the material which, in conjunction
with 00 results in a triggering instability-fracture
or rupture.

f) A "healing" of e) due to the high pressures involved.

g) Any clues in the proposed mechanism that would lead
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to a prediction of a possible earthquake.

h) Any means for triggering or defusing an earth
quake due to the suggested mechanism.

4) Finally, can the proposed mechanism be connected with
the Richter scale?

The complete analysis is contained in "A Mathematical Physical Model
of a Deep-Focus Earthquake Mechanism1!, Technical Report ME/CE-79, November
1979, Stevens Institute of Technology.
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This research presents a new unifying concept or invariant for the
accelerogram, one of the basic records of an earthquake. The model is
based upon a rigorous mathematical and physical argument and has been
checked against different earthquakes in various parts of the earth. In
addition a new damage criterion based upon the parameters of the invar
iant will be described.

The Accelerogram Invariant

In developing the accelerogram invariant, an envelope is formed of
the positive portion of the accelerogram between the time t=o (the initia
tion of the earthquake record) and t=tf, the end of the earthquake record.
It is assumed that tf and ~(a~t) are the fundamental parameters of this
record. ~(a~t) is the area under the envelope between t=o and any time
t=t. Then, proceeding as in Borg, 1974, we obtain finally, the relation

(1 )

in which K and n are constants to be determined from a study of actual
accelerograms. Accelerograms from the TOlmezzo (1976), Taft (1952),
Lima (1966), San Fernando (1971) and Bucharest (1977) earthquakes were
analyzed and the single equation -the invariant- which applies to all is

(2)

The fundamental -the global- parameters for these earthquakes are
as follows:
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Earthquake t f , seconds E(allt)f' "g" seconds

To1mezzo 20 0.98
Taft 20 0.96
Lima 20 1.84
San Fernando 48 1.06
Bucharest 14 0.72

TABLE 1

In a tentative uniqueness-existence hypothesis developed in connec
tion with Eq. 1, K and n are ultimately related to

1) the soil or geological conditions at the point where the
acce1erogram is obtained. This influences tf

2) (allt)f is the parameter influenced by total surface
horizontal energy per unit ground area at the site where
the acce1erogram is obtained.

This implies that tf and E(a~t)f vary depending on the above factors.
Further studies are in progress to clarify and check this hypothesis.

A related, though different analysis leads to a parallel equation
to Eq. 1. This leads to an expression for the surface horizontal energy
per unit time supplied by the earthquake at the site where the acce1er
ogram is recorded. For the K and n values given, we find that' this
quantity varies inversely as the t 2. 8 -a prediction which should be
capable of checking.

Note- if the acce1erogram is too complicated to be represented by
the simple Eq. 1, then it is conceivable that the record is due to a
series of closely spaced shocks and a superposition of several Eq. 1,
with time lags may represent the event. This -if verified- would intro
duce an entirely new procedure for stUdying the strengths and properties
of earthquakes. Studies are also being pursued in this direction.

The Damage Contour Map

tf and (a~t)f are assumed to be the fundamental parameters of the
accelerogram invariant. Furthermore, on physical grounds it seems rea
sonable to assume that the damage inflicted in a structure at a given
location is related to the acceleration of the ground at that location.

Based upon the foregoing and utilizing available records concerning
damage (or intensity) at the locations of the acce1erograms considered,
a "Damage Contour Chart" may be constructed, with tf and E(a~t)f as the
coordinates and curves separating regions of approximately equal inten
sity.

Studies are underway in an attempt to alter the chart to account, in
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some simple reasonable fashion, for the variatin of frequencies, since
these probably have an influence on the damage.
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The rational design of reinforced concrete masonry walls for seismic
forces is presently being studied. This includes the preparation of dyn
amic amplification spectra for the seismic response at different levels
within a masonry building and the initiation of a test program intended
to furnish some of the design parameters.

Introduction

The purpose of the present investigation is to examine the adequacy
of the National Building Code (Canada) limitations on amounts and spacing
of masonry wall reinforcement, which it is believed are based on the
observation of successful past practice and which have a considerable
economic impact on the use of masonry walls. The efficiency of joint
reinforcement in this context is also under consideration. Attention is
being directed initially to the out-of-plane forces acting on such walls.
Future studies will include the response to in-plane forces as well.

The results of initial analytical studies of seismic force intensity
expected at different levels in typical masonry buildings as a result of
different earthquake strengths are reported and an expression is offered
for estimating the fundamental period of masonry high rise buildings. The
preliminary results of monotonic quasi-static lateral load tests on rein
forced wall panels are also discussed. Quasi-static cyclic tests and
dynamic tests on a shake table facility will be included in the total pro
gram.

Magnitude of Out-of-Plane Forces

The seismic forces induced at any floor level can be defined in terms
of a height dynamic amplification factor as a function of building period.
An elastic modal analysis using the response spectrum approach has been
performed on reinforced masonry shear and infill wall systems to determine
the dynamic amplification factors at various height levels. Fourteen build
ings in three plan forms ranging in height from five to twenty five storeys
were modelled in this study.

The dynamic amplification at various levels throughout the building
were plotted against fundamental period, and upper bound curves were drawn.
Fig. 1 shows the family of curves for five levels. These curves permit
computation of the maximum seismic force at any point in the building
given the peak ground acceleration and the building period. For the
buildings studied, it was found that the fundamental building period, Tm
(secs), could be approximated by

Tm (0.35 + 0.5T)T
where T = 0.05 H/;n-; H = building height (ft) and D = plan dimension
in direction of motion (ft).
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Lateral Load Tests

Tests are in progress to determine the parameters governing the spac
ing of principal reinforcement and the design of distribution steel. The
efficiency of joint reinforcement in either role is also being studied.
To date fourteen walls have been tested, 8 spanning vertically and 6 hor
izontally. The test specimens, with minor exceptions, have all been 8 x 8
ft. panels built of 8 x 8 x 16 in. ungrouted hollow concrete blocks in
running bond construction. Reinforcement was grade 60 reinforcing bars
in grouted cores or bond beams, and 9 gauge ladder type joint reinforcement.
The walls with vertical main steel all had 2-#6 bars for a steel ratio of
0.0011; #4 and #6 bars in bond beams, or joint reinforcement, was used in
walls with horizontal main steel. The walls were tested in the vertical
position and loaded by means of an air bag placed between the test panel
and a reaction wall. Measurements were taken of lateral displacements
and pressure and of reinforcing bar strain.

Test Results

Results from initial tests with main steel at 48 ins. spacing (NBC
maximum limitation) showed that failure did not occur in the blocks be
tween the main reinforcement. The spacing was then increased in stages
to 72 ins. The masonry was able to span at least 56 ins. between main
steel at high load, but in tests with a steel spacing of 72 ins. the walls
failed by a bending mechanism between main reinforcement, although a high
load was still obtained. Typical results are shown in Fig. 2.

Distribution steel in the form of joint reinforcement or bond beams
was then added to determine the effect on the failure mechanism, with main
reinforcement at 72 ins. The joint reinforcement was placed in every course
so as to give the same reinforcement ratio as #4 bars at 48 ins. spacing;
this was the actual steel size used in the bond beams. The wall with
joint steel failed by a bending mechanism in the blocks, while the one
with bond beams failed in bond on the horizontal #4 bar. Primary bending
capacity was fully developed in both cases. The wall with the joint dis
tribution steel performed better in the sense that there was less sign of
distress before failure. Typical results are shown in Fig. 3.

To date the horizontally spanning walls have included main steel
spacing of 48 ins. and 72 ins. and walls with only joint reinforcement as
main steel. No vertical distribution steel has yet been used in this
series of tests. For all these walls the failure load was nearly the
same: 125-130 psf., although failure modes appeared to be in either trans
verse or primary bending. There was no cracking and little deformation up
to the failure load, after which the load capacity dropped off with in
creased deflections. Typical results are shown in Fig. 4.

Final Remarks

It is expected that the results obtained from an extended program of
the described tests will form a basis for designing the economical spacing
of the main steel and the appropriate amount and spacing of distribution
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steel to carry the out-of-plane seismic forces acting on masonry walls.
These forces can be quickly computed for the relevant level of ground
motion through the concept of storey height dynamic amplification factors.

Present indications suggest that for typical storey heights main
steel may be spaced at more th~n 4 ft. and still develop the full primary
bending moment. Joint reinforcement appears to be effective as distri
bution steel for vertical spans or as main steel for horizontal spans.
It is emphasized that these results are only tentative and must be treated
with considerable caution at this stage since they are based only on quasi
static monotonic load tests. Future studies being planned will include
dynamic loading effects.
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Several current research projects in the Department of Structural
Engineering at Cornell University concerned with the seismic behavior of
reinforced concrete structures are described in this paper. The projects
include the study of in-plane cyclic shear and the punching shear transfer
in biaxially tensioned and cracked concrete slabs or walls, the design of
lapped splices for inelastic cyclic loading, and reversed cyclic force
transfer between deformed bars and concrete.

In-Plane Cyclic Shear in Biaxially Tensioned Slabs

The strength and stiffness of concrete wall elements subjected to
preset biaxial tension and cyclic membrane shear are studied experimentally.
Over forty experiments on 6-in. thick, 4 ft square elements have been
completed. The main variables include the level of biaxial tension, the
load history, the percentage of orthogonal reinforcement, the presence of
additional diagonal steel, and the sequence of application of tension and
shear. Preliminary results have been reported in several publications
[1,2,3]. Current work includes experiments in which tension is applied in
only one direction and specimens with construction joints.

The experimental results reveal a highly nonlinear hysteretic
shear-slip behavior consisting of very low stiffness at low shear stresses
and high stiffness at shear stresses above about 50 psi. Diagonal cracks
generally initiate at relatively low shear stresses (on the order of 100
psi) but this may be due to the additional effects of shrinkage stresses.
All specimens have failed in diagonal tension from yielding of the rein
forcement rather than by sliding shear.

The results are applicable to the design ahd analysis of wall type
structures where tension exists prior to or during the application of
seismic shear; for example, in pressurized reinforced concrete nuclear
containment shells or in off-shore concrete towers.

This project is sponsored by the Nuclear Regulatory Commission.

Punching Shear and Biaxial Tension

Specimens similar to those described above are subjected to punching
shear (also called peripheral shear). In the first series of tests the
bars in two layers of orthogonal reinforcement were spaced 6 inches apart
in both directions. The reinforcement was tensioned to various levels;
to about 0.6Fy in most experiments. The punching load was applied through
4 inch square steel pads positioned between four cracks that generally
occurred along the reinforcement. The reaction below the slab was 6 inches
from the edges of the loading pad.
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A complete punchout failure occurred in all tests, accompanied by
considerable cracking visible on the bottom face. Often spalling and
horizontal splitting (layering) also developed.

Results obtained so far indicate [4] that the punching shear strength
is only slightly influenced by the level of biaxial tension. The shear
strength ranged from about 520 psi for zero biaxial tension (but precracked
specimens) to about 400 psi for 0.9f tension in the reinforcement. These
stresses are calculated for a perimeter equal to four times the slab thick
ness of 6 in., which corresponds to a perimeter located 0.22d from the
loading pad.

Both the variation of punching strength with tension and the magnitude
of shear stress are significantly different from the expressions used by
ACI Committees 349 and 359.

The investigation is continuing using specimens with varying reinforce
ment ratios, spacing of steel, size of load pad, and different shear spans.
This research is sponsored by the Nuclear Regulatory Commission.

Lapped Splices in Beams

The strength and ductility of beams with lapped splices has been
studied with about 40 full-scale and 8 half-scale beams [5]. The principal
variables were the load history and the amount and distribution of trans
verse reinforcement.

The primary aim of the investigation is to study whether it is possible
to design lapped splices in inelastic regions of frames. Therefore, most
beams were subjected to various load histories beyond yield; in some cases
the load was reversed.

The results show that it is possible to design lapped splices to
sustain a few dozen cycles of repeated loading beyond yield, typically up
to about twice the yield deflection, if closely spaced stirrups are used
over the entire length of the splice which is at least 30 bar diameters in
length. In these beams twice the beam yield deflection corresponded to
about three times the yield strain in the spliced bars made of 60 ksi steel.

If stirrups are provided throughout the splice, damage penetrates
slowly from both ends of the splice, until the effective length of the
splice is reduced. Damage continues to spread if the level of cyclic load
is above about 80% of yield.

The amount of stirrups required for satisfactory performance for
repeated inelastic loading is about twice the amount recommended for static
loading by ACI Committee 408 [6]. Furthermore, the spacing and distribution
of stirrups is also important.

Most of the splices were located in the constant moment region of beams
loaded with two third-point forces. A few splices were in the shear zone
and they behaved better than those in the constant moment region because
the moments at the two ends of the splice were unequal.
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Other variables currently being investigated include various levels
of load reversals, the cover over the splice, and splices in columns. This
study is sponsored by the National Science Foundation.

Steel-Concrete Interaction

The force transfer mechanism between deformed steel bars and concrete
is highly nonlinear. The major causes of nonlinear behavior are local
cracking at bar ribs and crushing of concrete in front of the ribs.

Both types of effects are investigated experimentally and analytically.
Pullout tests are performed using bars with single or multiple lugs to
evaluate the stiffness and cracking for cycling loading. As expected, the
load-slip response is hysteretic and the curve consists of a portion with
very low stiffness (almost free slip), followed by a region of high stiff
ness when the lugs press against crushed concrete. Cracking is studied
with the help of ink injection.

The experimental work is accompanied by an analytical study of the
force transfer. The finite element program under development traces the
progress of cracking using fracture mechanics concepts. The stiffness
characteristics of crushed concrete are obtained from the experiments.

The goal of this investigation is to develop an analytical model
for the finite-element analysis of inelastic cyclic force transfer between
steel and concrete. It is sponsored by the National Science Founqation.
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This paper summarizes a current research program concerning the
hysteresis behavior of bracing members and earthquake resistant design of
braced frame structures of steel. Principal investigators are Professors
Glen V. Berg, Robert D. Hanson and Subhash C. Goel. The research project
is jointly sponsored by the National Science Foundation and the American
Iron and Steel Institute.

BRACING MEMBERS AND BRACED FRAMES

Objectives

The main objectives of this research are:
1. To study the hysteresis behavior of steel bracing members and

connections by theoretical and experimental means.
2. To formulate suitable hysteresis models for such members to be

used in computing the inelastic dynamic response of braced
structures.

3. To formulate design recommendations for improved seismic re
sistance"of braced frame structures.

Previous Research

The study of hysteresis behavior of axially loaded steel bracing
members and earthquake response of braced frames has been in progress at
the University of Michigan since 1967. Earlier analytical work on axially
loaded members by Higginbotham, Prathuangsit and Singh (1,2,3) and ex
periments on small size bar specimens by Kahn and Hanson (4) led to the
conclusion that effective slenderness ratio is the single most important
parameter affecting the hysteresis behavior of these members. This concept
was further verified by Jain (5) by using small scale tube and angle
specimens whith welded gusset plates at the ends and cyclically loaded in
the axial direction. Jain and Goel (6) used the results of these tests in
order to formulate an empirical hysteresis model which considers the re
duction in compressive strength and increase in member length with number
of cycles. This hysteresis model is called the Buckling Element.

It has been found that bracing members of intermediate to small slen
derness ratios may develop significant end moments which should be con
sidered along with buckling due to axial forces. As a first attempt to
model this combined behavior in a simple manner Jain and Goel (6) developed
their End Moment-Buckling Element for use with DRAIN-2D computer pro-
gram for a practical inelastic dynamic analysis of braced frames. This
element consists of two components, the buckling component and an end moment
axial force interaction component. The axial force in the members is
governed by the buckling component which is then used to compute the
plastic moment capacity and the plastic hinge formation at the ends. In
this formulation the flexural stiffness of the member is assumed to be
unaffected by the axial force. This model has permitted the study of
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effect of column buckling on the response of a seven-story concentric K
braced frame subjected to a severe horizontal earthquake ground motion (7).

Jain and Goel (7) used their End Moment-Buckling Element to study the
earthquake response of a seven-story structure with concentric K and
split K bracing patterns with different member proportions. The frames
were designed by allowable stress design procedures in order to obtain
weak girder-strong brace, weak girder-intermediate brace and strong girder
weak brace proportions. These frames were subjected to two different
horizontal accelerograms representing severe earthquakes. The results
showed that the behavior and plastic hinge formation were quite different
in the concentric K and eccentric split K braced frames. The response of
these frames was also strongly influenced by the relative member pro
portions. It was noticed that strong bracing members generally caused
excessive inelastic activity in the columns of concentric braced frames
and in the girders of eccentric braced frames. Eccentric braced frames
with slender bracing members are perferred since they seem to show the
ductile behavior of open-moment resisting frames combined with the stiff
ness efficiency of braced systems.

Current Research

In the current phase of research (8) the hysteresis behavior of full
size members is being studied through large scale tests on members in a
realistic inclined geometry. The primary objective is to correlate the
results with those on axially loaded small scale specimens in previous
studies and to determine as to what extent the effective length concept
is applicable to members loaded in the inclined geometry. Furthermore,
cyclic load tests on full-size members allow a more realistic investigation
of the behavior and influence of connection details than was possible with
small scale specimens in previous studies. In the experimental set-up
full-size members (length 3 m) are mounted diagonally in a four hinge frame
and subjected to cyclic displacements. W-shapes and rectangular tubes are
used as cross sections with welded connections, with and without gusset
plates. The overall characteristics of the hysteresis behavior of these
members appear to be quite similar to those of axially loaded small scale
members. However, the fatigue life and failure pattern seem to be quite
strongly influenced by local buckling and connection details. A finite
element model is used for the analytical investigation of these members.
The elastic effects are simulated with beam-column elements whereas the
plastic deformations are concentrated in plastic hinges at the node points.
The plasticity condition in its most general form incorporates the Bausch
inger effect as well as strain-hardening. The variation of different
assumptions with regard to geometric effects and the material behavior is
being used in the interpretation of the test results and in identifying the
physical reasons for the characteristics of the hysteresis loops.

Further Research

Whereas the current investigation of hysteresis behavior of full-size
members will h~lp to put the theoretical models on a more firm basis,
further testing is planned to include angle and channel shapes with bolted/
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welded connections and gusset plates. The emphasis in this phase will be
on the influence and behavior of connection details. It is hoped that the
results will lead to practical design recommendations regarding selection
of proper proportions of the cross section and connection details of brac
ing members. At the same time the study of earthquake response of braced
frames is being extended to formulate design procedures both at the working
as well as ultimate strength levels for proportioning these structures to
ensure their improved performance during moderate and severe earthquake
ground motions.
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This research deals with the monotonic and cyclic behavior of re
inforced concrete members of hollow circular section when subjected to
bending with the presence of an axial load. Such members are encountered
in many structures such as reinforced concrete chimneys, hollow circular
bridge piers, offshore platforms and circular towers.

The most recent research on this topic at the University of Michigan
has been experimental (1). Four specimens were tested monotonically and
four other identical specimens were tested under reversed cyclic bending.
All specimens were subjected to an axial load that remained constant
during anyone test. All specimens were 128 inches long and 16 inches in
outside diameter and with a wall thickness of 2 inches. Specimens dif
fered from one another in the value of the axial load and the amount of
the longitudinal steel. The two most important parameters that influence
the behavior could be expressed as the longitudinal steel parameter
p fyffe and the axial load parameter w/rtfc, where p is the steel ratio,
f y is the yield stress of the steel, f c is the strength of the concrete,
w is the axial load, r is the mean radius of the cross-section and t is
the wall thickness. The effects of these parameters on the strength,
stiffness, cracking pattern, failure mechanism, curvature ductility and
energy absorption were studied.

The limited experimental research was compared to the theoretical
investigations that were made previously at the University of Michigan (2).
The theoretical predictions were based on Hognestad's (3) stress-strain
relationship for concrete and on an elasto-plastic stress-strain curve
for the steel.

The four monotonic tests have shown that the ultimate bending moments
as determined from the tests were consistently higher than those predicted
from theory (15%-40%). The difference between theory and test was more
pronounced in specimens with low steel ratios and low axial load. If the
steel hardening is considered in the conputations, then the above per
centage differences will be reduced to about 10%-28%.

The limited cyclic tests have shown that the shape of the moment
curvature diagrams is affected primarily by the axial load parameter.
Shapes similar to a parallelogram were obtained when the axial load was
small (e.g., w/rtf~~.l) as compared to spindle-type diagrams exhibited with
the higher (e.g., w/rtf~-.3) axial loads. For sections with small axial
loads an idealized model such as Clough's (4) can be satisfactorily used.
However, for sections with high axial loads, the existing idealized models
need to be modified, as, for example, the modification suggested by
Mokrin (1).

Future research in this area will include testing more specimens to
incorporate additional variations in the longitudinal steel and axial
load parameters. More theoretical work will be required with the goal of
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predicting more accurately the ultimate moment capacity obtained from
tests. Future experiments will concentrate on specimens with thinner
walls to represent more closely the r/t ratios encountered in many real
structures. Tests will be needed to study the effect of shear on the
ultimate strength and cyclic behavior of the specimens. Because some of
the structures include openings, tests will be necessary to study the
monotonic and cyclic behavior of the hollow circular reinforced concrete
sections with openings.
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Reinforced Concrete Beam to Column Connections

This report summarizes a current experimental investigation of the
behavior of reinforced concrete beam to column subassemblages subjected to
a series of large load reversals. This investigation is a continuation
of previous research (1,2) at the University of Michigan on the behavior
of reinforced concrete members under seismic loading. The current and
previous research projects have been sponsored primarily by the National
Science Foundation.

Purpose and Background. The primary purpose of this investigation is
to obtain experimental evidence which will justify a simplification of the
existing seismic design recommendations (3) for the shear strength of re
inforced concrete beam to column connections. The existing recommendations
for connections have shear design provisions which are similar to those
for beams and columns. However, experimental research projects at the
Universities of Texas (4) and Michigan (1) have shown that the existing
shear provision are not correct and may be too conservative in some in
stances. The results from Texas indicated a minimum amount of transverse
reinforcement was required to develop and maintain a substantial shear
strength under large load reversals. However, increases in the amount of
transverse reinforcement above a certain level did not lead to better be
havior. The results from Michigan emphasized the importance of the flex
ural strength ratio of the columns to the beams at a connection.

Experimental Program. Twenty four internal and external beam to
column connections will be constructed and subjected to a laboratory load
ing routine intended to represent earthquake type loading. In order to
more closely simulate real beam to column subassemblages, half of the
specimens will have a floor slab and transverse beams in addition to the
main beam and column. The other half of the specimens will be "bare" con
nections and are intended to serve as benchmarks for comparison with
existing experimental data. Other primary variables will be the ratio of
the column moment capacity to that of the beam and the percentage of
transverse reinforcement in the connection. Table 1 summarizes the values
of the primary variables for those specimens which have been tested or are
under construction. The design and construction of the remaining specimens
is awaiting a thorough analysis of the results of the first six specimens.
Another important variable when discussing the behavior of beam to column
connections is the level of shear stress within the joint. For this test
series the joint shear stress will be kept relatively constant between 16
and 20 ~.

Preliminary Results. The first four external (E) specimens listed in
Table 1 have been tested. First the column was subjected to a constant
axial load of approximately forty percent of the balanced axial load and
then the beam was loaded according to the displacement controlled loading
routine shown in Fig. 1. This loading routine was chosen so the degration
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of both strength and stiffness with successive load reversals could be
studied. The loading routine is more severe than an actual earthquake and
displacements similar to those in cycles three through six would be ac
companied by story drifts which would compromise the stability of most
structures. However, in a laboratory situation it is usually advisable
to test a specimen to distruction in order to glean as much information
as possible.

The loss of strength in each successive cycle for these four speci
mens is given in Table 2. Comparisons of specimens 2E and 3E with speci
mens IE indicate that increases in only the percentage of transverse re
inforcement or only the flexural strength ratio did not significant im
prove the subassembly behavior. However, increases in both the percentage
of transverse reinforcement and the flexural strength ratio lead to a
considerable improvement in behavior as shown for specimen 4E.
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Table 1 Values of Primary Variables

Specimen Trans. Reinf. Flexural* Slab and
Number in Joint (%) Strength Ratio Trans. Beam

IE 0.86 1.1 No
2E 0.97 1.5 No
3E 1.30 1.1 No
4E 1.50 1.5 No
5E 0.86 1.1 Yes
6E 0.97 1.5 Yes
7E 1.30 1.1 Yes
8E 1.50 1.5 Yes
1I 0.76 1.5 No
21 1.15 1.5 No
31 0.76 1.5 Yes
41 1.15 1.5 Yes

*Sum of column Flexural capacities/sum of beam flexural capacities

Table 2 Avg. Max. Beam Load in Cycle/Avg. Max. Beam Load in Cycle 1

Cycle No. Spec. IE Spec. 2E Spec. 3E Spec. 4E

1 1.00 1.00 1.00 1.00
2 0.89 0.92 0.95 1.01
3 0.75 0.84 0.84 1.04
4 0.65 0.74 0.73 1.04
5 0.57 0.63 0.60 0.93
6 I -- 0.54 0.49 0.80
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This paper summarizes current research at New Jersey Institute of
Technology which is presently an unfunded project in the structural and
concrete laboratory in the area of experimentation for Use of Reinforced
Fibrous Concrete in Seismic Areas.

Research Goals

From exploratory research of reinforced fibrous concrete, it has
been shown that this type of, structure is potentially superior and less
costly than the conventional reinforced concrete. The main benefits are
increased ductility, increased shear capacity, increased moment capacity,
more damage tolerance~ and increased tensile capacity. With these bene
ficial attributes of the reinforced fibrous concrete, these types of
structura~members would be applicable to seismic araa·;consJ;;'!:"uetioFl.. <1'llis
study is testing the ability of this material to be used in a seismic re
g,ion •.

The study is exam1n1ng reinforced fibrous concrete structural members
in three phases: columns, beams, and joints. The twenty-two column tests
are examining the behavior of pure axial loads, compression failure, ten
sion failure, and prue moment with and without fibers of tied columns.
The strength and ductility of the columns are of main importance.

The eighteen beam tests are examining the behavior of beams with the
combination of fibers and compression steel. The moment-curvature rela
tion is being observed with special interest in non-linear effects. Two
span continuous beams are being tested for the behavior of reinforced
fibrous concrete in its ability of redistribution of moment. The nine
joint series tests consist of the isolated and interior joints. There
are three types of designs being observed: conventional seismic joint,
modified seismic joint (no hoops), and partially modified seismic joint
(partial hoops). The isolated joints are tested for the flexural critical,
and the flexural critical with high shear joints. The interiors are being
tested for a flexural critical situation. The joints are loaded with an
earthquake representative loading.

The results are being analyzed for theory of analysis and design de
tails of reinforced fibrous concrete. Recommendations are being made to
the seismic user groups as to the design, analysis, and construction of
this material.

Fibers &Beam Test Series

In this investigation, 18 beams will be investigated. Previous re
sults neglected the presence of compression steel in the beams which is
the case found in seismic area structures. From indications of compression
test study and tests just explained, the combination of fibers and com
pression steel will prOVide a much more ductile and seismic-resistant
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beams, especially near the joints where hinging occurs. The first 12
beams will look at moment-curvature relationships, deflection and ultimate
strength of simple beams with third point loadings. Both mild steel (fy =
40,000 psi) and high strength steel (fy = 60,000 psi) will be investigated.
Two different steel fibers will be investigated to check the variation of
fibers to be used. Then six two-span continuous beams will be loaded with
concentrated loads at the center of the spans. These tests will look at
the formation of hinges and moment redistribution ability of the beams
with the same combinations as were performed by the tests run on the simple
beam with third point loadings. The beam test series is graphically dis
played in Table I (4 beams only).

In 1979 six of the beams in this test series were constructed and
tested in the laboratory. From the results of these tests it has shown
that the reinforced fibrous beam is far superior structural to the regular
conventional reinforced concrete beams. Some of the results of the moment
deflection curve for the single beams test arrangement are shown in Figure
I. The presence of fibers increases the ductility and confinement of the
concrete in the section. In 1980 the remainder of the test series will be
run and data compiled.

Fibers : Column Test Series

This phase will investigate the behavior of fibers in reinforced fib
rous concrete columns. There has been little or no work on the benefit of
fibers in reinforced concrete columns. From typical stress-strain curves
of fibrous concrete, it is evident that the inclusion of fibers will in
crease the ductility of tied columns which is one of the shortcomings of
the failure pattern of these columns. From preliminary tests in our lab
oratory, the tied column with fibers has a larger capacity for plastic
deformation than the conventional tied column. The presence of fibers will
also alter the interaction diagram for eccentrically loaded reinforced
columns. With the addition of tensile forces after cracking due to the
fibers, and increase in ductility in compression, the curves may be altered
quite considerably. This study will investigate the changes in the inter
action curve and the ductility of tied columns. The presence of fibers
will eliminate the brittle failure pattern of tied columns which is typical
of these members in seismic regions.

The column tests series will consist of 22 columns. The specimens
will be modeled for third scale from prototype. From the model and bond
studies conducted from a preliminary investigation, the fibers are being
selected to model the 2-1/2 inch long steel fibers in-full size columns.
The concrete strength will be 5000 psi, and reinforcing will be of Grade
60. Two types of columns will be investigated: one lightly reinforced
(p::: .02Jand one heavily reinforced (Pg::: .06). This will. represent, columns
located in upper and lower stories of a bUilding, respectively. The tie
spacing will be of conventional design spacing in the columns. A test
frame is now being constructed for these tests. Theoretical P-M diagrams
for the columns have been developed.

Fibers : Joint Test Series
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Two exploratory test joints by Henager(l) demonstrated the feasibility
of using steel fibrous concrete in ductile concrete joints. The full size
tests showed that a modified joint, using steel fibrous concrete to replace
the joint region hoops, had good ductility, was stronger and more damage
tolerant than a conventional ductile concrete joint. The joint also was
somewhat stiffer and required fewer stirrups than the reinforced concrete
beams. His conclusions were: 1) Initial evaluation of this type of joint
of fibrous concrete demonstrates the potential fQr a superior, less costly
joint, 2) Additional evaluations are needed to investigate optimum cost
savings by substitution of steel fibers for hoops in building joints
3) Various types and sizes of joints also need evaluation along with develop
ment of design methods. (1) A test frame set-up is being constructed.
In 1979, a leterature search was started along with preliminary calculations
of the sizes of the members and loadings to be expected in the tests. This
study will deal with isolated and interior joints (9 specimens) which are
constructed in the following manner: 1) Conv.entional seismic joint,
2) Modified seismic joint (no hoops), 3) Partial modified seismic joint
(partial hoops)

This type of construction, reinforced fibrous concrete, has sometimes
met with some problems in the field. Thus we are now looking at placing
fibrous concrete only in the possible hinging regions to cut down the cost
of the fibers and elimination of some construction problems.
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Synopsis

A research investigation of the earthquake resistance of composite floor
diaphragms is being conducted at Iowa State University under the sponsorship
of the National Science Foundation. The study involves floor slabs which act
as horizontal resisting elements (with in-plane shear) of a building when the
structure is subjected to lateral loads caused by earthquake or wind forces.
This investigation is a study of one such popular floor slab system, that being
steel-deck-reinforced composite floor slabs. A typical steel-deck floor slab
with composite support beams is shown in Fig. 1.

STRUCTURAL --."e....~

CONCRETE

COlflOSITE
COLD-FORf£D
STEEL II:CK

CELLUlAR COMPOSITE
COLD-FORf£D
STEEL DECK

Figure 1. Typical construction utilizing cold-formed steel decking
with composite support beams.

Objectives & Scope

The objective of this research is to determine the behavioral and
strength characteristics of composite steel-deck floor slab diaphragms.
Initial phases of the research include experimental and analytical in
vestigations of the full-scale floor ,slabs subjected to in-plane shear
loading only, followed by later phases to consider combinations of the
effects of gravity loading and continuity of adjoining slabs. The ini
tial phases of the program have included 9 full-scale slab specimens
measuring 15'-4" by 15'-4" in plan dimensions subjected to in-plane forces,
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15 one-way slab elements loaded vertically (gravity), and 41 pushout
elements tested with in-plane loading.

The study of the behavioral characteristics include failure mode,
degrading stiffness, maximum load capacity, ductility, strain and defor
mation measurements, crack patterns and other general observations asso
ciated with a particular failure mode such as interfacial slip between
concrete and steel perpendicular or parallel to the deck corrugations.
The purpose of the analytical and experimental phases of the research is
to develop recommendations and evaluate significant parameters related
to the design of composite steel-deck floor slabs subjected to in-plane
shear.

Slab Tests and Associated Parameters

A facility utilizing a cantilever type frame was designed and con
structed for the nine full-scale two-way diaphragm slabs tested to date.
The primary parameters which varied on these tests were steel-deck type,
deck orientation, composite support beam fastener consisting of studs or
spot-welds, concrete strength and slab thickness. All other parameters
were held constant.

The slabs tested to date followed a displacement program controlled
by an MTS closed-loop system. A reverse cyclic displacement program with
progressively increasing deflections was used for all slabs except the
first pilot specimen which was loaded monotonically.

Three basic modes of failure have occurred, namely:
1. diagonal tension
2. interfacial shear

a. parallel to deck corrugations,
b. transverse to deck corrugations, and

3. edge fastener.
Except for the first mode above, tentative analytical procedures have
made use of unit strengths and stiffnesses found from pushout specimen tests.

Supplemental Pushout and Vertical Load Tests

Pushout tests have been aimed at determining longitudinal and trans
verse unit stiffnesses for use in the analytical investigation of the
slab diaphragms. The pushout tests investigated strength and stiffness
parallel and perpendicular to the steel deck. Also, pushout tests have
been conducted for specimens containing stud shear connectors compared
with those without connectors. Additional pushout tests are needed,
however, to accurately measure the correct stiffnesses.

The 15 vertically loaded specimens were tested to determine the
effects of the stud shear connector (used for composite slab-to-support
beams connection) capacity on shear-bond strength for one-way slab ele
ments. This stud connector contribution is needed for the interfacial
shear slip parallel to the steel-deck corrugations.
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Future Investigation

Future experimental and analytical work on this project is antici
pated to explore the following areas: perfecting the pushout tests,
analytical work involving unit stiffness determinations, investigation
of additional parameters effecting the failure mode, slab tests to de
termine other failure modes, analytical work involving the interlocking
frictional forces between steel deck and concrete, analysis of the post
ultimate strength of diaphragm slabs in various failure modes, the anal
ysis and testing of combined vertical (gravity) and in-plane loadings
and the effects of continuity of adjoining slab elements.
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SUNIL GUPTA AND JOSEPH PENZIEN

University of California, Berkeley

One of the major conceptual and computaional difficulties encountered
in the dynamic analysis of soil-structure interaction is the modelling of
three-dimensional, semi-infinite soil medium for structures with embedded
foundations. A hybrid model is proposed which combines the good features
of the currently available methods of analysis while at the same time
minimizing the undesirable ones. The modelling is achieved by partition
ing the total soil-structure system into a near-field and a far-field.
The near-field consists of the structure to be analysed and a portion of
the surrounding soil encompassing the complex base geometries of the
structure. The far-field is a semi-infinite halfspace with a hemispheri
cal interface common to the near-field. Use is made of the powerful
finite element method in modelling the near-field whereas for the far
field an impedance matrix corresponding to the interface degrees of free
dom is developed which accountp for the loss of energy due to waves
travelling away from the foundation. The proposed model presents a simple
but powerful and economical method for the dynamic response analysis of
soil-structure interaction effects in three-dimensional embedded structures
with flexible foundations.

The development of the far-field impednace matrix, requires the
solution of a radiation boundary value problem. For the case of torsional
vibrations in axisymmetric problems, it is possible to carry out this
rigorous analysis and develop the corresponding impedance matrix. For
general three dimensional situations, however, to solve such a boundary
value problem appears mathematically intractable at present. For the
general case, therefore, a semi-analytical approach is adopted in which
the far-field is modelled through continuous three component impedance
functions placed at the interface which are then discretized to give nodal
impedances at the boundary of the near-field finite element mesh. These
frequency dependent impedance functions are obtained through methods of
system identification such that the hybrid model reproduces the known
compliance functions of a rigid circular plate on an elastic halfspace.

Using the same hybrid modelling approach the method can be extended
to cases involving a viscoelastic halfspace, or layered elastic or visco
elastic halfspaces.
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G. GAZETAS

Case Western Reserve University

This paper summarizes research that has been conducted oyer th~ la$t one
and a half years at Case Western Reserve University in the areas of dynamic
response of earth and rockfill dams, dynamic soil-structure interaction, re~

sponse of soil deposits to various types of waves, and probabilistic methods
in soil dynamics.

Dynamic Response of Embankment Dams

Accurate prediction of the dynamic response of earth and rockfi11 dams
during strong earthquakes requires consideration of a number of factors such
as the 3-D nature of induced deformations, the inhomogeneity and non-line-·
arity of soil properties and the dam-foundation interaction. But computer
and budget limitations of sophisticated methods that can rigorously account
for all these factors make the simple l-D elastic shear-beam model very at
tractive, at least for preliminary analyses. The goal of this research ef
fort has been the improvement of the shear model to account: 1) for two im
portant variations of the shear modulus of soil(i.e. its increase with the
square-root of confinin~ stress and decrease with peak effective shear
strain); 2) for the 3-D chracter of the responsedue to thegeometry of the canron.

results from static finite-element analyses show that the ayer-·
pressure accross a horizontal plane increases approximately in
the 4/3-power of the distance from the crest. Thus G varies

Available
age confining
proportion to
according to

G(z) = G (Z/H)2/3
m

(1)

in which G = the modulus at the base of the dam, i.e., at z=H. Closed-form
solutions Were analytically obtained for the natural frequencies, modal di~
placements or accelerations, modal shear strains and average seismiccoeffi
cinets on potential sliding masses of a dam whose modulus varies according
to Eq. 1 and is built in rectangular canyon (psuedo 3-D geometry). The methcd
has been successfully evaluated through extensive comparisons with the re-

o corded response of actual earth and rockfill dams (in Japan, USA and Europe)
during earthquakes or man-induced vibrations. Results will soon appear in
publications II] and 12]. Research is currently underway to account for soil
non-linearity, a more realistic (truly 3D) canyon geometry, and dam-founda
tion interaction.

Stiffness of Foundations on Soil Consisting of Heterogeneous Layers

So far dynamic stiffness functions of foundations have been analytically
obtained only for soils consisting of a number of homogeneous layers,i.e. with
wave velocities that remained constant throughout each layer. Continuous
variation of velocities with depth is of interest not only with soils whose
stiffness depends on the effective overburden pressure and the degree of over
consolidation (both functions of depth within a layer), but also with rocks
adjacent to excavations, for which the degree of induced loosening decreases
with distance below the surface of excavation.
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An analytical-numerical formulation has thereby been developed to ob·
tain dynamic stiffnesses as functions of frequency of rigid strip founda
tions resting on a multilayered half space. Each layer is characterized by
an S-wave velocity that increases or decreases linearly with depth, i.e.,

c=c (l+bz)
o

(2)

where the rate of heterogeneity b can be any real nmuber, positive or nega
tive; a constant Poisson's ratio v=0.25; and a constant density. For such
a medium, the equations of motion can be transformed into two uncoupled
equations in terms of pseudo-dilatational and pseudo-distortional wave po
tentials, ~ and ~, defined by

(3)

where {d}={u,w}T is the displacement vector. Solving in closed-form the two
uncoupled equations and imposing the 'exact' boundary conditions at the
layer interfaces and the top surface, solutions are obtained for the swaying,
rocking and vertical stiffnesses of an infinitely stiff or infinitely flex·
ible strip footing having 'rough' or 'smooth' contact surface with the soil
('complete' or 'relaxed' boundary). Results have so far been presented
{Publ. 3] for two characteristic soil profiles (halfspace and stratum-on
rock) and an interesting equivalence has been established between heterogen
eous and homogeneous media. Other characteristic soil deposits are also
under investigation (Publ. 4]

Response of Soil Deposits to Body and Surface Waves

Several theoretical studies and recorded strong motion data have demon
strated that in the frequency range of interest ~n earthquake engineering
surface and nearly-horizontal body waves often dominate the ground motion at
medium and long epicentral distances. The objective of the reported re
search was two-fold: 1) Using analytical wave-propagation theories to sys
tematically compare the effects of Rayleigh, Love and inclined body waves to
those of vertical shear waves on the dynamic reponse (displacements and
stresse~ ofa variety of realistic soil deposits; and 2) to evaluate the
ability of the wave propagation theories to interprete the spatial distri
bution of acceleration time histories recorded during actual earthquakes.

The theoretical studies {Publ. 5] have shown that Rayleigh and vertical
S-waves produce similar attenuations with depth of horizontal motions, for
periods close to or greater than the first natural period of the deposit in
vertical S-waves; the two types of waves, however, yield different distribu
tions of shear stresses with depth and induce different motions of the soil
particles. Field evaluation of the various soil-response theories was per
formed using the motions recorded underground (in borehole accelerometers)
during several earthquakes at two sites in the Toyko Bay area, in Japan.
These studies [reported in Publ. 6] have illustrated the importance of the
"wave content" of ground shaking (Le., of the various types of waves and
their angle of incidence) on the variation of accelerations and stresses
with depth below the surface. Additional studies of this type are underway
using four strong motion surface accelerograms recorded in Thessaloniki,
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Greece, during the 1978 earthquakes of June 20 (M=6.5, R-20km) and July 4
(M=5, R=20km).

Random Vibration Analysis of Earth Dams

This research effort started only a few months ago and is conducted in
collaboration with Professor Dario Gasparini (see his summary for details).
A state-space random vibration formulation is expanded to study the seis
mic safety of earth dams. Using a non-stationary filtered noise as input
excitation, evolutionary r.m.s. values and probability distributions of
accelerations, stresses, permanent sliding deformations and liquefaction
damage in earth dams can be obtained. The first results will appear
shortly [Publ. 7 and 8J. Overall objective of the research is to develop
simplified, inexpensive, random-vibration-based methodes) to assess the
seismic safety of various types of dams, accounting for the key features of
their reponse and the most important sources of uncertainly.

Publications

1. Gazetas, G., "SHEAR VIBRATIONS OF VERTICALLY INHOMOGENEOUS EARTH DAMS",
Int. J. for Num. & Anal. Meth. in Geomechanics (submitted, Jan. 1980).

2. Gazetas, G., "3-DIMENSIONAL LATERAL AND LONGITUDINAL SEISMIC STABILITY
OF EARTH AND ROCKFILL DAMS", Proc. 7th WCEE, Istanbul, 1980.

3. Gazetas, G., "STATIC AND DYNAMIC DISPLACEMENTS OF STRIP FOUNDATIONS ON
HETEROGENEOUS MULTILAYERED SOILS", Geotechnique, Vol. 30, No.2, 1980.

4. J. R. Newmark & G. Gazetas, "VIBRATIONS OF FOOTINGS ON DEPOSITS CONSIS
TING OF AN OVERCONSOLIDATED CLAY CRUST FOLLOWED BY DEEP SOFT CLAY",
(in preparation).

5. Gazetas, G. & Yegian, Y, "SHEAR AND RAYLEIGH WAVES IN SOIL DYNAMICS",
Proc. ASCE, Vol. 105, GT12, 1979.

6. Gazetas, G. & Bianchini, G., "FIELD EVALUATION OF BODY AND SURFACE-WAVE
SOIL AMPLIFICATION THEORIES", 2nd U.S. Nat. Conf. Earthq. Eng., Stanford,
1979.

7. Gasparini, D., DebChaudhury, A. & Gazetas, G., "RANDOM VIBRATION ANALY
SIS OF SHEAR BEAMS", Int. J. of EartQq. Eng. & Str. Dyn. (submitted).

8. Gazetas, G., DebChaudhury, A. & Gasparini, D., "RANDOM VIBRATIONS ANALY
SIS OF EMBANKMENT DAM DEFORMATIONS", (in preparation).
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YIH-HSING PAO

Department of Theoretical and Applied Mechanics, Cornell University

Under the sponsorship of the International Program of the National
Science Foundation, the author visited the National Taiwan University (NTU),
Taipei, Republic of China in 1978-79 and conducted research on the inter
action of seismic wave and foundations. The research was done jointly with
Professor C.S. Yeh of the Department of Civil Engineering and the Center
for Earthquake Engineering Research of NTU and his associates. In
addition, the author organized a Workshop on Earthquake Engineering and
invited 16 specialists from local universities and engineering consulting
firms to lecture on 19 topics for three weeks. The topics are essentially
those contained in the book "Introduction to Earthquake Engineering" by
S. Okamoto, which was t~an1ated from Japanese and English into Chinese by
the lectures. More than 100 engineers participated in the Workshop.

Theoretical studies of the interaction of seismic wave with found
ations were made on the basis of scattering of elastic waves by an
inclusion in an infinite, and a half space. These and other problems
investigated are discussed in the following:

Interaction of Ground Shock with a Circular Cylinder

A surface shock moving with a super-seismic speed will induce two
plane waves in the ground. When the secondary scattering from the cylin
der to the surface of the ground is neglected, the problem is reduced to
that of oblique incidence of plane pulse on a circular cylinder. Analysis
is first performed for the Fourier components of the incident pulse (a
plane harmonic wave) and the final result is obtained by Fourier Synthesis.

Although the solution for the scattering of plane harmonic elastic
waves (p or SV wave) by a circular cylinder in an infinite space has been
obtained many years ago (see Ref. 1), no detailed information on stresses
or strains is available. Calculations were made for radial and axial
stresses in the cylinder and for the resultant oending movement at a cross
section. Our results show that during the passage of an obliquely incident
P-wave, a significant amount of bending stresses is developed in the buried
cylinder.

This investigation was done jointly with F.C. Moon and A. Ceranoglu
of Cornell lffiiversity prior to the visit to Taiwan.

Interaction of Seismic-Wave with an Inclusion in a Half Space

Because of the additional reflection from the plane boundary, the
scattering of elastic waves by an inclusion in a half-space is much more
complicated than that in an infinite space. For inclusion with circular
cylindrical 'geometry, analysis can be made by iterating the multiple
scattered waves which are expressed in series expansion oj cylindrical
wave functions [2]. For inclusion with arbitrary geometry, the method of
transition matrix [3] and the method of boundary integral equation (BIE)
[4] can be applied.
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The method of series expansion of wave functions was tried to deter
mine the solution of the scattering of P-wave by a semi-circular cavity in
a half-plane. In addition to providing the dynamic stress-concentration
factor around the cylindrical surface, the solution furnishes the dynamic
influence coefficients at the semi-circular boundary of an embedment [5].

Since the method of wave function expansion is limited to inclusions
with circular or spherical geometry, the other two methods mentioned pre
viously were also explored. The method of BIE was found more suitable to
calculate the wave field near the inclusion, especially that at the
boundary.

The formulation of the boundary integral equation for the wave field
at the surface of a scatterer in an infinite space is well known [4]
(ch. 2 of[1]). For an inclusion embedded in a half-space, it is only neces
sary to change the kernel function for an infinite space (Green's function)
of the integral equation to that for a half-space. For a SH-wave in a
half-space, the kernel function is easily obtainable, and the boundary
integral equation is being solved numerically.

Kernel functions for P and SV waves in a-half-space (Lamb's problem)
are also available. The functions, however, are so complicated that
whether the integral equation can be solved effectively is uncertain. In
vestigation is still in progress.

The research described in this section has been conducted jointly with
C.S. Yeh and his associates at NTU.

Other Investigations

Other problems related to soil-foundation interaction were also in
vestigated jointly with the research group at NTU. Two investigations are
near completion: (1) The dynamics of . the dam~reservoir interaction, and
(2) The amplification of ground waves by a hill.

In case (1), the reservoir is filled with a layer of sedimentation.
For a muddy l.ayer, it is modeled by a liquid with a density much heavier
than that of the overlaying water, and a Westergaard type solution is
obtained. When the sedimentation i~ composed of sand and large aggregates,
it is modeled by an elastic solid layer. The solution is no longer so
simple and the investigation is still in progress. If successful, it will
also provide an answer to the dynamic interaction of soil and retaining
wall.

In case (2), the one dimensional wave equation for rod or shear beam
with variable cross-sections is used to study the converging of longi
tudinal or transverse waves from the bottom to the top of a hill. The
approach is similar to that by Shahinpoor et al. [6] which was found after
the completion of the project. Numerical results (not given in Ref. 6)
showed that the ground acceleration at the top can be many times larger
than that at the bottom of the hill.
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CHING SHUNG CHANG

University of Massachusetts

This paper summarizes current research at the Department of Civil
Engineering at the University of Massachusetts sponsored by the National
Science Foundatin in the area of earthquake hazards mitigation. The
objective of the study was to develop a design method for footing settle
ment resulting from earthquake induced pore pressure. The invesigation
considered: (1) the deformation characteristics of soil under cyclic
loading, (2) the characteristics of pore pressure development in undrained
soil samples during cyclic loading.

Pore Pressure Development. A number of models for predicting pore
pressure build-up during cycl ic loading have been studied. Based on the
laboratory cyclic test data of undrained sand samples, the adequacy of
different models was evaluated. For practical purposes, the model
recently proposed by Finn, et al~ seems to provide a reasonable prediction
of the magnitudes and the trends of pore pressure build-up of sand samples
under cyclic loading, in which the samples were anisotropically consoli
dated. Nevertheless the results of the comparison between test data and
model prediction also indicate that the model proposed by Finn, et al.
has some practical and theoretical limitations. In particular, for
samples under higher consol idat ion ratio the model is not appl icable. In
our study, improvement was developed to extend the model's applicability
to samples consolidated under general anisotropic stress conditions. The
extended model was varified by laboratory tests.

Residual Deformation During Cyclic Loading. The residual deformation
characteristics of undrained soil samples under cyclic loadings have been
investigated. A five-parameter stress-strain model was developed for
predicting soil undrained residual deformation. The model accounts for
the effects of general anisotropic consolidation stresses, magnitude of
cyclic stresses, and stress path. The model shows excellent agreement
between measured and predicted residual deformations of sand samples.

Footing Settlement Due to Earthquake. The problems of footing
settlement due to an earthquake are currently being studied in detail in
order to (1) develop a methodology to predict pore pressure build-up and
accompanying residual deformation of soil under a footing during the
earthquake, and (2) develop an analytical tool to evaluate the resulting
settlement due to the dissipation of the earthquake-induced pore pressure.
The research effort will be devoted to integrating the previously
described research results and results from pertinent sources including
seismology and soil-structure interaction. An analytical model will be
used for predicting footing settlement and the results compared with
observed damage. The method can be used as a design guideline for
earthquake resistant foundation design.
*W.D. Liam Finn, K.W. Lee, C.H. Maartman, and R. Lo, lICyclic Pore Pressure

Under Anisotropic Conditions,·· Proceedings of the ASCE Geotechnical Engi
neering Division Specialty Conference, Earthquake Engineering and Soil
Dynamics, June 1978, p. 457-472.
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Current research at the University of Michigan concerning
"Time Effects on Dynamic Properties of Cohesive Soils" is
sponsored by the National Science Foundation.

Objective

It is the objective of this investigation to evaluate
the time effects which produce a significant influence on the
shear modulus and damping of cohesive soils. Initial studies
have used Vac-Aire extruded samples of kaolin, but emphasis
will be placed on studying the behavior of natural samples.
The time effects to be considered include: (a) time of sus
tained confining pressures, (b) strain rate during loading,
(c) rest intervals between loadings, (d) loading patterns,
(e) load-time pulse shape, and (f) loading amplitudes.

Test Procedures

The principal tests used for evaluating changes ,in shear
modulus and damping are the resonant column tests. The in
fluence of the various time effects on the low-amplitude
shear modulus and damping are studied using four Hall - type
and one Hardin - type resonant column devices. Influences on
large-amplitude values of shear modulus and damping are eval
uated using a Drnevich - type (Modell) and a new (Ju1y,1979)
Drnevich Long-Tor type resonant column device. All of these
devices, except the Long-Tor, are described in reference (1).
Geonor triaxial test equipment provides for isotropic or an
isotropic preconso1idation of samples which are then tested
the resonant column machines. The Hardin device has been
modified to permit variations in axial loading on the sample
proir to, or during, dynamic testing.

Preliminary Results

Low-amplitude dynamic tests on the Vac-Aire extruded sam
ples were run on normally consolidated, and isotropica11y and
anisotropica11y preconso1idated samples. It was found that
creep developed during anisotropic states of stress influenced
the secondary phase of the low-amplitude shear modulus (Go)
vs. log time diagram. This influence was negligible for creep
stress levels less than about 30% of (61 - 63)f ' but becomes
important as the stress level is increased. During one series
of tests at a level of 60% of (~1 - ~3)f ' the secondary time
effect was eliminated and a horizontal line was developed on
the Go vs. log time diagram. Additional data are accumulating.

(1) "Vibrations of Soils and Foundations",by Richart, Ha11,&
Woods, Prentice-Hall, Inc. Englewood Cliffs, N.J. (1970)
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Earthquake Engineering Research Institute
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lhtroduction

One of the current earthquake engineering research topics at the
M:TU/EERI, Turkey, is the experimental and analytical treatment of the
dynamic soil-structure interaction problem. Earthquake Research Institute
of the Ministry of Reconstruction and Resettlement provides partial
financial support for these studies.

This report summarizes the results of the forced vibration tests on
a prefabricated panel type structure and comparisons with theory. Similar
type of buildings resting on different soils are being tested and ana
lyzed with the objective of developing simplified rules tnat are to be
:r:efected in the new version of the Turkish Earthquake Resistant Design
Code.

EXperimental Studies

The experimental setup used consists mainly of a rotating mass type
vibration generator, control unit, accelerometers and recorders. The vi
bration generator was mounted on the floor of the top storey, and the
frequency of excitation was varied from about 1 to 10 cps. Resonance
curves were drawn from the results of the response measurements to find
natural frequencies, mode shapes and damping ratios. A detailed descrip
tion of the testing procedure may be found in Gelebi et al (1977).

Fig. 1 shows the floor plan of the 7-storey building tested and the
locations of the instruments. The direction parallel to the longer side
of the building is identified as "Pdirection and the other as "D direc
tion." For vibrations in the latter direction, a resonant frequency of
mout 3.8 cps. ,and a damping ratio of about 13% were obtained for the
first mode. In the former direction corresponding values were 3.6 cps
md 7%.

Alalytical Studies

For a simplified response analysis, the structure was assumed to be
a rigid-body resting on an elastic half space. The method developed by
tiler and Janbu (1976) was employed to calculate a representative(equiva
~nt) shear modulus for a given soil-structure system. This method
considers the confining pressures due to both the body weight of the
soil and the additional stresses created by the static foundation
pressure.
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Details of the calculations and comparisons with obsirvations may
be found in Oner and Erdik. 1980. Resonant frequencies and amplitudes
were feund to agree quite well. Fig. 2 shows a comparison of the ob
served and predicted fundamental mode shapes.

Omc1usions

Fer a box type p;anel structure restin~ on a medium to soft founda
tion soil. dynamic soil-structure interaction effect was found to be
cbminating the response under vibra.tion testing conditions. From a com
parison of the measured frequency. mode shape and damping characteris
tics with those predicted by a simple "rigid structure-flexible soil"
idealization. it may be concluded that
1. The dynamic respense of such a structure depends strongly en the

foundation soil characteristics rather than the details of the
structure. and

2. Natural frequencies. mode shapes and damping ratios fer this type of
a structure may be calculated reasonably accurately by the proposed
simple two degree ef freedom system. provided that the required
equivalent dynamic properties of the soil are properly assesed.

It is clear that research along this line must continue to provide
nore data to substantiate these arguments. It is also essential to
include soil nonlinearity in the analyses to cover strong earthquake
ground shaking conditions. since this type of low-cost housing seeinS to
develop rapidly in the seismic regions of the. World.

Ieferences

gelebi. M•• Erdik.M•• Yiiziigiillii.O. "Vibration of a Ten Storey
Reinforced Concrete Structure" METU!EERI Report No. 77~1, 1977,
Ankara.

(her.M•• and M.Erdik. "A Case Study of Dynamic Soi1~Structure inter
action." Proc. International Conference on Engineering for
Protection from Natural Disasters. Bangkok. Thailand. 1980.

(her.M•• and Janbu.N•• ''Nonlinear Analysis of Foundation Vibrations",
2nd Int. Conf. on Numerical and Analytical Metliods in
GeQmech.anics, Virginia, VoL2, 1976, pp. 1025 - 1037.



74

+{------1800-----~f-

oo
C\I
C\I

_ Accelerometer and direction

ISlJ Vibration generator

FIG. I. FLOOR PLAN AND INSTRU~NT LOCATIONS

7 7

6
~ 6,

I ~

5 ~ # !S
I

ICD ,(3)
4

J

"•I ,
I I

3 , I 3

I
I

I

2 I I
/

I 'I
I

0

f = 3.6 cps. Lo. - So

f = 3.55 , LI - So

f = 3.5 L2-So

Theor etical

] 0 0
] 0 0
] 0 0
] D 0
] 0 0
J 0 0
] 0 0

FIG.2. OBSERVED IRJ PREDICTED FUN:>AMENFAT MODE SHAPES



75

PEDRO A. DE ALBA
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Research in soil dynamics at the University of New Hampshire is con
centrating on the problem of soil liquefaction under earthquake loading.
Two studies are currently under way; one refers to the behavior of piled
foundations in a liquefying deposit, and the other to the use of acoustic
techniques in evaluating soil liquefaction potential.

Pile Behavior in Liquefying Soils

Little is known about the effect of earthquake-induced pore-water
pressure increase on the bearing capacity of piles driven into saturated
sand. A model study of this problem has been funded by NSF under the Re
search Initiation in Earthquake Hazards Mitigation program.

For this study, a specialized simple-shear type machine has been de
signed to test 22-in. dia. cylindrical sand specimens into which one or
more model piles can be "driven". Figure 1 is a schematic of this device,
which is undergoing final debugging at the time of this writing. Cyclic
shear loading is applied at the base, which moves on low-friction rollers;
the top cap is attached to a rigid reaction frame. Lateral confinement is
provided by a stack of rigid steel rings. During cyclic loading 'these
rings will slide over each other, generating complementary cyclic shear
stresses on the vertical surface of the sample, thus completing a correct
simple shear loading.

The I-in. diameter model pile is contained in a case attached to a
rigid bar buried in the upper part of the specimen. This pile can be
drawn out of its case after confining pressure is applied, by means of a
fine wire attached to the tip of the pile as shown. This method of in
sertion, as opposed to merely burying the pile in the sample, should pro
duce a stress distribution which more closely simulates that which is ob
tained by pile driving. Variables that will be monitored in each test in
clude pore-water pressure buildup during shaking, pile displacement and
applied shear loading.

Single-pile tests will be carried out at two relative densities: 50%
and 70%; and will also study the effects of sequences of small shocks
followed by a larger event, as well as of different effective confining
pressures in the 20 to 40 psi range. Scaling effects will be considered
by using piles of different diameters. Finally, based on the results of
the single-pile tests, a test series is envisaged using a group of four
piles.

Liquefaction Potential by Acoustic Techniques

Laboratory tests by various researchers have shown that the liquefac
tion resistance of sand samples measured in the laboratory is sensitive to
such factors as sample preparation method; age of the sample at the time
of the test; sequences of low level cyclic loading before applying failure
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loading; and sample preconsolidation. Such differences are attributed to
differences in sand fabric produced by different preparation methods and
stress histories. These fabric effects are largely destroyed by conven
tional sampling techniques.

The general reasoning behind this proj~ct is that, if fabric deter
mines the mechanical properties of the sand, the transmission of acoustic
signals through different fabrics must be affected in a characteristic way
for each case.

If characteristic "acoustic signatures" can be developed for a field
deposit, they may be used to reconstitute disturbed samples in the labor
atory to their correct fabric. Liquefaction tests can then be performed
on samples which are close to the true field deposition conditions.

As a first step, a feasibility study was carried out, funded by the
Leslie and lola Hubbard Fund of the University, to determine whether labor
atory specimens prepared by different methods could be identified using
simple compression-wave transducers. Figure 2 shows results obtained by
transmitting 240 kHz compression waves longitudinally through saturated
2.8 in. dia. sand samples 7 in. long. Tamped samples were built up in
layers, whereas poured samples were made by continuous pouring from a
flask with a calibrated opening. It may be seen that the tamped samples
show consistently lower peaks of the power spectra of the transmitted
signals. Work is currently under way using both shear and compression
waves to study acoustic behavior of samples prepared by the same method
but subjected to different stress histories.
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TED S. VINSON

Oregon State University

Introduction

Early research to evaluate the dynamic properties of frozen soils was
associated with engineering problems in Alaska and other cold regions of
the world arising in connection with (1) vibrating machinery placed on or
in frozen ground deposits, (2) geophysical exploration of frozen ground
deposits and (3) excavation of frozen ground deposits by blasting. Later,
the need to evaluate the dynamic properties of frozen soils under simula
ted earthquake loading conditions was recognized in environmental situa
tions where permafrost deposits existed in highly seismic regions of the
world. Examples of areas with substantial permafrost and high seismicity
include the central portion of Alaska and the Baikal region in the U.S.S.R.

More recently, however, the demand for energy has focused attention
on the need to evaluate the dynamic properties of frozen soils under earth
quake loading conditions even in temperate climates. Underground lique
fied natural gas storage tanks are being constructed in highly seismic
areas of the world such as Japan. A zone of frozen soil several meters
thick can develop around the tank. A hypothetical zone is shown in Figure
1. An accurate analysis of the tank requires a determination of the dyna
mic properties of the frozen soil surrounding the tank under simulated
earthquake loading conditions.

G.L±O

silt

-.-------f\.
hard slit

Banking

Hypothetical
Zone of
Freezing

Figure 1. LNG Underground Storage Tank with Hypothetical
Zone of Freezing at Negishi Base, Japan
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Research Goals and Program

In response to the need to evaluate the dynamic properties of frozen
soil under simulated earthquake and low frequency loading conditions,
National Science Foundation research is being conducted to:

(1) determine the dynamic properties of naturally frozen soils over the
range of test conditions associated with wave propagation problems of
frozen soil deposits (e.g., foundation vibrations, geophysical ex
ploration, blasting, ground response analyses during strong motion
earthquakes);

(2) investigate parameters that might influence the dynamic properties of
naturally frozen soils such as soil type, soil density, nature of the
ice phase, anisotropy, temperature, confining pressure, confinement
duration, thermal history and amplitude, frequency and duration of
dynamic loading;

(3) develop design equations or curves to evaluate the dynamic properties
of naturally frozen soils based on a knowledge of index and classifi
cation parameters.

In the research program specimens obtained from approximately 150 nat
urally frozen soil samples taken in situ from Alaska will be tested with
both resonant column and cyclic triaxial equipment. Resonant column test
ing is nondestructive. Consequently, the specimen will first be tested
with this equipment and, immediately following, it will be tested with cy
clic triaxial equipment. Values of complex Young's and shear modulus,
phase lag, Poisson's ratio, dynamic Young's modulus and damping ratio will
be measured. Anisotropic effects for the frozen soils will be investiga
ted by testing samples which were cored in the vertical, horizontal, and
inclined (45°) direction in the field at the same location. Theinforma
tion obtained from the overall program will be used to develop an under
standing of the significance of various material and test parameters on
dynamic properties of naturally frozen soils. Finally, the dynamic pro
perties measured will be combined with the existing body of information on
dynamic properties of frozen soils to establish design equations or curves
suitable for use with existing analytic techniques to solve wave propaga
tion problems. The goal of this work is to allow scientists and engineers
to establish representative values of dynamic properties for frozen soils
based on a knowledge of the material and test parameters previously men
tioned and other index and classification parameters.

Summary of Progress to Date and Relation to Proposed Work

Under NSF Grant ENG 77-04437 the following progress was made:

(1) A 12 ft (3.7 m) x 14 ft (4.3 m) x,8 ft (2.4 m) walk-in Cold Room Test
Facility (CRTF) was designed and fabricated. The CRTF is used for
sample storage, test specimen preparation and dynamic testing. The
CRTF has two alarm systems which indicate when the temperature rises
above a set level and signals research personnel of the alarm condi
tion.
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(2) A resonant column test system capable of both longitudinal and tor
sional excitation was designed and fabricated. The test system is
contained inside a triaxial cell to allow a confining pressure to be
applied. The test system is used inside the CRTF.

(3) A cyclic triaxial test system to apply a cyclic deviator stress to a
test specimen was designed and fabricated. The test system is con
tained inside a triaxial cell to allow a confining pressure to be
applied. The test system is used inside the CRTF.

(4) An environmental chamber was designed and fabricated to control the
test specimen temperature during resonant column or cyclic triaxial
testing. The environmental chamber allows temperature control to
+ 0.2°C.

(5) An industrial lathe and drill press were modified to allow naturally
frozen soil test specimens to be obtained from larger diameter core
or block samples.

(6) Approximately 35 ft (11 m) of 9 in. (23 cm) diameter frozen soil core
samples were shipped from cold storage in Oakland, California, to
Oregon State University for storage in the CRTF.

(7) Approximately 250 ft (76 m) of 3 in. (8 cm) diameter frozen soil and
ice core samples and nine 10 in. (25 cm) x 10 in. (25 cm) x 30 in.
(75 cm) frozen soil blocks were taken in the Fairbanks area, Alaska,
and shipped to Oregon State University for storage in the CRTF.

(8) Design equations were obtained for dynamic properties of nine artifi
cially frozen 90il types and ice. The dynamic properties were ob
tained under a previous NSF contract. The dynamic equations reflect
the influence of several parameters.

Under NSF Grant CME-79l9697 resonant column and cyclic triaxial tests
are presently being conducted on naturally frozen silts. Over the next
two years, the research program previously described will be conducted.
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M. G. SHARMA AND S. SHARIATZADEH-RAFIE

The Pennsylvania State University

Considerable literature is available on a variety of laboratory and
field techniques for evaluating dynamic soil properties and dynamic soil
behavior. The characteristic properties that have been evaluated using
these techniques are mostly the d~amic moduli (both Young's and shear
modulus), damping and attenuation. [1]* These properties are determined by
assuming,in general the material behavior as linear. Under earthquake load
ing conditions, soils may be subjected to high stresses that may produce
large deformations and non linear dynamic response. In order to analyse
this response, it is very important to have a knowledge of non linear
dynamic constitutive properties.

This paper is concerned with the evaluation of nonlinear dynamic_prop
erties of a cohesive soil. As part of this study cylindrical samples were
subjected to cyclic uniaxial compressive stress superimposed on a mean uni
axial compressive stress and the resulting uniaxial strain was measured for
various frequencies ranging from 1 to 40 hertz, large range of stress ampli
tude and mean stress. Figure 1 shows the experimental set up used in the
study. From the experimental data, the dynamic compliance versus frequency
and the hystersis loop curves were obtained (see Figs. 2 and 3).

For the soil tested the dynamic mechanical behavior has been modelled
using the nonlinear viscoelastic theory as developed by Green and RivlinJzl
An examination of data indicates that three kernel functions are required
~o describe the nonlinear dynamic constitutive properties of the test
material. Using the developed Kernel functions, the energy loss per cycle
was evaluated and compared with the corresponding value obtained experiment
ally. The comparison was found to be good.

Presently, the study is being extended to higher stress magnitudes,
larger frequencies and several moisture contents. The behavior is also
studied under a large range of confining pressures.

Acknowledgement: This research is funded by the National Science
Foundation under Grant No. PFR-7823098
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L. L. CHU, A. M. ABDEL-GHAFFAR, A. ASKAR, A. S. CAKMAK

Princeton University

Following is a brief report on a comprehensive study which is in pro
gress; the study is part of earthquake engineering research activities in
the Department of Civil Engineering at Princeton University. In this study
a new solution technique is being developed for elastodynamic problems:
(1) Wave-Structure Interaction (elastic waves scattering) and (2) $oil
Structure Interaction. The first topic and a preliminary stage of the
second are being studied with the support of the School of Engineering and
Applied Science at Princeton University; the second topic is in the
proposal stage and has been submitted to the National Science Foundation.

New Solution Technigue for Elastodynamic Problems

The Born approximation, a procedure that is widely used in quantum
mechanics for scattering theory but not well known in elastodynamics, is
being used to achieve an iterative solution technique. The method is
based on the integral representation of elastodynamics equations in a form
that admits an iterative solution within the spirit of the Born approxima
tion. Through this iterative solution, which can be carried out in prin
ciple to any desired level of accuracy, no equation, either for the motion
on the inclusion or for points on the surface, has to be solved, and only
volume and surface integrals over the inclusion in the infinite-space or
foundation or canyon in the half-spaces need to be evaluated. In addition,
the method requires only a Green's function for the differential operator
irrespective of the boundary conditions.

Wave-Structure Interaction (Elastic-Wave Scattering)

In the wave-structure interaction the scattering problem is examined
for incident waves approaching at various angles; both cavities and inclu
sions are studied.

Two cases are examined for the inclusion: (1) cavity (unlined or
lined) and (2) rigid (fixed or movable). Some results (by the approximate
method) for anti-plane SH-waves scattered by circular cylinders in the
infinite-space are shown in Fig. 1 where they are compared to the exact
solutions obtained by separation of variables and series expansion. In all
cases of inclusion it is observed that the near as well as far field solu
tions are quite accurate for ka < 1, where k is wave number and a is
the radius of inclusion. In this-range of wave numbers it is seen that the
second order Born approximation brings a significant improvement. For the
global motion of the rigid body an excellent agreement is observed for al
most all wave numbers. This result however is explainable in terms of the
exact series expansion. Therefore, it seems that the method is a reason
able approximation for relatively low-frequency wave-scattering problems.
In addition, for the far-field a larger range of validity for the approxi
mation is observed. Hence, the far-field solution can be utilized as
rational boundary conditions for the refined finite element calculation
for the near-field.
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Soil-Structure Interaction

Awide class of two- and three-dimensional problems involving founda
tions of regular or irregular shapes and incident SH-, SV-, P-, and R
(Rayleigh) waves at any angle of incidence can be solved efficiently by
the approximate approach. In addition, the·technique can be used to ob
tain the far-field results which in turn can be coupled with existing
finite element solutions in order to provide realistic soil-structure
interaction boundary conditions •. The method can also be coupled with the
equivalent linearization scheme or perturbation technique to solve non
linear soil problems.

As a preliminary study, the technique is used to solve the soi1
structure interaction 2-D problem ofa shear wall welded to a semi-circular
rigid foundation in the half-space. Some of the results are shown in
Fig. 2 where they are compared to the closed form existing solutions. An
excellent agreement is observed for almost all wave numbers.

Current Publication

Chu, L. L., Cakmak, A. S., Askar, A., "Born Approximati on for Wave Scatter
ing in Elastodynamics," to be presented at the ASt1E Century 2-ETC, San
Francisco, CA, August 12-15,1980.
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JEAN H. PREVOST and A. CEMAL ERINGEN

Princeton University

The Department of Civil Engineering at Princeton University is inves
tigating a rigorous and complete formulation for soil as a multiphase
medium for the study of liquefaction phenomena, and is currently seeking
funds from the National Science Foundation to support this research.

Research Needs

Liquefaction occurs in loose or medium-dense saturated cohesionless
soil deposits whose tendency to compact is accompanied by an increase in
pore-water pressure when subjected to undrained or partly-drained monotonic
and/or cyclic loading conditions. The resulting pore-water pressure gra
dients in the soil cause movements of the water from the soil voids.

The various analytical methods presently used to evaluate liquefaction
potential of in-situ soil deposits have several shortcomings. The most im
portant ones are their extensive empiricism and their restriction to one
dimensional situations which prevent their extension to the two- or three
dimensional field situations. Furthermore, the methods are inconsistent
since their use linear mechanical field equations, together with nonlinear
material constitutive laws. Indeed, it must be noted that all studies re
ported so far are nothing else than arbitrary "nonlinearized" versions of
basically linear formulations. Only a rigorous fundamental formulation of
soil behavior under dynamic loading conditions can introduce in a consis
tent manner observed coupling effects, and account for the multidimension
ality of the phenomena involved.

Research Plan

The objectives of this research are:

(1) To derive the nonlinear coupled field equations
which describe transient phenomena in saturated
porous media.

(2) To derive realistic multidimensional, constitutive
equations which describe the behavior of the soil
skeleton when subjected to complicated three-dimen
sional, and in particular, to cyclic, loading paths.

(3) To use the theory to study boundary value problems
of interest in geotechnical engineering which
involve saturated soil deposits.

In this study, soil is viewed as a two-phase medium consisting of a
porous solid skeleton interacting with the pore water filling the voids.
Some noticeable progresses have already been made in this research, as
reported in Refs. [1] and [2].
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Princeton University

The Department of Civil Engineering at Princeton University is inves
tigating the feasibility of performing dynamic soil tests in a centrifuge,
and is currently seeking funds from the National Science Foundation to
support this research.

Research Needs

A centrifuge can simulate gravity-induced stresses in soils at a re
duced geometrical scale through centrifugal loading. This modeling tech
nique leads to a set of scaling relationships which show the usefulness in
using a centrifuge to test large structures, and to test soil and soil
structure interacting systems under dynamic loading conditions. However,
only a few dynamic tests have been reported so far in the literature. This
may be due to a number of difficulties associated with performing dynamic
soil tests in a centrifuge, as follows:

(1) Vynamic Sca£ing Law~: It is generally convenient to carry out tests
at scales of about 1/100, so that the model must be subjected to
100 g centrifugal acceleration. At this scale, the natural frequen
cies of the model, and the simulated earthquake vibration frequencies
are 100 times those of the prototype. Model earthquake durations
are 100 times shorter than those in the real world, and accelerations,
of course, are 100 times larger. Thus, for example, at this scale,
a model vibration analogous to one of the components of the well-known
1940 El Centro record would have a duration of a few tenths of a se
cond and would involve a peak acceleration of about 35 g. If, for
structural analysis purposes, real earthquake frequencies up to 10 Hz
are to be taken into accout, then the model earthquake should include
frequencies of up to 10 x 100 = 1 kilo Hz., Le., in the audio range.
The development of an adequate vibration input capability for centri
fuge testing is therefore necessary.

(2) Boundany Enne~: The velocity of wave propagation in soil is the
same in both model and prototype situations. Wave velocities of the
order of 1000 ft/sec are thus to be dealt with in centrifuge experi
ments. This immediately raises questions about boundary effects and
reflection-refraction type phenomena in dynamic centrifuge tests.
Thus, for example, if a dynamic test is to be performed in the center
of a 24 in. square bucket filled with soil, dynamic waves will reach
the sides of the bucket after 1/1000 s and, if reflected, will in
teract with the experiment after 2/l000s. Such effects could prove
most detrimental to soil-structure interaction studies which may in
volve frequencies up to 1 kilo Hz. The development of an adequate
vibration isolation capability for the soil container is therefore
necessary.

(3) Reco~ding Equipment: Because of the high frequencies involved in
dynamic tests performed in a centrifuge, the necessary recording and
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data processing equipments are most sophisticated. If for example,
frequencies of 1 kilo Hz are to be recorded, the recording equip
ment must be able to collect and store data at least every 1/3000s.

Research Plan

In order to assess the feasibility of performing dynamic soil experi
ments in a centrifuge, research is being conducted in the following areas:

(1) Investigation of the free and forced vibration response
of single piles embedded in soil deposits of the appro
priate type.

(2) Development of vibration isolation capabilities.

This involves investigation of acoustical absorption and wave trap
devices with the aim of attenuating to the maximum, the inevitable travel
ing waves arriving at the interior boundaries.

Whether or not waves typical of the action being duplicated can be
effectively trapped and/or attenuated within the limited space available
near the bucket boundaries is a major question of this portion of the re
search. However, a number of accoustical attenuation devices, such as
multiple wedges, isolation chambers, absorptive material, etc., are being
examined.

If, for example, a typical wave velocity is 1000 ft/sec and a typical
frequency is 1 kHz, a wave of length of 1 foot must be effectively
attenuated at the test boundary. If such wavelengths can be reduced by
raising the key frequencies of the experiment, it may be possible to achieve
effective devices to trap them, using a number of well known approaches
from acoustics.

On the other hand, if the acoustic reflection or stress-wave problem
proves to be exceptionally recondite, knowledge of this fact and its impli
cations for the validity of dynamic measurements through centrifuge testing
will offer an important contribution to the future art of such testing.
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W. F. CHEN and S. L. KOH

Purdue University

This paper summarizes current research at Purdue University sponsored
by the National Science Foundation in the area of analytical studies on
earthquake-induced landslides. The ultimate objective of this research is
to devise the means and develop the capabilities for the proper assessment
of the danger of slope failures and landslides. A valid assessment of this
hazard requires the complete progressive failure analysis of specific soil
slope problems under static and dynamic loading conditions. In turn, this
requires the application of suitable constitutive relations which describe
the basic characteristics of the soil under the different types of loads.

The current research is basically directed toward a better understand~

ing of the close interaction between soil properties on the one hand and,
on the other hand, the instability and subsequent slope failure that re
sults from a seismic disturbance. While various types of constitutive
models for soils have been developed in recent years for use in earthquake
engineering, the relative advantages and disadvantages, the limitations
and ranges of applications of these models have not been assessed criti
cally, particularly as they apply to soil instability problems.

In the first part of the study, emphasis is made on the critical
assessment of existing soil constitutive models from the viewpoint of ex
perimental and theoretical consideration as well as the application of
these models in numerical calculations solving specific benchmark problems.
On the basis of this assessment, improved constitutive models have been
developed and refined following the basic approach of the theory of plasti
city. The improved models have been used to re-interpret and re-evaluate
available data from laboratory tests to verify the adequacy of the improved
models for general use in earthquake-induced landslide calculations. Ulti
mately, the new knowledge generated will be useful in formulating criteria
for the choice of sites for slopes, in the design of man-made slopes, and
in providing a basis for disaster prediction.

Summary of the Work

At present, the analysis and design of slopes against earthquakes is
based mainly on accumulated experience as laid down by empirical rules.
However, the necessity of developing better capabilities and methods for
the proper assessment of the danger of slope failure and landslides based
on a rational theory is urgently needed. The classical theory of plasticity
constitutes a general framework for such development. The present work
focuses on the use of several plasticity models for the seismic analysis
of slopes.

There exist a number of plasticity models which reflect some important
features of soil behavior. The complexity of soil behavior in a natural
slope and the variation of test data from conventional tests make the se
lection of a suitable model difficult. Therefore, some idealization is in
order to make the mathematical analysis tractable.
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The current investigation of the dynamic response of soil slopes is
based on three types of plasticity models: (1) elastic-perfectly plastic,
Coulomb-type model, for in-plane collapse analysis (extended pseudo-static
method of 1imi~ analysis of perfect plasticity); (2) elastic-perfectly
plastic, Drucker-Prager model fdr a complete progressive failure stress
analysis; and (3) elastic-strain-hardening plastic, cap model for a com....,
plete but a more refined analysis of progressive failure.

The first model is viewed as a useful model for developing a "simple"
procedure for practical use. The second model is considered as a useful
computational tool but not as a highly accurate predictor of detailed soil
stress-strain behavior. It provides some necessary verifications of the
results of the first model and it builds up the necessary groundwork for
the implementation and further development of the more refined third model.
The third model is viewed as a sophisticated research-oriented model that
the consulting engineer may not find immediately useful for everyday use.
However, it provides the analytical basis for the methods to be developed
using the "simpler" models.

Schedule of the Work

The work on the behavior of slopes subjected to seismic loads can be
grouped according to the particular type of plasticity model used:

1. Perfect Plasticity of the Coulomb Type:
a. Method: pseudo-static limit analysis
b. Formulation:

i. non-uniform seismic coefficients for collapse analysis
(complete).

ii. rigid-body displacement calculations (in progress).
~~~. dynamic effects on soil shearing resistance (in progress).

c. Application: field benchmark problems (future).
d. Design: simplified charts (in progress).
e. Computer Program: (in progress).

2. Perfect Plasticity of the Drucker-Prager Type:
a. Method: finite-element procedure
b. Formulation: classical plasticity (complete).
c. Application: typical configuration (in progress).
d. Design: comparative study with the limit analysis results

(in progress).
e. Computer Program: (in progress).

3. Strain-Hardening Plasticity of the Cap Type:
a. Method: finite element procedure
b. Model Evaluation:

i. experimental data (complete).
ii. analytical consideration (complete).

iii. numerical consideration (in progress).
iv. empirical expressions for modulus (in progress).

c. Formulation: general three-dimensional stress-strain equations
(complete).
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d. Application:
i. typical configurations (in progress).

ii. field benchmark problems (future).
e. Design: comparative studies with the previous solutions

(in progress).
f. Computer Program: (in progress).
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The objectives of this NSF sponsored project are: (a) to provide a
probabilistic model for the assessment of the safety of earth slopes under
earthquake loading, and (b) to apply the developed model to a number of
case studies reflecting the seismic characteristics of the State of New
York. A short description of the tasks pursued in achieving these objec
tives is the following:

1. Probabilistic Seismic Stability Analysis

To develop a model for seismic stability analysi~ significant uncer
tainties associated with conventional pseudo-static methods are recognized
and probabilistic tools are introduced for their description and ameliora
tion. In particular, the present model accounts for (a) the variability
of material strength parameters, (b) the uncertainty in the exact location
of potential failure surfaces, and (c) the uncertainty in the value of the
maximum slope acceleration during an earthquake.

The soil material comprising the slope is assumed to be probabilistic
ally homogeneous with strength parameters (c and t=tan~) being beta dis
tributed random variables. Potential failure surfaces are considered to
have an exponential shape (log-spiral), defined with the aid of three ran
dom variables (two geometric parameters and the frictional component of
soil strength). The safety of the slope is measured in terms of its prob
ability of failure (p~), the numerical values of which are obtained through
a Monte Carlo simulat10n of failure.

The seismic load is introduced into the analysis through the maximum
horizontal ground acceleration (a .. ) experienced by the slope during an
earthquake. It is assumed that amax is a random variable, the probability
distribution of which depends on ~ft~ earthquake magnitude (measured in
Richter scale),the type of earthquake source (i.e., point, line, or area
source), the distance between the source and the site, and a number of
regional parameters.

References

The following two NSF reports describe the details of, this task:
1. A-Grivas, D., J. Howland, and P. Tolcser, "A· Probabilistic Hodel for Seis-
mic Slope Stability Analysis", Report No. CE-78-5,Dept. of Civ. Engr., RPI,
Troy, N.Y., 12181
2. A-Grivas, D., "Program RASSUEL - Reliability Analysis of Soil Slopes
under Earthquake Loading", Report No. CE-78-6, Dept. of Civ. Engr., RPI,
Troy, N.Y., 12181

2. Seismicity of New York State

An engineering analysis is performed of the seismic history of New
York State. Data on earthquakes.which affected· the State have been
compiled, evaluated and statistically analyzed. The resulting list con-
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tains 1289 seismic events that took place in the period between 1568 and
1975. A log-quadratic frequency-magnitude relationship appears to best
represent the available data. This is shown in Figure 1.
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Figure 1. The Quadratic '.'Best Fit" Relationship between
Magnitude and Recurrence of Iarthquakes for the
407 - Year Period.

The seismic hazard that corresponds to the log-quadratic frequency
magnitude relationship is determined for a number of return periods and
under the assumption that earthquakes occur in accordance with the Poisson
model. The case where earthquakes follow a more general Markov process is
also investigated. As an example, Figure 2 shows a comparison of the
seismic hazards that correspond to the Poisson and }~rkov models,

Reference

The following NSF report describes the details of this task:
A-Grivas, D., R. IJyvik and J. Howland, "An Engineering Analysis of the
Seismic History of New York State", Report ~;o. CE-78-7, Dept. of Civil
Engr., RPI, Troy, N.Y., 12181
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3. Application of Model

The developed model is used to provide a probabilistic seismic sta
bility analysis to a natural slope located near Slingerlands, New York.
Three types of possible earthquake sources are investigated, namely, a
point, a line and an area source. The dependence on significant 'seismic
parameters of the probability of failure of the slope is examined and the
results are presented in a number of graphs and tables. Among the conclusions
drawn from this study are the following: (ai the present model is useful in
assessing the reliability of soil slopes under both static and seismic
conditions, and (b) the probability of failure of a soil slope is greatly
affected by the type of earthquake source involved and the values of the
seismic parameters that are associated with it.

Reference

The following NSF report describes the details of this task:
A-Grivas, and G. Nadeau, "Probabilistic Seismic Stability Analysis -
A Case Study", Report, No. CE-79-l. Dept. of Civ: Engr., RPI, Troy, N.Y.
12181
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The overall objective of this NSF sponsored project is to assess the
reliability of earth retaining structures when subjected to a seismic
environment. To achieve this objective, the following tasks have been
identified and are currently pursued:

1. Description of Seismic Load

The seismic load on a retaining structure is expressed with the aid of
two ground motion parameters: the maximum ground acceleration (a ), and
(b) the duration of the ground motion (~). The use of the root-m~~n
square (RMS) of the acceleration peaks is also explored as an alternative
to the maximum ground acceleration.

2. Description of Lateral Pressures

To describe the lateral pressures acting on a retaining structure
during an earthquake, the assumption is made that both the structure and
the backfill material are incompressible bodies and that their rigidity is
maintained during the earthquake. The magnitude, direction and points of
application (distribution) of the force system in the back of the retaining
structure is determined through the method of redistribution of pressure
(Dubrova's method).

3. Reliability Analysis

The safety of a retaining structure is. measured by its probability of
failure rather than the customary factor of safety. As such a structure
may fail in several modes (i.e., overturning, bearing capacity, base slid
ing and overall sliding) a system reliability analysis is performed.

4. Case Studies - Damage Analysis

The analysis is applied to a number of case studies involving repre
sentative sites from the Western and Northeastern regions of the United
States. Moreover, in a parametric analysis of each case study, the influ
ence is examined of significant seismic and material parameters.

In addition to testing the system, this task attempts to also assess
the damage that can be had for the structure under investigation during an
earthquake. Special efforts are made to relate its reliability and damage
by employing a "damage factor". This is defined as a variable that ranges
from zero for "no damage" to one for the complete failure of the structure
under earthquake loading.

Current Status of the Present Research Project

The method of assessing the lateral earth pressures on retaining
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structures during earthquakes has been formulated and some preliminary
results on example structures are available. The systematic pursuit of
the research objectives described above was initiated in February 1980.
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This paper reports some results obtained from a research project
sponsored by the National Science Foundation under the general title
'Seismic Vulnerability, Behavior and Design of Underground Piping Systems
(SVBDUPS)' carried out ~ Rensselaer Polytechni~ Institute ;ince September
1976. The objectives of the project are to study thoroughly the seismic
response behavior of buried lifelines (such as water, sewer, oil and gas
pipelines), to develop a systematic way of assessing the adequacy in terms
of vulnerability to seismic damage of these systems and to propose a design
criteria to seismic wave propagation effects.

Performance of Underground Pipelines in Earthquakes

The state-of-the-art of buried lifelines earthquake and its performance
in earthquakes has been discussed (1,2,3). Briefly, following seismic
damage/response behavior can be observed: 1. Pipeline with flexible
joints experience less damage than pipelines with rigid joints; 2. Pipe
lines at regions of soil interface experience more damage than in regions
of uniform soil; 3. Under uniform soil environment, pipelines in soft
soil experience more damage than in firm soil; 4. The relative motion
between the pipeline and the surrounding soil during seismic excitation is
small; 5. The effects of inertia force from the pipeline itself to the
response is small; 6. The axial strains in pipeline are found to be much
larger than the bending strains.

With the above observations, following concluding remarks can be
made: 1. The behavior of buried pipelines is governed by the relative
displacements of the ground along the pipe route and not the acceleration;
2. Ductility to allow buried pipeline movement with the ground is the most
important factor for the seismic design for such structures.

Influencing Parameters

The response behavior of buried pipelines to seismic wave propagation
effects is influenced by the seismological, geological and geotechnical
environments at the site as well as the physical parameters of the pipelines.
The seismic environment determines the ground motion inputs such as maximum
acceleration, velocity and displacement. The combination of geological and
geotechnical effects will determine the propagation velocities required in
the analysis. The local soil condition governs the resistant characteris
tics to pipe motions. In general, it is found that there is little experi
mental data in the soil resistance to longitudinal pipe motions. However,
the information on soil resistance to lateral pipe motion is available (5).
By a parametric approach, the frequencies of buried pipelines have been
studied (4).

Quasi-Static Seismic Analysis of Buried Pipelines

Based on the observation of performance of underground pipelines in
earthquakes, it would be more efficient to study the seismic response of
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buried pipelines to wave propagation effects in longitudinal direction by
a "Quasi-Static" approach. Basically, at any instant, there will be a
static equilibrium of the soil-structure interaction system in terms of
ground displacements as follows:

lKsystem] {X} = IKsoil] {Xc}

where lKsystem] and [Ksoil] are the symmetrical tridiagonal structural
system and soil resistance matrices respectively, {X} is the nodal axial
displacement vector and {XC} is ground displacement vector which varies
with time. Since the ground displacement varies with time, the solution
of pipe strains and relative joint displacement is also a function of time.
Thus, the analysis is called 'quasi-static' analysis.

To obtain conservative estimate of relative joint displacements, the
response behavior of rigid segmented pipelines has been studied (7). The
general formulation for actual pipeline including material parameters is
given in Ref. 8. The solutions to various effects have been obtained (11).
From these analyses, following conclusions can be made: 1. The most in
fluential parameters on the response behavior of buried pipelines are the
slope of the displacement-time history curve (maximum ground velocity) and
seismic wave propagation velocity; 2. In general, increasing joint stiff
ness will increase pipe strains but reduce relative joint displacement;
3. Buried pipelines with longer pipe segment lengths, surrounded by softer
soil, will produce both large pipe strains and relative joint displacement;
4. For a given joint stiffness in a pipeline, the difference in seismic
response for various commonly used materials is negligible; 5. In a given
geotechnical environment, larger diameter pipe produces more relative joint
displacement, while smaller diameter pipe produces more pipe strains.

Failure Criteria

To aid the design of buried pipeline against earthquake, the reserved
strength/strain beyond its normal stress/strain conditions is proposed as
the design/failure criteria (6). In buried pipeline under combined con
ventional and seismic loading, bi-axial stress state is developed since
conventional loads produce mainly hoop stresses whereas the seismic effect
is predominantly in the longitudinal direction. To evaluate materials
(such as cast iron, concrete, etc.), which have different tensile and
compressive strengths, a modified Von Mises failure criteria is proposed.
With these criteria and above outlined analyses procedures, a case study
was conducted for Latham Water District (in Albany, New York) (9). The
vulnerable zone can be identified.

Desigq Methodolog~

At the present time, there is no code or specification in U.S. to
govern the design of buried pipelines to resist earthquakes. Engineers in
seismic prone areas have used passive design practices to reduce seismic
damage and minimize hazardous effects. The passive design considerations
include: 1. to provide redundancy and blow-off values to the system and,
2. to use available flexible joints and ductile material when possible.
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To facilitate the development of future design code, the research
at Rensselaer has attempted to outline a design methodology (10, 11, 12).
Briefly, it involves: 1. site environment evaluations, 2. engineering
decision making, and 3. design analyses.

Future Research

The discussions above have centered on single continuous or segmented
pipelines on uniform (simple) environments. Further research tasks in
progre~ at RPI are as follows: 1. Study of simple piping systems with
varying soil conditions; 2. Study of simple piping systems with varying
geological environments, and 3. Response analyses of general piping
systems including non-linear resistant characteristics.
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This paper summarizes one phase of current research at Rutgers Univer
sity in the area of dynamic properties and behavior of soils. Parametric
effects on dynamic properties of soils, and prediction of the dynamic
properties of soils from the results of static tests have been the subjects
for research in recent years. This paper summarizes the results of the
latter.

Introduction

Determination of the dynamic shear modulus of soils is of fundamental
importance in the analysis of dynamically loaded foundations, earthquake
induced ground motions and soil-structure interaction as analytical tech
niques now available require the input of well-defined dynamic properties
of soils. There are many test parameters which affect the dynamic proper
ties however, and evaluation of the test parameters required to describe
the dynamic behavior of soils involves sophisticated laboratory dynamic
tests such as resonant column or cyclic shear tests. The ability to
predict the dynamic properties from conventional simple static tests, which
are routinely done, would therefore be beneficial and advantageous in many
situations especially for use in preliminary analysis.

Experimental Program

The materials used for the study were a uniform sand, a non-active
fine silty clay and a highly-active bentonite clay. The sand particles
ranged from 2 to 0.074 mm in diameter with a uniformity coefficient of
3.43. The silty clay had a liquid limit of 30.1% and plasticity index of
9.8%. The bentonite clay was much finer in grain size than the silty clay
and had a liquid limit of 593% and the plasticity index of 544%. In order
to increase the range for static and dynamic shear strength of the soils,
the sand and silty clay specimens were treated either with cement, lime or
a lime and fly-ash combination. The bentonite clay was treated either with
lime, salt or a lime-salt combination.

The dynamic shear modulus was determined by means of the resonant
column technique in torsion on remolded specimens prepared by a miniature
compactor designed specially for this study. A detailed discussion of the
test apparatus, test procedure and the theoretical concept of torsional
resonant column technique used in this study maybe found [1]. Immediately
following a dynamic test, the specimen was tested in a static triaxial com
pression apparatus to evaluate the static properties of the soil for the
purpose of correlating with dynamic properties.

The major independent test parameters considered were moisture con
tent and treatment level of additives for the soils, and confining pressure
and shear strain amplitude for the testing apparatus. The specimens were
tested at confining pressures ranging up to 35 psi. At a given confining
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pressure, the dy~amic shear modulus was determined at five different shear
strain levels ranging up to 2.80 X 10-4 • Moisture content was varied over
a wide range on both sides of the optimum. Treatment levels were varied
over a wide range.

Analysis and Discussion of Test Results

Evaluation of the effect of such test parameters as confining pres
sure, strain amplitude, moisture content, soil structure, type of additives
and treatment level has been reported [1, 2, 3]. The typical rest results
and essential findings are summarized herein.

In all of the tests conducted, a striking similarity in pattern was
noted between the gain of static strength and the gain of dynamic shear
modulus with increasing level of treatment, and therefore, a correlation
between the two could be derived. Fig. 1 is a plot of the maximum dynamic
shear modulus against the static strength of all specimens tested. It is
apparent from the figure that a linear relationship exists between the
static strength and the dynamic shear modulus, except for those soil speci
mens having very low strength, regardless of the type of additives, treat
ment level and moisture content. Using linear regression analysis, the
following empirical equations for predicting the maximum dynamic shear
modulus, G in ksi, from the static strength, ad in ksi, were obtained for
the different soils:

For sand G = 420 ad + 14

For silty clay G = 600 ad + 8

For bentonite clay G = 130 ad + 14

It is observed that the relationship between the maximum dynamic shear
modulus and static strength is independent of test parameters, and is a
function only of the type of soiL Thus, the maximum dynamic shear modulus
of any soil may be obtained from the static strength based on a simple
relationship:

G = m ad + n

where m and n are the constants for a given type of soil.
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This paper summarizes current research at the University of Texas
at Austin. Due to lack of sponsored research since the author left
M.I.T. and moved to Texas most of the work has been conducted as a series
of small unsponsored projects. Initial studies on the dynamic response of
piles are being conducted under a small grant from Union Oil Company and
additional funds from the Bureau of Engineering Research of the Univer
sity. Additional studies are being initiated in expectation of receiving
a grant from the National Science Foundation.

Accuracy of Nonlinear Analyses

Analyses of wave propagation in soil deposits are normally conducted
using an iterative equivalent linearization procedure originally suggested
by Seed and Idness. Comparative studies carried out by Constantopoulos
had indicated that this procudure tended to overestimate in general peak
accelerations at the free surface of the soil deposit by up to 20% while
underestimating more severely strains and displacements. Further studies
conducted more recently by D'Appolonia indicate that in the case of soft
soil deposits and large excitations accelerations may be badly underesti
mated by the equivalent linearization as opposed to a nonlinear analysis
performed with the program CHARSOIL. On the other hand similar compari
sons by Dames and Moore suggest that for these cases accelerations may be
grossly overestimated by a conclusion which is basically the opposite.

These studies indicate that the validity of the iterative linear
solution needs further investigation, particularly for extreme cases, but
they also suggest that the accuracy of true nonlinear analysis may require
some evaluation. Two factors which may significantly affect the response,
particularly in the high frequency range, are the way in thich sharp
changes in stifness are handled (related to the time step of integration)
and the characteristics of the nonlinear model (whether the model has or
not complete memory). It appears that some of the models used in practice
do not keep track of all reversal points. A series of parametric studies
using different integration procedures and different idealizations of the
nonlinear soil model are being conducted to assess better the importance
of these two factors.

Nonlinear Modal Analysis

A series of studies were conducted to evaluate the possibility of
using modal analysis, with the elastic modes as generalized coordinates,
to predict the dynamic response of nonlinear systems. The advantage of
this procedure is that explicit integration schemes can still be used for
each mode, the time step of integration being controlled by the number of
models used. Values of modal damping can be defined directly for each
mode without the need to compute an artificial damping matrix. Finally
inspection of the natural modes and their contribution to th~ total
response provides a valuable insight into the structure's behavior.
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When all the modes are used the exact solution is obtained within the
limitations imposed by the accuracy of the numerical integration procedure
(i.e., a solution comparable to that which would be obtained using direct
integration of the equations of motion). The results indicate, however,
that three to five modes are generally sufficient to reproduce key features
of the solution within a desirable accuracy.

Dynamic Stiffness of Piles

A comprehehsive investigation of the dynamic stiffness of piles and
pile foundations is being planned by the author in combination with Pro
fessors Kenneth Stokoe and Steven Wright. The research contemplates
analytical and experimental studies on single piles and pile groups subjec
ted to dynamic excitation ot small amplitude bvt arbitrary frequency and
on single piles under cyclic load with large amplitude.

In preparation for this work, and as a preliminary step, a concrete
pile with 6 inch diameter and 5 foot length has been placed in a test pit
constructed in the ground and filled with sand whose properties are well
known. The pit has a diameter of 25 ft. and a depth of 12 ft. The
properties of the sand are relatively similar to those of the surrounding
ground in order to minimize reflections at the interface although this
discontinuity will also be modelled analytically. The pile has an inner
core composed of a reinforcing cage housing four vertical velocity trans
ducers spaced along the pile length. A metal plate is embedded in the top
of the inner core and serves as attachment of the vibrator to the pile.
An electro-magnetic vibrator is used to excite the pile vertically. The
pile stiffness will be determined from measurements of amplitude and phases
of the motions at the pile head and will be compared to analytical predic
tions using various formulations. In addition measurements will be made
along the pile length and at various points within the sand mass.

Additional Work

In addition to the work described above an analytical study of the
dynamic behavior and response of concrete members subjected to biaxial
excitation has been initiated in conjunction with Professor Jirsa and as
a complememt to his experimental research program. It is intended to
investigate the ability of various models to reproduce best results for
biaxial excitation as well as for the case when shear failure controls.
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This report summarizes three research projects initiated at the
Institute of Engineering with the collaboration of M. Romo and is currently
in progress in Mexico and at VPI &SU where the author is a visiting pro
fessor in the Department of Civil Engineering.

Dynamic Response and Deformation Analysis of Two Mexican Dams: The
behaviour of dams and embankments subjected to earthquake loading has been
the subject of research at the Institute of Engineering of the National
Autonomous University of Mexico since the early sixties. Till recently,
the comparison of analytical results with observed behaviour had not been
attempted. However, after the occurrence of the March 14 Petatlan Earth
quake investigations in this topic have been done. Due to the availability
of recorded motions and permanent deformations Fl Infiernillo and La Villita
Dam were chosen. For both dams the initial stresses were computed using
a static finite element procedure that simulated the construction sequences.

Since the dynamic characteristics of the embankment materials were not
known, these characteristics were initially estimated and modified there
for numerical simulations to obtain earthquake responses that matched
observed behaviour. The adequacy of the determined dynamic properties
has been assessed by reanalyzing both dams under subsequent recorded
motions. Though the agreement between the recorded and calculated motions
is satisfactory further research is in progress to account for three
dimensional effects approximately by using Fourier series expansions in
the third dimension. For the estimation of permanent deformations induced
by earthquake loading simplified procedures are being evaluated. This
methods under study are Newmark's, Makdisi-Seed's and Resendiz-Romo's.
Estimated and observed freeboard losses have been compared for the two
above mentioned dams. This comparison has shown that Newmark's and
Makdisi-Seed's method give inaccurate and unsafe results, whereas the
procedure suggested by Resendiz and Romo gives acceptable results on the
safe side.

For the validation of this method an extensive experimental programme
is being carried out by J. L. Leon in the Institute of Engineering. At
VPI &SU the author is carrying out a detailed survey of reported cases
histories as well as true nonlinear finite element dynamic analyses to
validate the reismic coefficient distribution obtained by simplified
methods.

Earthquake Performance of Underground Water Pipelines: During the
March 14 earthquake one of the main underground water supplies to Mexico
City was heavily damaged. The pipeline was an assemblage of 72 inch
diameter gasket-jointed concrete pipes with joints of the type flush bell.
The damage occurred in seven points and consisted of compression failures
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at the joints. Preliminary statigraphic information of the sites shows
correlation of the damage with local topographic conditions. In six of
the cases, the failures occurred in transition zones with the pipeline
located in the dipping layer. The remaining failure occurred at the centre
of an alluvial valley with no apparent site effects.

On the basis of the above field information the effect of the local
soil conditions on the earthquake damage of gasket-jointed concrete
pipelines is under investigation. In the absence of instrumental records,
earthquake motions at transition zones are being determined by using a
finite element programme previously developed by the author. Frequently
domain solutions show emplifications of up to ten times the incident
motion. Ti-me domain solutions will"be obtained using Fourier analysis.
Once the free field conditions are finally determined the interaction
effects will be evaluated by using a simplified interaction model which
ignores relative displacements between the pipeline and the surrounding
soil.

Improved Accuracy in Dynamic Finite Element Analyses: This research
has been focused in two different aspects of finite element approximation.
The first deals with the definition of element mass matrix as a linear
combination of the lumped and consistent mass matrices as it was previously
suggested by Lysmer and his co-workers. Preliminary theoretical results
show that the optimum value of the parameter which defines such a com
bination is strongly dependent on the type of wave and the number,of
elements per wave length. Currently the study has been completed for
body waves and research is in progress for surface waves. The final out
come of this research will be the definition of optimum combinations of
mass matrices for different wave conditions.

The second aspect involved the derivation of element stiffness
matrices using a boundary integral formulation. The advantage of this
formulation is that, with relative simplicity, the accuracy of stresses
within the element will be improved. This research is of relevance in
true nonlinear dynamic analyses where the accuracy in the stresses is of
relevance.
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Seismic Response of Cooling Towers on Shallow Foundations

An analytical method has been developed to determine the seismic
response of axisymmetric shells and shell-like structures supported over
shallow foundations in the form of ring footing. The soil-structure
interaction effects are included through the development of a boundary
system at the contact area between the footing and the soil medium. The
method has been applied for cooling towers supported by ring footing
underlied by a variety of soil conditions.

System Modeling

High-precision rotational shell finite elements (1) have been used
to model the axisymmetric shell. The soil medium has been modeled using
axisynunetrical isoparametric quadratic solid elements with transmitting
vertical boundaries, placed directly at the edge of the structure. The
lower boundary is assumed to be fixed at some depth from the foundation
level. The total dynamic stiffness matrix of the soil is the sum of the
dynamic stiffness matrix of the core and the boundary matrix resulting
from the solution of a free wave propagation problem in the far field
with the requirement of preserving the equilibrium at the vertical trans
mitting boundaries (2).

The impedence matrix is obtained by inverting the flexibility matrix
resulting from the solution for a harmonic force e iwt applied at the common
d.o.f between the structure and the soil, individually in each of the
degrees of freedom.

The connection problem between the three dimensional soil medium and
the two dimensional structure element is established by introducing a
frequency dependent dynamic boundary system at the common degrees of
freedom between the ring footing and the underlaying soil. The soil
stiffnesses and damping at the connecting nodal point are formulated from
the impedence matrix.

Analysis

The interaction effect on the dynamic properties of the shell has
been studied through a free vibration analysis of a cooling tower founded
on compliant soil. The analysis is carried out at the fundamental
frequency of the tower on rigid foundations.

To examine the soil effect on the seismic response of the cooling
tower, a response spectrum and a time history analysis are conducted for



the proposed model.
level directly since
analysis requires no
coupling method.
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The ground motion is introduced at the fo~dation

the substructure method used for the dynamic
deconvolution, which is in essentially an inertial
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This paper presents a summary of research conducted at the University
of Western Ontario into behaviour of buried pipelines in seismic environ
ment. The study is theoretical, confined to straight pipes and deals with
the following cases: deterministic response to travelling waves acting
under arbitrary angle of incidence in homogeneous medium and in two diffe
rent media separated by a vertical boundary; stochastic response to ground
motion which is random in time and. space; and reduction of pipe stresses
due to pipe insulation or slippage between the soil and the pipe. The
research is sponsored by the National Science and Engineering Research
Council.

Response to travelling waves. The response to travelling waves is
analyzed using a lumped mass model with soil reactions derived by means of
the continuum theory. This theory indicates that buried pipes are heavily
damped. The magnitude of damping can be evaluated for any vibration modes.
The stresses in the pipe are reduced by soil structure interaction but
this reduction is usually quite small. In pipes crossing an interface bet
ween two different media, a sharp increase in stresses occurs in the
vicinity of the interface.

Response to random exc:itation. In the analyses of response to random
ground motion a distributed mass system is used to model the pipe. The
ground motion is assumed to be partially correlated in space and time.
This type of motion is described using cross-spectra expressed in terms of
a dimensionless frequency fly -y IIv in which f = frequency in Hz,
IY2-Yl I = separation of two stattons and V = wave velocity. Such a cross
spectrum accounts for the decay of correlation with both frequency and
separation. (Fig. 1)

The results of the analysis indicate that the partially correlated
ground motion may produce stresses well in excess of those calculated under
the usual assumption of a fully correlated ground motion. More information
on spatial correlation of ground motion is, therefore, needed. The same
approach could be used for tunnels, dams and bridges.

Pipe insulation and slippage. The effects of pipe insulation and
slippage between the pipe and soil are investigated using the same models
as in the above cases except for the soil reactions to the pipe motion that
are derived from a composite medium. This medium consists of a soft layer
(ring) around the pipe and an outer homogeneous medium extending to infinity.
The pipe stresses appear to be reduced by both insulation and slippage but
the reduction is not as great as might be expected. (Fig. 2)
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This paper summarizes the efforts of the Applied Technology Council
over the past three years on two projects involving development of seismic
design guidelines.

Project ATC-5 - Single Family Masonry Dwellings in Seismic Zone 2

ATC-5 requires a close working relationship between researchers at the
University of California at Berkeley and an Advisory Panel assembled by
ATC. UCB under contract with HUD has conducted shaking table tests of four
house models and various cyclic tests of connection details. The research
testing has been performed in close cooperation with the ATC Advisory Panel
which is composed of the ATC Project Manager, three practicing engineers, a
home builder and HUD-FHA representatives.

The Advisory Panel including the author initially met with UCB repre
sentatives, thoroughly re~iewed the basic requirements for the research and
the end results expected, and how the various tests should be set up to get
maximum information, which then hopefully could be directly applied to the
design guidelines. There has been a good spirit of cooperation among all
parties involved. UCB developed the initial experimental design after
consultation with the Advisory Panel. The Advisory Panel then reviewed the
program in detail and made numerous recommendations. After discussion most
of the suggestions were accepted. A number of connection tests were devel
oped, based largely on Advisory Panel suggestions and recommendations. The
researchers developed the test samples, determined how many tests should be
run and how the loads should be applied. Nearly concurrently, shaking
table tests were run on the first house model. The Advisory Panel wit
nessed some of the tests. After the results of the tests were reduced and
evaluated, they were discussed in a joint meeting and the second shaking
table test planned. This process continued through four different shaking
table tests. Each test was designed with full cooperation between the
Advisory Panel and the UCB researchers.

There was considerable discussion on the effects of scale, workman
ship, size of house, deflection of the roof diaphragm, foundation com
pliance, moisture conditions during construction, and many other factors.
However, it is the author's opinion that the results produced from these
tests, when fully evaluated by the Advisory Panel and the researchers, will
provide meaningful input for seismic design guidelines. An ATC subcon
tractor has drafted guidelines based on the research results; they are
still under review. The process has demonstrated a straight forward pro
cedure for ensuring that research results are directly transformable to
practice.

Project ATC-6 - Highway Bridges in the U.S.

ATC-6 is funded by the Federal Highway Administration and has involved
the combined efforts of a fifteen member Engineering Panel composed of
three researchers, four design professionals, four AASHTO members, two FHWA
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representatives and two ATC staff. The objective was to combine the knowl
edge and experience of researchers with the needs of professional practi
tioners and state highway bridge engineers. The project was initiated
about three years ago with a detailed review of highway bridge seismic
research results and of earthquake damage to bridges. A seminar-workshop
was sponsored by'NSF in January 1979 with 23 researchers, practitioners and
bridge officials from the U.S., Japan, New Zealand and Portugal presenting
papers. Some 25 other participants attended and helped develop future
research needs. The workshop also provided valuable insight towards devel
opment of the seismic design guidelines.

Recently the draft guidelines were used to redesign about 25 bridges
from throughout the U.S. The redesigns were presented at a three-day
workshop; the results have indicated the need for numerous detail changes
in the guidelines although there was general concurrence with the overall
philosophy of the requirements. The guidelines will be redrafted, reviewed
by the Engineering Panel and design examples prepared. The FHWA intends
then to submit the guidelines to the American Association of State Highway
and Transportation Officials (AASHTO) for consideration and potential
adoption.

This project has demonstrated another method for bringing together
researchers, practitioners, and owner representatives to transform research
and theory into practice.

ATC as a matter of policy retains qualified researchers, consultants,
firms and others who have the specialized expertise necessary to perform a
given project. ATC does not attempt to build up a staff of experts. ATC's
basic goals are to transform research results into practice and to foster
research where needed to enhance the public safety.
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I NTRODUCTI ON

In a recent paper [1], the senior author presented a seismic risk an
alysis procedure for underground water transmission network systems under
the conditions of fault movements where, as the first step towards develop
ing a realistic and practical risk analysis procedure, the state of connec
tivity of the network was used as a measure of the system's performance.
The connectiv ity is defined as the capabil ity of the network to transmit
water from at least one of the supply stations to the demand nodes in the
system. However, the connectivity thus defined does not necessarily re
flect the functional serviceability of the system. For example, even when
a transmission path remains open between one of the supply stations and one
of the nodes following an earthquake; the water pressure and flow rate at
that node may drop, due to possible earthquake damage, below the level re
quired for effective post-earthquake firefighting. Hence, if the capabil
ity of effective firefighting is the criterion for system serviceability,
the system can be deemed unserviceable even while its connectivity still
remains intact.

A study is currently under way to assess the magnitude of seismic risk
in terms of the degree of possible unserviceability resulting from destruc
tive earthquakes. In the study, it is postulated that a water transmission
system is serviceable when its firefighting capabilities (measured in terms
of water pressure and flow rate at specified nodes) remain intact immedi
ately following an earthquake. With the aid of the results obtained in
Ref. 1, for the failure probabilities of individual links in the network,
Monte Car10 techniques are used to generate samples of simulated states of
damage for water transmission networks. The Newton-Raphson method is then
utilized to analyze each of these damaged networks for its flow character
istics and, at the same time, to determine whether or not it still remains
serviceable. The probability of system serviceability is estimated as the
ratio of the number of simulated networks that are found serviceable to
the total number of networks simulated. A water transmission network sys
tem similar to that of the City of Los Angeles is used to demonstrate the
numerical results.

SERVICEABILITY CRITERIA

Three possible states of serviceability are defined at each demand
node. A state of major unserviceability corresponds to the condition that
at least either the water pressure or the flow rate is less than the res
pective minimum requirements (Emin for pressure and Fmin for flow rate) for
firefighting. A state of moderate unserviceability represents the condi
tion under which both the pressure and the flow rate satisfy the minimum
requirements but neither of them exceeds the minimum allowable amount as
sociated with the undamaged original network (E for pressure and Fm for
flow rate). A state of minor unserviceability ~s then defined as tnat in
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Enor = maximum
design pressure
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serviceabil ity

-Em

E
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unserviceability

~E
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major
unserviceability

Fnor = maximum
design flow rat

which the pressure and the flow rate exceed E and F 5 respectivelY5 and
therefore minor unserviceability implies a stWte of ~normal) serviceability.
Fig. 1 shows these serviceability criteria schematically.

Enor

o Fmin Fm
Fig. 1 Serviceability Criteria

Monte Carlo Simulation

With the aid of Monte Carlo techniques, the present study generates
samples of simulated states of the physical damage of the network. For
thi s purpose, the (conditional) probabil ities P{L. f I m,iL P{L. I m,i}

1 1m

and P{l. I m,l} evaluated in Ref. 1 are used 5 where P{l.f I m,i} denote
1 s 1

the (conditional) probability of the i-th link (branch) of the network in
a state of major physical damage (e.g., complete pipe rupture), P{l. I m,2}

1m

in a state of moderate damage (partial rupture and/or considerableleak~ge)

and P{lis I m5i} in a state of minor damage (little damage or leakage).
These probabilities are conditional to the magnitude m of the earthquake
and the epicentral location i.

The Newton-Raphson method is then applied to each of these networks
with simulated states of physical damage to examine whether it is in a
state of major, moderate or minor unserviceability. The number of networks
found to be in a state of major unserviceability divided by the total num
ber of networks used in the simulation produces an estimate for the proba
bility of major unserviceability. SimilarlY5 the probabilities of moderate
and minor unserviceability are estimated. In this analysis, however, ap
propriate assumptions are used with respect to the relationship between the
physical damages sustained by the links and nodes and the conditions of
water leakage through and pressure at these branches and nodes.
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Dealing with a water transmission network system adapted from that of
Los Angeles, penetrated and surrounded by a number of major faults, numeri
cal examples are worked out for various values of m and ~ so thClt eventu
ally the absolute (rather than the conditional) probabilities of major,
moderate and minor unserviceability can be estimated.
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This paper summarizes current research at Georgia Institute of
Technology which will be sponsored by the National Science Foundation in
the area of probabilistic assessment of damage in earthquake-induced
liquefaction. An attempt will be made here to develop a probabilistic
model which will estimate the damage associated with liquefaction. This
will require going one step beyond the evaluation of liquefaction poten
tial.

The damage associated with earthquake-induced liquefaction needs better
understanding, since liquefaction can result in damage to property and
the environment and suffering and loss of human life. The devastating
damage due to soil liquefaction in Anchorage, Alaska and Niigata, Japan in
1964 is a very recent reminder of the critical nature of such events.
Soil liquefaction following earthquakes in these areas resulted in land
slides, subsidence of foundations, formation of sand volcanoes, damage to
earth structures, lateral movement of structures resting on soil, disrup
tion of services, and loss of human life.

Limiting or eliminating damage during liquefaction will be a reason
able criterion in studying this problem. Since a volume of sand has to
undergo a considerable amount of strain to produce a noticeable amount of
damage at the referenced location, the soil properties affecting liquefac
tion potential in the liquifiable volume have to be modeled in three
dimensions. Long-distance fluctuations and local variations in soil
properties can only be modeled effectively using probability theory.
Seismic loading is also unpredictable. This necessitates the availability
of a simple but efficient and practical probabilistic model to study the
risk of damage associated with the liquefaction phenomenon.

Earthquake-induced liquefaction is a very complex problem, and several
methods with various degrees of complexity (both deterministic and probab
ilistic) are available to help solve the problem [1,2,3,4,5,6,8]. However,
the damage aspect of the problem -has not received proper attention so far.
Liquefaction does not always cause damage.

Estimation of the minimum volume of sand at a particular depth,
which may cause damage at the referenced location if it liquefies, is
very important information as far as the damage associated with liquefac
tion is concerned. Information on this subject will be obtained directly
from the case histories reported in the literature, or indirectly from the
information on differential settlement or similar studies.

Liquefaction of a sufficient volume of sand is our major concern.
Sand deposits under the water table are not always homogeneous. Soil
deposits typically exhibit local variations about their average properties
or about major trends (horizontally and vertically). Average properties
or long distance fluctuations can be modeled by deterministic models, but
estimating local variations in a soil deposit is not practical with a
deterministic model. A probabilistic model of the profile provides ade-
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quate characterization in terms of a few additional parameters. In this
study, some of the important factors that affect liquefaction potential,
such as relative density, mean grain size, initial confining pressure,
intensity of ground shaking, duration of ground shaking, etc. will be
identified. Some other recently identified factors,whose influence on
liquefaction potential evaluation may be significant when laboratory
methods are used, will be considered. They are methods of preparation of
test specimens, size of specimens, sample disturbances, effect of system
compliance, soil fabric (grain and interparticle contact orientations),
period under sustained load, i.e., the age of the deposit, previous strain
history of the deposit, overconsolidation, multidirectional shaking, etc.
Sufficient information is now available on these factors and will be used
in this study for statistical analysis.

Using all the aforementioned information, a probabilistic model will
be developed considering the three-dimensional probabilistic characteristics
of nonhomogeneity of all soil properties that can be identified with the
liquefaction problem and the random nature of the earthquake loading. The
methodology will be verified using available case studies. Attempts will
also be made to identify the minimum amount of site exploration required
to obtain data to model soil properties probabilistically in three dimen
sions. Required information on minimum numbers or spacings of boreholes
are expected to be obtained from this study.

Estimation of liquefaction risk is very important information but
does not always show the damage potential. Seed wrote ( 7), "It is
apparent that if the stress ratio causing 5% strain at a relative density
of 54% is even slightly exceeded, then the sand will undergo strains up
to ±30% with almost certain catastrophic consequences. However, if the
stress ratio causing 5% strain at a relative density of 82% is slightly
exceeded, the only result would be to cause a strain of perhaps 6% even
if the factor of safety should drop to a value of 0.5." This type of
information can be used to estimate the damage probability. Annual as
well as risk of damage in t years can be obtained from the above informa
tion.

The model will be developed in such a way that it can be updated in
the future as more information becomes available on the subject. Pro
vision will also be made for the incorporation of experience or judgmental
information. With the help of a computer program written for this purpose,
many ideal soil profiles will be studied. A required soil parameter may
be constant or may be varying in the deposit in any given manner, e.g.,
linearly, parabolicly, sinusoidally, or any other way, even very erratically.
This type of study will give a better understanding of the problem and help
to develop tables or charts for practical use.

The objective of this research is to develop a simple but efficient
and practical probabilistic model. It could be used as a design aid by
practicing engineers. This will also provide a better understanding of
the liquefaction problem and verify some of the assumptions made in the
complicated methods currently available. It will also identify some siting
criteria for important structures. Voluminous information available in
the literature will be used to develop this model.
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The studies reported herein are conducted as part of a program on the
safety evaluation of structures to earthquakes and other natural hazards,
supported by the National Science Foundation Division of Problem-Focused
Research under Grant No. ENV-77-09090.

The overall objective of the program is the development of an effective
methodology for evaluating the safety of structures to earthquakes and
other natural hazards, and to implement this methodology in the safety
assessment of major classes of structures and formulation of associated
probabilistic bases for design. A realistic assessment of structural
safety, or the assurance of safety in design, against the extreme forces
of natural hazards may be based on a measure of risk in terms of probabil
ity, specifically the probability of damage or failure. Accordingly, the
several components of the study program are all aimed at developing a
practical method for evaluating the safety of structures against various
levels of damage or failure (including collapse) when subjected to the
lifetime maximum load. The program is now in its second year of the
Phase I two-year study. Much of the research during this first phase is
devoted to the development of the necessary analytical tools and demon
strating the applications for limited classes of structures. The work
accomplished thus far, as well as those in progress, in the various com
ponents of the program may be summarized as follows.

Analysis of Seismic and Other Extreme Hazards

In evaluating the safety of a structure, it is the maximum load that
can be expected over the life of the structure that is of principal con
cern. The occurrence of earthquakes in time as well as in space is, of
course,unpredictable; moreover, the magnitude of an earthquake and there
fore also the intensity at a given site may be described with a random
variable. The lifetime maximum seismic loading that can be expected at a
given site, therefore, may be determined only in terms of probability.
For this purpose, the fault-rupture seismic hazard model of Der Kiureghian
and Ang (1977) has been implemented in this study, with an improved atten
uation equation for the near-source region where very little observed data
are available. A near-source attenuation equation has been developed as
part of this study based on results obtained through wave propagation in
a half-space subjected to a fault-rupture (Seyeddian and Robinson, 1975)
and using available relationships between earthquake magnitudes and perti
nent parameters of the source mechanism (e.g. Chinnery, 1969).

The lifetime maximum load may occur under the combination of two or
more time-varying loads; this may occur during the coincidence of two or
more transient loads, such as earthquake and strong wind. In order to
include the effect of sustained and other transient loads in combination
with earthquakes, improved practical methods for load-combination (includ
ing extreme load coincidences) has been developed; the results are derived
as the maximum of the sum of several random processes.
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Response Determination of Nonlinear-Inelastic Systems

For safety evaluation purposes, the prediction of the response of a
structure in the range of severe damage, including impending collapse, is
necessary. In this range of interest, structural behavior is invariably
nonlinear and inelastic, and in the case of earthquake-induced response
the hysteretic characteristics of a structure is also important.

An analytical model has been developed for describing the hysteretic
restoring force including the degradation of strength and/or stiffness.
This can include systems that may deteriorate as a function of the total
hysteretic energy dissipated. Also, a companion stochastic equivalent
linearization method has been developed for the random response analysis
of single and multi-degree of freedom systems suitable for determining the
response of the required nonlinear-inelastic systems. The method can be
used to obtain the needed statistics of maximum response, including maxi
mum response probability distribution, that are needed for determining the
probability of structural damage. This part of the research is the sub
ject of Professor Wen's report at this meeting, and further details can be
found therein.

Seismic Safety Evaluation of Buildings

The tools developed thus far are now being used in a limited evalua
tion of seismic safety of specific types of structures. In particular,
for purposes of demonstrating the potential implementation of the metho
dology, a typical building structure that may be modeled as a shear-beam
system has been considered. Such a safety evaluation involves the
following:

(1) The determination of the seismic hazard at the building site;
this requires the calculation of the probability of exceedance (or corre
sponding return periods) of all the ground motion intensity at the site,
that may result from all the potential earthquake sources in the region
around the site (within a radius of a few hundred kilometers).

(2) For a given intensity (e.g. in terms of maximum ground accelera
tion), the ground motion may be described as a nonstationary filtered
white noise process, using one of the available random process models for
this purpose. The pertinent maximum response statistics of a building are
determined with the nonlinear-inelastic random vibration method developed
herein, including the rms maximum response for the inters tory distortion
of the building.

(3) Because of uncertainty in the structural parameters, such as
strength, stiffness, damping, as well as the hysteresis parameters, the
variation in the maximum response as a consequence of variations in these
structural parameters must also be reflected in the safety evaluation.
Sensitivity coefficients, representing the change in the maximum response
due to variations in the structural parameters, are evaluated numerically;
from which the coefficient of variation of the maximum response due to
uncertainties in the structural parameters can be calculated.
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(4) With the information obtained as described above, and prescrib
ing reasonable probability distribution for the maximum seismic response
~xpressed in terms of ductility factor) as well as for the capacity of
the structure an terms of limiting ductility), the probability of struc
tural damage can be calculated for a given ground motion intensity.

The calculated damage probability is a conditional probability, from
which the lifetime failure probability can be obtained by convoluting this
conditional damage probability with the corresponding probability of
exceedance for all possible ground motion intensities over the life of
the structure.

Seismic Hazard and Safety of Lifeline Systems

A lifeline system may be subject to fault-rupture strike during an
earthquake, in addition to the hazard of high-intensity ground shaking.
In contrast to a building or other similar structures that are essentially
point systems and thus the chance of fault-rupture strike may be neglected,
the hazard of such strikes on a lifeline system is much more real espec
ially in regions where surface ruptures are likely in an earthquake.

A model for calculating the probability of fault-rupture strikes
on a lifeline system has been developed. The evaluation of this hazard
as well as the hazard to severe ground shaking have been illustrated
for water-distribution systems and major highway networks. A lifeline may
be idealized as a system of parallel paths, each of which is composed of
links in series. The probabilities of the two modes of failure for each
of the links constitute the basic information needed to evaluate the safety
of the system in the respective modes of seismic hazard.

Details of this study are described in a report by Mohammadi and Ang
(1980) •
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This summary outlines an ongoing study regarding the seismic risk
analysis of Turkey. The study is supported by the Turkish Scientific and
Technical Research Council and it is anticipated that the conclusions will
be reflected in future revisions of the seismic hazard map of Turkey.

The study will culminate in iso-intensity and iso-acceleration maps for
Turkey and provide maximum intensity and peak ground acceleration contours
with different probabilities of being exceeded during selected durations of
time.

The associated research steps are :

1. Acquisition of Historic, Macroseismic and Instrumental Data for
Seismic Events.

The studies in this step involved compilation of all the data from
the existing literature and, for large events, their correlation with the
official macroseismic data files. These studies have been presented in Erdik
and Ozsel~uk (1978).

2. Location and Description of Earthquake Sources.

A seismotectonic map of Turkey based on the 1:2 500 000 scale Neo
tectonic map of Turkey. prepared by the Mineral Research and Exploration
Institute has been prepared. To outline the seismic sources another seismo
tectonic map indicating the macroseismically correlated epicenters of
earthquakes with magnitudes lar.ger than 5.9 has been adopted. This map given
in Fig. 1 is the same as that given by Erdik and Mathur (1979). The primary
earthquake sources selected are : (1) the North Anatolian Fault Zone, (2) the
East Anatolian Fault Zone, (3) South Anatolian Folds Thrust Front, (4) Marmara
Thrace Zone, (5) Western Taurids and various grabens in the Western Turkey.

3. Construction of Recurrence Relationships and Maximum Magnitudes for
Individual Sources.

Log~linear earthquakemagnitude""freq:uency relationships have been
derived for each source after an artificial homogenization and complementa
tion process for the deficient data in earlier reporting periods. This
process, adopted from Stepp (1972), has been found necessary to provide
reasonable maximum magnitudes associated with small frequencies of occurrence.
The maximum magnitudes associated with lineaments and area sources have been
determined, respectively, on the basis of ruptured fault length vs. magnitude
correlations and on Gumbel distributions.

4. Selection of Attenuation Equations Based on Regional Characteristics.

Local attenuation equations based on isoseismal maps are obtained to
provide the mean intensity at a site for given epicentral distance and
earthquake magnitude at the source. The account for the ellipticity of
isoseismals.associated with the linear sources attenuation equations have
been developed for mean distances (i.e. radius of the equal area circle)
and the shortest distances to the lineament. These studies have resulted in
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a number of publications, e.g., Glirp1nar et a1. (1979).

5. Probabilistic Modeling.

For isolated linear sources the fault rupture model of Der Kiureghian
and Ang (1977) and for area and point sources the Cornell (1971) model have
been employed. For cases where both types of sources were in close proximity
both models were separately implemented and the resulting envelope risk was
taken. A comparison of both models for the North Anatolian Fault Zone has
been presented 'in Glirp1nar, et a1. (1979).

An example of the resulting iso-intensity and iso-acceleration maps is
given in Figs. 2 and 3 for the North Anatolian Region. The first one is
based on the intensity attenuation of Glirp1nar, et a1. (1979) and the second
one on the peak ground acceleration attenuation of McGuire (1974).

This map will establish a more rational and consistent basis for a
seismic hazard map because its contours will represent equal probabilities
of seismic exposure. Furthermore, the same rational basis can be easily
kept in future revisions of the map as new date becomes available. It is
envisioned that the final report will be published in the spring of 1980.
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After Erdlk and Mathur (1977)

FIG.2 ISO-INTENSITY CONTOURS IFOR RETURN PERIOD OF 475 YEARS
(After. Gurplnar Et. A1.I979)

FIG.3 150- ACCELERATION CONTOURS FOR RETURN PERIOD OF 475 YEARS
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This paper summarizes three research projects currently in progress at
the University of Missouri-Rolla. The continuing research efforts in
earthquake structural engineering at UMR are supported by the National Sci
ence Foundation, the University and others.

Optimality Criteria for Plate Bending Systems and Three-Dimensional
Structures with Flexible Diaphragms

There is an urgent need to develop optimization methods for computer
aided design, and these methods should be more rational and reliable than
those commonly used in the electronic computations based on conventional
trial and error processes. This project is to develop an optimum design
technique for plate bending systems and three-dimensional structures with
flexible diaphragms. Plate bending systems consist of only plate elements
with various boundary conditions, and three-dimensional structures may have
bracings, beams, columns, shear panels, and floor diaphragms. The dia
phragms are essentially only one of the plate element systems. These two
systems will be subjected to multicomponents of static and dynamic paramet
ric constraints. The optimality criteria method and its associated recur
sion technique will be studied.

The objectives of the above stated project are: 1) To develop a math
ematical formulation of an efficient optimum algorithm and a substructural
synthesis technique, 2) To develop an associated computer program with an
alysis and design options, 3) To prepare options in computer codes for typ
ical dynamic forces, ground motions, and building code recommendations,
4) To observe the desirable rib-stiffness distributions based on plate
thickness variations of plate element systems, and 5) To study the influ
ence of diaphragm flexibilities on structural response, on the column
stiffness requirements at critical regions, and on the overall stiffness
distribution of an entire system. It is believed that the undertaken optimi
zation study and the parametric investigation are of paramount importance
in many'engineering disciplines and that fruitful results can be expected.

ODSEWS (Qptimum ~esign of ~tatic, Iarthquake, and ~ind ~tructures) for
Plane Steel Structures and ATC-3 Recommendations

This project emphasizes on the inclusion of the design recommendations
of ATC-3 of equivalent lateral forces, modal analysis, and soil-structure
interaction in the existing ODSEWS computer program.

The current ODSEWS is capable of analyzing and designing trusses, un
braced, single-braced, double-braced, and K-braced frameworks in which the
constituent members are bar elements for bracings and truss-members and·
beam-column elements for columns and girders. The beam-column elements are
either the built-up sections or the hot-rolled wide flange sections avail
able in the AISC Steel Construction Manual. The structures can be subjected
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to static loads, dynamic forces, and horizontal and vertical ground motions
as well as the Uniform Building Code. The dynamic forces and the seismic
excitations can be used on the basis of either direct integrations or re
sponse spectra.

The structural formulation is based on the displacement method and the
second-order effect resulting from the static and dynamic forces that act
axially on the columns. The behavior constraints are the allowable stress
es, displacements, and natural frequencies. Various displacement con
straints can be applied to individual nodes with any specific numbers.

After the ATC-3 recommendations are implemented, parametric studies
will be emphasized on the effect of various seismic inputs on individual
typical structural systems subjected to a given set of constraints.

Design and Assessment of Building Systems for Parametric Mu1ticomponent
Earthguake Motions

This project deals with the development of computer-aided design meth
od for three-dimensional building systems. The structural model is similar
to the previous work of inelastic analysis of reinforced concrete and steel
building systems for 3-D ground motions and has the following characteris
tics: (1) The structure consists of steel columns, beams, and bracings as
well as floor diaphragms, shear walls, and flexural shear panels. (2) The
floor and roof diaphragms are idealized as laminae having infinite rigidity
in their own planes but flexibility out of them. The diaphragms can be
thin, cast-in-p1ace, concrete slabs on open web steel joists or cold formed
steel deck panels with concrete placed on them. (3) The structure can be
subjected to static vertical loads on beams and joints and lateral loads at
the floor levels as well as to three-dimensional interacting ground motions.
The mass at each floor produces two transverse and one rotational inertial
force as well as vertical inertial forces at each column. The dead load of
all the floor masses and their inertial forces, which result from vertical
ground motion, induce an overturning moment, which is included in the analy
sis as the second-order moment of the P-~ effect.

In addition to static loads and interacting ground motions, the compu
ter program will also include ATC-3 recommendations of equivalent lateral
forces, modal analysis, and soil-structure interaction. The assessment of
structural parameters will emphasize on the effect of various seismic exci
tations and the tentative provisions on structural performances.
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Definition of the Problem

The greater St. Louis area of Missouri and Illinois, one of the larg
est population centers in the Midwest, is located within 200 miles of one
of the most seismically active regions in the United States. This seismic
region encompasses a portion of southeastern Missouri, southwestern Illi
nois, western Kentucky, and northwestern Tennessee and was the location of
the greatest sequence of earthquakes in North American history--the New
Madrid earthquakes of 1811 and 1812. Since the events of 1811 and 1812, at
least 85 earthquakes of Modified Mercalli Intensity (MMI) Vor greater (13
earthquakes of MMI VII or greater) have been recorded within 200 miles of
the New Madrid area.

In addition to the proximity of the St. Louis area to an active seis
mic region, other geologic factors exist to add to the potential for damage
from earthquakes. First, one of the distinguishing features of Central
United States earthquakes is their large area of perceptibility of ground
motion as compared to those in the West (Nuttli, 1972). Secondly, the urban
expansion has extended onto thick lucustrine and alluvial deposits along
the Mississippi and Missouri Rivers and their tributaries, as well as over
thick loess deposits on the uplands.

Scope and Objectives

In 1978 the United States Geological Survey awarded a research grant
to the University of Missouri-Rolla for the purpose of conducting a pilot
study to analyze the potential of earthquake-induced geologic hazards in a
portion of the Creve Coeur Quadrangle in St. Louis County, Missouri. The
primary objectives of the research were to provide an appraisal of the rela
tive levels of individual seismic hazards in the form of zoning maps at de
tailed scales, and to assess the significant hazards for the study area. The
format of the zoning maps was to be useful to engineers and architects, as
well as government officials, planners, and others involved in land-use
planning.

As part of that research, a review of the regional geology and seismi
city, as well as an estimation of bedrock motions from the maximum expected
earthquakes in the surrounding region, was completed by Bauhof (1979). The
design earthquakes chosen consist of a near field, high frequency Ozark Up
lift earthquake and a far field, low frequency New Madrid Region earthquake.
The design earthquakes were selected to represent the maximum bedrock mo~

tion expected at the study site in terms of peak horizontal acceleration,
peak horizontal velocity, predominant period, and bracketed duration. Exist
ing acceleration time-histories were modified to match these ground motion
parameters to produce the design earthquake accelerograms. A field explora
tion program also was undertaken to establish the soil stratigraphy, depth
to bedrock, depth to ground water, and to collect quality soil samples for
laboratory analyses of engineering properties.
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For this study, the appraisal of the relative levels of individual
seismic hazards was accomplished by inputting the selected design earth
quakes and the static and dynamic properties of the soil deposits into the
SHAKE computer analysis to determine the modification of the ground re
sponse from the various soil deposits at the study site. The resulting
ground response data, combined with the static and dynamic material proper
ties and data on thickness, topography, and ground-water levels were used
to determine the susceptibility of the unconsolidated units to seismic-in
duced geologic hazards. The relative potential for failure of these units
was evaluated on the basis of computed factors of safety for the different
levels of ground motion.

The result of this study was the development of a set of maps which
shows the potential for slope failure, liquefaction, and damage to struc
tures from ground motion in the event the maximum expected earthquake were
to occur. Since the maps are based on state-of-the-art analytical methods
and engineering hazard evaluations, they should be useful in the planning,
development, and design of new structures in the rapidly growing Creve
Coeur area. In addition, the research has led to the development of system
atic techniques for appraisal of individual seismic hazards. This method of
seismic hazard analysis is believed to be an improvement over existing pro
cedures since it incorporates both quantitative engineering data and quali
tative geologic data.

Computer Mapping Procedures

The University of Missouri-Rolla Geological Engineering Department1s
digital image processing system was used to evaluate and map the earthquake
hazards. The computer program used was modified from an existing seismic
mapping program developed at the Nevada Bureau of Mines and Geology (Bell,
et a1 ., 1978).

The mapping program used was a modified version of the hazard model
for the Reno, Nevada, area. It is based on phenomenologic and probabilistic
data incorporating available geologic and engineering information. The pro
gram assessments are based on major factors that influence seismic-induced
hazards, including: properties of the unconsolidated geologic units, depth
to bedrock, slope of terrain, depth to ground water, etc. The date defining
these factor are digitized to form basic data files for seismic response,
slope, depth to ground water, etc. These parameters are evaluated for a ge
ographic area based on a matrix with a cell as the fundamental unit of eval
uation and digitization. The basic data digitized for each cell represents
the predominant condition in that cell. The parameters for each cell are as
signed integer values to represent their relative magnitude, and these val
ues are digitized for the matrix. The individual hazards maps are construc
ted by algebraic summation of the digitized values in the seismic response
classification with each of the other basic data files. The hazard assess
ment is aided by the fact that each parameter in the data base can be rank
ed individually according to its contributing effect on the total seismic
hazard.

Parameters digitized to form the basic data fields for this study
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included the maximum horizontal acceleration response, the velocity re
sponse spectrum, areas of saturated sandy deposits susceptible to liquefac
tion, and the slope of the terrain. The digitization of these parameters
was based on assigned interger values which represent the relative magni
tude of the predominant condition within a 400x400-foot cell. The cell size
was chosen on the basis of the desired detail of the individual data files
and was considered small enough to provide a realistic representation of
the seismic hazards at a map scale of 1:24,000.

Digitization of the ground response was based on the maximum accelera
tion response, computed by analytical methods, of generalized soil profiles
which were constructed to represent the soil stratigraphy of the study area.
The response is dependent on the properties of the soils composing the un
consolidated deposits, the deposit thickness, and the characteristics of
the base motion; therefore, each soil profile had characteristic response
to each design earthquake. The soil profiles were assigned interger values
for digitization on the basis of their relative magnitude of response to
the base motion. The input of ground response actually produces two maps-
a maximum acceleration map providing data for calculation of factors of
safety against liquefaction and slope instability, and a damage potential
map based on the velocity spectrum for a given range of fundamental periods.

The data image for the ground response was displayed on the Comta1
screen, areas of similar acceleration response and velocity response were
grouped by use of a color table, and then labeled and written on magnetic
tape for generating a gray scale plot.

Areas of saturated sandy deposits with a high water table and low rela
tive densities were digitized into a liquefaction susceptibility data file.
The digitization was based on the magnitude of horizontal accelerations
needed to cause liquefaction. The liquefaction susceptibility data file was
then superimposed with the maximum acceleration data file. Where horizontal
accelerations equaled or exceeded those calculated to cause liquefaction,
the area was delineated as having a liquefaction hazard. Areas of greater
potential were separated from areas of less potential. The liquefaction po
tential was assessed on the Comta1 screen, areas of similar liquefaction
potential grouped by use of a color table, assigned similar symbols, and
written on magnetic tape for plotting.

For the potential slope hazards evaluation, the degree of slope was di
gitized into a gridded data file on the basis of a range of slope and cor
responding yield accelerations. The slope file was superimposed on the max
imum acceleration data file, forming a slope hazards map. Areas where yield
accelerations were equaled or exceeded were assessed on the Comta1 screen,
identified by use of a color table, assigned symbols, and written on magne
tic tape for gray scale plotting.

With the completion of the hazard assessment, the maps were recalled
from tape and plotted at a scale of 1:48,000 on the Varian printer-plotter.
The resulting maps delineate areas of geologic hazards and levels of ground
response from earthquakes similar in magnitude to the design earthquakes.
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This paper summarizes current research being conducted by the author
at Oklahoma State University in the area of damageability of existing
buildings. The research is a continuation of work started by the author
at the University of California, Berkeley
and sponsored by the National Science Foundation.

Damageability of Existing Buildings

The need for hazard abatement in buildings is clear. In order to
establish priorities for rehabilitation, demolition, or further detailed
evaluation, methods of evaluation that are simple but meaningful are
required. The performance of buildings during recent earthquakes emphasizes
the need for reliable methods of evaluating potential damage and hazard.
The goal of the present research is to develop the methodology for assessing
potential damage (damageability) that is simple to implement, reliable in
that verication is possible, and flexible enough to be easily modified to
account for changes in criteria, local conditions, and improvements in
modeling.

Damageability Indices

Damageability indices are being used to quantify the degree of potential
damage. Local indices which represent the damageability of elements or parts
of the building are combined to form a single global index which represents
the degree of damageability of the entire building. The local index for each
element is assumed to be a piecewise linear function of a demand parameter
which is available from a response analysis. The index goes linearly from
zero to one as the demand parameter goes between values of capacity for
initial and total damage. The global damageability index is a weighted sum
of local indices with importance factors used for weighting. The global
index is normalized such that zero indicates no damage and one is complete,
unrepairable damage. Research is continuing to determine more complete
guidelines for estimating the capacities of structural and nonstructural
elements in terms of demand parameters. Also, importance factors are being
studied to determine meaningful relative values.

Response Analysis

To assess the damageability of a building, the probable response of the
structure to future earthquakes must be estimated. Static analyses used for
design are generally not suitable for damageability assessment. Time-history
nonlinear response analyses are not necessarily justified for evaluating a
large inventory of buildings. A form of quasi-static nonlinear analysis
is presently being investigated for low-rise to medium-rise structures. The
procedure utilizes a force distribution of constant shape which allows the
force-displacement relationship for the·structure as a whole to be represented
in terms of a single coordinate. Comparisons with inelastic response spectra
provide estimates of maximum response from which damageability can be assessed.
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Goals of the current research are to attempt to verify the approximate
response procedure and to implement a modified procedure in which the force
distribution is updated during the response analysis; in this way commonly
observed softening effects may be better represented.
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Research Programs Related to the Canadian Seismic Probability Map

Scientists at the Earth Physics Branch in Ottawa and at the Pacific
Geoscience Centre are continuing research programs to improve the 1970
edition of the seismic zoning map contained in the National Building
Code of Canada. Published ground motion data have been fitted by
numerical methods to functions relating amplitude, magnitude, and
distance. In general, it is found that regressions of magnitude and
distance with peak or sustained acceleration, velocity, and response
amplitudes provide similar sets of curves over several frequency ranges
which are related by simple factors. The introduction of a constant
term in addition to depth of focus in the distance parameter is not
needed to obtain a good fit to the data. The function has the form

A = K eaM R-b

where A is amplitude, M is magnitude, and R is hypocentra1 distance.
Based upon accelerograph data in the west, but intensity data in, the
east, the b parameter of the distance term is 0.2 units lower in the
east.

In addition to the research on ground motion parameters, the
identification and study of active seismic zones is continued. In the
western region the seismic zones which are defined by historical seismic
activity combined with identified tectonic regions are Queen Charlotte,
Sandspit, Offshore, Northern Vancouver Island, Coast Mountains, Cascade,
Puget Sound, Southeastern British Columbia, and Northern British Columbia.
Within each, a set of earthquakes, complete for magnitude ranges
identified with a range of years of observations, are analysed to obtain
the relationship between magnitude and frequency of occurrence.

With these parameters, the research will proceed to the drawing of
a seismic zoning map by methods similar to those used for the ATC-3 map.
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Introduction

Economic considerations usually dictate that the large seismic
energy inputs to most buildings be absorbed and dissipated through
inelastic deformations. Modern building codes recognize this necessity
and prescribe designs based on anticipated inelastic behavior.
However, owing at least in part to a lack of simple inelastic
procedures, the analysis of the internal forces in the structure is
usually carried out assuming elastic behavior, under specified static
loads applied to the mass locations of a structure. The member forces
so determined may bear only a nominal resemblance to internal forces
that result from an actual inelastic earthquake response of the
structure. Also, the distribution and magnitude of inelastic defor
mations in various structural members cannot be determined through
elastic analysis under Code-specified static loads. As a result,
ductility has to be supplied throughout the entire structure, although
inelasticity may actually occur only in certain levels and locations.

This research proposes an alternative seismic design approach
which represents a significant departure from the empirical Code
approach. The suggested procedure uses earthquake accelerograms as
loading, dynamic inelastic response history analyses to determine
member forces and deformations, and resistances from tests for
proportioning the members.

Explicit Inelastic Dynamic Analysis and Proportioning

Two-dimensional dynamic inelastic (response hi~tory) analysis
computer programs, incorporating proper hysteretic characteristics of
reinforced concrete and steel members, have recently been developed.
With such programs, it is now possible to perform a realistic analysis
of the earthquake response of multistory concrete and steel structures
at a reasonable cost. The suggested design procedure is based on such
analyses, and entails:

1. Preliminary layout and design of the structural system based
on gravity as well as Code wind and earthquake loads.

2. Modeling of the structure for dynamic analysis in each of two
orthogonal directions, and determination of the natural undamped
periods of the structure in each direction.

3. Selection, on the basis of local seismicity and of structural
and soil characteristics, of a design earthquake accelerogram which
will critically excite the structure.
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4. Determination of forces and deformations in all members under
the design earthquake, using inelastic response history analySes.

5. Proportioning of members for strength and deformability in the
elastic and post-elastic ranges, based on resistances known from tests.

6. Checking that the structure will survive without collapse an
hypothetical maximum credible earthquake, which is considerably more
severe than the design earthquake.

Advantages of the Proposed Approach

The following advantages will result from the application of the
inelastic dynamic approach:

1. The magnitude and location of inelastic deformations can be
determined, so that ductility details need to be provided only where
required.

2. A desirable balance between the strength and ductility
requirements of individual members can be designed into a structure.

3. A predetermined sequence of plastification can be designed
into a structure. The beams, for example, can be made to yield before
the columns.

4. The two-level earthquake input motions approach permits speci
fying different performance criteria for the two levels of seismic
response. For example, inelasticity may be permitted only in hori
zontal members during the design earthquake, and also to a limited
extent in vertical members under an hypothetical maximum credible
earthquake.

5. The earthquake resistance of structural walls can be fully
utilized. Recent investigations have definitely demonstrated that
structural walls are ductile when properly proportioned and detailed.

6. The designer can creatively devise various st~uctu~al config
urations and distribute the energy dissipating elements where they will
be the most effective without endangering the stability of the entire
structure.
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Current Research - Design Examples

A number of design examples using the proposed approach have been
worked outl - 4• Work on several other design applications is cur
rently in progress. The purpose of this research is to determine and
demonstrate the applicability of the proposed inelastic approach to
various structural systems in steel and concrete, and to arrive at an
in-depth assessment of the advantages and limitations of the proposed
approach.

Work aimed at improving certain aspects of the proposed design
procedure is also in progress. These aspects include: a) selection of
the critical input motion for dynamic analysis, b) analytical modeling
of the inelastic regions of structural members, and c) proper defini
tions of deformation demand and deformation capacity, as well as a
meaningful correlation of the two quantities.
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One of the major efforts in seismic risk analysis studies is the re
assessment of all currently available empirical and geophysical models and
procedures. Empirical techniques of modeling strong ground motion have
come under close scrutiny in recent years. The large uncertainty in these
models has raised questions about the parameters used to characterize
seismic events and about the modeling techniques themselves. In the re
search currently under progress. close consideration is given to the source
mechanism of the event and a more reasonable distance measure (other than
the epicentra1 distance) is studied. The root mean square (RMS) accelera
tion as a ground motion parameter is suggested for use in characterizing
the intensity of strong ground motion. A Bayesian approach is used to
combine empirical. theoretical and subjective information. In conjunction
with this study. the necessary step of defining the "significant" duration
of the record is investigated. The intent of this specific study is to
synthesize and convolve all the theoretical seismological models, empir
ical models and subjective input on ground motion estimation into one
rational and physically more representative methodology.

Associated with the above general objective, a detailed statistical
analysis of the available strong motion data is carried out. The 'purpose
of such an analysis is to understand the statistical distribution of re
corded peaks. Variables relating this peak value distribution to source
and site characteristics are the magnitude, effective distance, site con
dition and the overall site filtering characteristics.

Various earthquake occurrence models needed in seismic risk studies.
are also investigated. These models include the homogeneous and non
homogeneous Poisson models as well as Markov chain models. In the non
homogeneous Poisson model, the rate of occurrence of earthquake events for
a given source is assumed to be dependent on time since the last event.
This is a better assumption than the homogeneous time independent rate of
occurrence assumption. A further refinement is introduced through Markov
chain model where spatial and temporal dependence of events is considered.
Such a model can properly represent the seismic gap as well as seismic
clustering phenomenon.

An important aspect of seismic risk analysis is the loss and damage
assessment. Procedures for systematically identifying parameters affect
ing the damage potential and evaluating this potential is being developed.
Such an assessment is necessary for insurance studies and for regional
loss and damage impact studies for public policy issues. Through such
studies, earthquake disaster mitigation policies can be formulated.

On the public policy side. some recent work at the center evaluated
the issues of earthquake prediction and earthquake engineering. A micro
and macro economic model was developed to assess the costs and benefits
associated with the two options available for mitigating future earth
quake damage.
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A detailed study is also underway to investigate seismic risk
analysis of lifelines and other infrastructural systems. The central
subject is the determination of the likelihood of attaining various
levels of system impairment and what to do with that information. System
oriented procedures are developed to study the impact of an earthquake
on spatially distributed systems.
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A fundamental invariant for the earthquake phenomenon is studied in
this Report. The analysis presents a rational analytical representation
for the isoseismal map, which is one of the key sets of data for an earth
quake. Five separate earthquakes in different parts of the world, which
occurred over the past 100 years, are used to check and correlate the
data. The invariant obtained in this research is of basic importance in
energy analyses of the earthquake event and may find use in studies of
the earthquake mechanisms as well as in applications to the practical
structural design. In addition, it introduces new parameters that may
be of importance in earthquake studies.

The Isoseismal Invariant

An overall consideration involved in this research is an attempt to
determine the significant parameters involved in one particular set of
earthquake engineering data -the isoseismal map. In this map regions of
equal intensity are bounded by curves. There is no doubt that the loca
tion of the regions of different intensity is somewhat arbitrary and
subject to the data-taker's interpretation. However, it is an important,
recognized set of earthquake. engineering data. It would therefore be
very desirable that some generalization or invariant or parameter or
correlation be developed from this data and the present report addresses
this problem.

On purely physical grounds, it would seem reasonable that a measure
of the earthquake strength -or of its energy- is connected with the in
tensity number and the area over which this intensity number acts.

Thus -as a first step in the development of the model, it was as
sumed that the isoseismal curves may be represented by equivalent area
circles. Admittedly, some of the isoseism representations are highly
assymetric. These are probably due to linear surface or near-surface
faults. Deep focus earthquakes probably generate more nearly circular
isoseisms. In any case, an average circular representation can be taken
as a first step and its validity checked against the realities of actual
earthquakes-including the inevitable discrepancies and differences in
herent in the determination of accurate isoseismals.
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Having made the initial "oircular assumption", it is then assumed
that a basic parameter for the isoseismal analysis is the product of
"intensity times average radius to the region of constant intensity".
Physically, this is reasonable. The product (ISAV) or simply (IS) is
one measure of the localized energy generated by the earthquake. We
shall call this term the Intensity Index.

The mathematical development of the invariant is also a reasonable
one -on physical as well as mathematical grounds. It is based upon a
development described in Borg, 1974 and leads finally to the equation

(1)

in which

!:(IS) is the surrunation of this quantity from S=o (the epicenter) to
the given Intensity region

!:( IS)f is the total or final value from ~ to 1=3, which is about the
lowest Intensity reading possible

K and n are constants to be ~etermined by studying actual earthquake
isoseismal maps.

(2)!:( IS)
= e

!:(IS)f

To test this invariant hypothesis, the published isoseismals of the
following earthquakes were utilized: 1) San Fernando, Feb. 9, 1971, 2)
Friuli, May 6, 1976, 3) Udine region, June 29, 1873, 4) Washington State,
Dec. 14, 1872, 5) Imperial Valley, May 18, 1940. It was found that a
good fit for all five earthquakes is given by

S 1/3

J2E-(Sf)

The two fundamental parameters are Sf and !:(IS)r and an analysis
based upon a tentative uniqueness-existence hypothesls leads to the
conclusion that 1) Sf is influenced by soil or geological conditions
2) !:(IS)f is influenced by the surface horizontal energy of the earth
quake.

Finally, an extension of the mathematical analysis leads to the
conclusion that the total surface horizontal energy per unit radius
attenuates inversely as the Sl/3 power.

All of the above is covered in detail in the report mentioned in
the AcknOWledgement and further study is in progress in checking and
attempting to verify the different predictions which follow from the
theory.
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This paper summarizes current research at ANCO Engineers, Inc. to
promote dam integrity and dam safety. The research is sponsored by the
National Science Foundation.

The goal of the project is to promote dam safety by developing a
field portable dynamic test method for the acoustic analysis of dams.
The dynamic properties and acoustic emissions of dams will be monitored
to detect defects which could cause dam failure under extreme load condi
tions.

This dynamic test procedure will be developed by (1) conducting
research in acoustic emission monitoring of concrete, in forced vibration
testing of dams, and in finite element dynamic analysis of dams and (2)
integrating the results of the research in these three areas and provide
a quantitative assessment of dam integrity and dam safety.

Literature searches for dam failure mechanisms and discussions with
representatives of the United States Water and Power Resources Service
reveal the following: (1) most dam failures occur at initial filling and
(2) most dam failures occur as a result of foundation failure.

These facts suggest (1) that acoustic emission monitoring has proof
test application during first filling analogous to acoustic emission
proof testing of pressure vessels and (2) that periodic acoustic emission
monitoring and dynamic property monitoring has application to detect
local dam face defects (zones of high stress, zones of cracking and
regions of deteriorated concrete) and application to detect global defects
(foundation and embankment instabilities).

The results of preliminary research in each of the three project areas
are: subsequently discussed. Additional research areas are also discussed.

Preliminary Results

Acoustic emission monitoring. Acoustic emissions of metallic struc
tures have been extensively studied. However, acoustic emission of con
crete has received comparatively little attention; therefore, it is neces
sary to perform both (1) laboratory tests on concrete specimens to dis
tinguish between compressive failure of the concrete, tension failure of
reinforcing bars, and concrete cracking and (2) field tests to locate
zones of high stresses and regions of cracking and deterioration on the
dam face.

A series of preliminary laboratory tests on reinforced concrete beams
has been performed. The tests were done in both three and four point
bending. The amplitude of the acoustic emission and the total number of
acoustic emission events were recorded with a single transducer having a
125 kHz - 250 kHz bandpass filter.
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The most conclusive result of these preliminary tests was the con
firmation of the Kaiser effect in concrete. The Kaiser effect is a pheno
menon in which acoustic emissions are observed on loading but no acoustic
emissions are observed on unloading and subsequent reloading until the
previously attained maximum load is exceeded. Acoustic emission on re
loading before the previously attained maximum load is exceeded suggests
a deterioration in structural integrity.

A test to measure the attenuation of the amplitude of acoustic emis
sion in concrete was also performed. The attenuation as a function of
distance and a function of transducer resonant frequency was measured.
These preliminary tests indicate that a 10 to 15 foot radius circle of
the dam face could be adequately monitored using a transducer with a
140 kHz resonant frequency. And a 20 to 30 foot radius circle could be
adequately monitored using a transducer with a 35 kHz resonant frequency.
These tests will aid the transducer placement planning.

Dynamic testing of dams. A forced vibration test of Florence Lake
Dam located in the Southern Sierra Nevada in California has been per
formed. Florence Lake Dam is a multi-arch dam having 58 barrels. The
MK-13 eccentric mass sinusoidal shaker designed and constructed by ANCO
was used to measure resonant frequencies and map response shapes of three
of the 58 barrels. The MK-13 shaker has a maximum force output of 8,000
lbs. Equipment malfunction prevented acoustic emission monitoring.

Four candidate dams for a subsequent forced vibration test have been
inspected. The candidate dams are Big Dalton Dam (multi-arch), Morris
Dam (gravity), Big TUjunga Dam (single-arch), and Pacoima Dam (single
'arch). To aid in the development of this test plan, Southern California
Edison (SCE) , the Southern California Metropolitan Water District (MWD),
and the Los Angeles County Flood Control District (LAFCD) has given ANCO
permission to test these candidate dams as well as other dams under their
jurisdiction.

Accelerometers will be mounted on the downstream dam face to measure
resonant frequencies and to map mode shapes. Up to eight low frequency
acoustic emission transducers will be used for initial source location.
A smaller array of high frequency transducers will be used for more pre
cise source location and for source monitoring.

Dynamic analysis of dams. A linear elastic dynamic analysis of the
selected candidate dam will be performed. The calculation of stresses due
to hydrostatic, gravity, and shaker loads will allow prediction of prob
able zones of high stresses and cracking and will aid in acoustic emission
transducer placement. The calculation of resonant frequencies and mode
shapes will aid in forced vibration test planning and accelerometer place
ment. The structural model will also be used to perform seismic analysis
and to determine the effect of detected defects on dam integrity and
safety under extreme loads.

The arch of the dam will be modeled using variable node continutuIl
elements and the foundation will be modeled using one or more layers of
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eight node solid elements. Reservoir effects will be included initially
using Westergaard's added mass theory.

Additional Research Areas

Funds are being solicited for two additional tasks. These tasks are:
(1) high level forced vibration testing of Monticello Dam; and (2) added
mass theory verification.

High level testing of Monticello Dam. To promote the understanding
of dam dynamics and to promote dam safety, and United States Water and
Power Resources Services has given ANCO initial approval to perform high
level tests of Monticello Dam. Monticello Dam is a 304 foot high single
arch dam located near Sacramento, California. Monticello Dam will be
tested using the MK-15 dual unit eccentric mass sinusoidal structural
shaker.

The dual unit MK-15 shaker was designed and constructed by ANCO and
is the largest field portable structural vibrator in the world. The dual
unit MK-15 has a maximum force output of 250,000 lbs in the frequency
range of 2.5 to 30.0 Hz.

Preliminary calculations show that testing of Monticello Dam.with the
dual unit MK-15 shaker will, at maximum force output, result in a dam
crest acceleration response of 0.1 to 0.15 g and a displacement response
of 0.1 in. These high level tests, with response levels approaching those
due to moderate earthquakes, will make important contributions to: (1)
the documentation of damping; (2) the documentation of acoustic emission
events; and (3) the verification of dynamic analysis to predict dam
response to moderate level earthquakes.

Added mass theory verification. The increase in effective mass due
to the reservoir is currently predicted using Westergaard's added mass
theory. However, predicted frequencies calculated ignoring added mass
effects are often closer to measured frequencies than predicted frequen
cies calculated ignoring added mass effects.

Westergaard's theory will be quantitatively evaluated by a combined
testing and analysis program. Testing of the dam with an empty reservoir
will be used with formal nonlinear parameter identification methods to
minimize finite element modeling errors and to give a verified empty dam
model. The results of a re-analysis of the verified model with added
mass to account for the reservoir will be compared to a forced vibration
test of the dam with a full reservoir. Discrepancies between the pre
dicted results of the revised model with added mass and the measured
values will be due primarily to errors in Westergaard's theory. Formal
parameter identification will then be performed to calculate added
masses which minimize the error between the measured and predicted fre
quencies.
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Integrated analytical and experimental research on the seismic behavior
of reinforced concrete coupled shear walls is summarized. This is a part of
ongoing research sponsored by the National Science Foundation on "The Seismic
Behavior of Structural Components" at the University of California, Berkeley.

Seismic Behavior of Ric Coupled Walls

General. Reinforced concrete structural walls are commonly incorporated
in the structural systems of medium-tall to tall buildings as an effective
means of reducing interstory drifts. In certain applications, two or more
structural walls are used in the same plane of the walls. Even
in cases where these walls are assumed and designed to act as isolated walls,
they are actually coupled by the floor system. In a significant number of
applications, special coupling girders are used to deliberately utilize a
coupled structural wall system. ·The advantages and the problems created by
the use of coupled structural walls for seismic-resistant design of buildings
have been discussed in Ref. 1. The inherently increased lateral stiffness
and redundancy of a coupled system promise significant advantages over the
isolated wall-frame systems, in all the serviceability, damageability and
collapse limit states of seismic response.

While the behavior of the components of a coupled wall system, Le., the
walls and the coupling girders, can be estimated from research on these walls
acting as isolated walls and on the behavior of girders of ductile moment
resisting frames, coupling of reinforced concrete structural walls with stiff
and strong girders substantially affects the seismic response, and therefore
demands, of the individual walls when compared with their behavior if they
act as independent (isolated) members. The reversing axial force demand on
the walls introduced by the shear resistance developed by the coupling girders
and the demands on hysteretic energy dissipation of the coupling elements are
quite different than in cases where isolated walls and frames are utilized.

Present seismic code requirements for the analysis and design of coupled
wall structural systems are highly questionable [11. This is not surprising
in view of the lack of reliable experimental data and corresponding analytical
studies. This lack of information is the basic motive behind the present re
search which has the ultimate objective of developing practical methods of
seismic-resistant design for coupled wall systems and particularly combined
frame-coupled wall systems. To achi~ve this objective, integrated experi
mental and analytical studies are conducted.

Analytical Studies. The main objectives of these studies are (1) to
obtain information enabling the planning of required experimental studies
(design of testing facility, selection of models, selection of critical load
ing program, design of instrumentation and acquisition data systems, etc.);
(2) to improve present analytical methods of predicting the seismic behavior
of frame-coupled wall systems; and (3) to develop practical seismic-resistant
design methods for these systems.
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To achieve the first objective. a series of studies is being conducted
on the following basic parameters: (1) effects of different modeling assump
tions in conjunction with available linear and nonlinear dynamic response
analysis programs on the simulated dynamic responses; (2) the distribution
and magnitude of story shear demands and their time histories corresponding to a
number of recorded ground motions and arialyticalprbtotype coupled structural
wall-frame systems; (3) an assessment of the effects of the relative strength.
stiffness and hysteretic behavior between the coupling elements and walls on
seismic responses of the coupled wall system.

Experimental Studies. These studies are pursued to assess the effects
of (1) the stiffness. strength and detailing of the coupling girders and con
tribution of floor slab on the behavior of the walls and of the overall sys
tem; (2) the design and detailing of the edge members and wall panel on the
response of the wall system; (3) the addition of beams at each floor level to
frame each story wall panel; and (4) the flexibility of foundations. Further
more. emphasis will be placed on obtaining the information required to im
prove analytical modeling of these walls. such as the contribution of the
flexural. shear and axial deformations of the wall and coupling girders on the
behavior of the system. as well as the effect of cracking and loading and/or
deformation reversals on the strength. stiffness. and energy absorption of
each of the components of the system.

Summary of Work Accomplished. A comprehensive survey of the literature
on the observed post-earthquake responses of mediam-tall to tall structures
incorporating walls has been concluded, covering the rlocumentedearthquakes of
the last two decades. as well .as a survey of existing analytical and experimen
tal research on isolated structural walls. coupling elements and coupled walls.
A preliminary evaluation of the implications of the experimental results ob
tained on isolated walls and coupling girders has been completed [1].

A IS-story prototype structure incorporating coupled walls has been se
lected and designed in accordance with both UBC-73 [2] and UBC-79 [3] provi
sions. as the first subject of the analytical and experimental phases of the
research. Several linear and nonlinear static and dynamic analyses have been
conducted on the l5-storyprototype structure designed according to UBC-73
[2,4]. Based on the results obtained in these analyses. a test setup which
can accommodate one-third scale models of four-story subassemblages of three
bay coupled walls has been constructed (Fig. 1). Also. the required loading
and data acquisition systems have been designed and are being tested on a
dummy specimen.

Special force transducers capable of independently measuring axial and
shear forces as well as bending moments in the midsection of the coupling
girders were developed and tested. The use of these transducers are consi
dered necessary to determine the amount of axial and shear forces each of
the walls carries at any time during its hysteretic behavior. This infor
mation is essential for estimating the effects of wall axial forces on their
cracking and therefore on the variations of their flexural and shear strength
and stiffness.



150

The first test specimen will be a one-third scale four-story subassem
blage of the prototype coupled wall system (Fig. 1) designed in accordance
with the UBC-73 code provisions. The loading histories for the lateral and
vertical load sources are under study through the analytical nonlinear
seismic response analyses of the prototype [3,4J.

Fig. 1 Test Setup and Specimen
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This paper summarizes current research being conducted at the Earth
quake Research Center, University of California, Berkeley in the area of
experimental studies on the seismic response of piping systems in nuclear
reactors. It is part of a multi-phase project into the design problems of
such systems subjected to both thermal and seismic loading, and is sponsor
ed by the U.S. Department of Energy.' The overall project consists of analyt
ical studies, metallurgical studies, energy absorbing device design, and
shaking table tests, and the work is being done in close consultation with
an industrial advisory group from the nuclear industry.

General

The seismic safety of p1p1ng systems in nuclear power plants represents
a major design problem. The systems are complex in layout, they typically
include pipes varying in internal diameter from 0.5 to 30 in, they must be
supported in such a way that large displacements due to thermal cycling can
readily be accommodated without overstraining the pipes and at the same time
retain their integrity under the conditions associated with seismic excita
tion. The thermal and seismic conditions represent conflicting design re
quirements. The former calls for a minimum of thermal restraint so that
the piping is free to move with the minimum of stress due to self-straining;
the latter calls for a maximum support relative to the ground to minimize
dynamic seismic stresses.

Current design procedures separate these two effects by frequency and
introduce velocity-dependent devices that permit the slow displacements
associated with temperature change without inducing significant forces, but
that effectively lock and prevent pipe displacement at the point of connec
tion at the high frequencies associated with earthquake ground motions.
These 'snubbers' are of simple hydraulic damper design that use fluid vis
cosity to produce the required velocity-dependent characteristics.

There are several problems associated with using snubbers as a solution
to the design problem: they are relatively expensive, they are bulky and
hence present a layout problem in complex systems as each snubber provides
support in one direction only, they require constant maintenance to ensure
that they retain their performance specifications, and finally, even if
they do behave as specified, there is no provision for significant energy
absorption that could reduce pipe stresses under seismic excitation. The
studies reported in this paper aim at changing the design concept and re
placing the snubbers with simple energy absorbing devices made of ductile
steel.

Use of Ductile Restrainers

The use of ductility as a means of controlling dynamic response is
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widely accepted in seismic design, and it is appropriate to study its ap
plication to the seismic design of piping systems. What complicates the
problem in this case is the need to accommodate large thermal displacement.
Any ductile device permanently connected to the piping has to accept the
global thermal displacements of the system by elastic or ductile deformation
without introducing significant self-straining forces into the piping. And
under seismic conditions and at any point in the thermal cycle, the device
must act as an efficient energy absorption restrainer that will reduce the
pipe stresses when compared with either the unsupported or the fully sup
ported case.

As part of this overall project, studies have already been conducted by
other investigators into the effect of support ductility on the stresses in
straight multi-supported pipes [1J, the development of computer analysis
for complex piping systems [1,2], the design of ductile restrainer devices
[3], and material properties [4]. The shaking table tests are a focal point
in the total program and will eventually demonstrate the feasibility of the
design concept.

Shaking Table Tests

The shaking table tests are designed to parallel the computer analysis
and the studies on device design, and to bring together the various aspects
of the problem in a practical context. Various configurations of pipe sys
tems will be studied, both planar and three-dimensional, and different re
strainer designs and locations will be used to control dynamic response.
In the first instance ductility will be restricted to the energy absorbing
support devices and the pipe stresses confined within the elastic range •

. Later it is possible that consideration will also be given to permitting
some level of yielding within the pipes themselves. In all tests, the
table motions will consist of either horizontal, vertical or simultaneous
horizontal and vertical components applied with increasing intensity.

The first series of tests, which is currently underway, consists of a
horizontal three-sided rectangular plane loop made of 3S40 pipe filled with
water. The U configuration has side dimensions of 11 ft 3 in., 17 ft 7 in.,
11 ft 3 in. It is rigidly supported at the ends of the U, and vertically
restrained at the two pipe corners which are unrestrained horizontally. In
the first instance a single ductile restrainer will be fitted to control
dynamic displacements in the horizontal direction parallel with the long
17 ft pipe axis, and the table motions will be applied in this direction.
The restrainer will consist of a simple constant depth cantilever with a
linear taper in width and cut from low-carbon steel plate. This design has
been studied in another phase of the project [3J. Subsequently, tests will
be conducted on the same pipe loop using vertical table motions and simul
taneous vertical and horizontal motions, and for these tests the vertical
restraints at the pipe corners will be replaced with elastic and ductile
restraints in parallel at both corners. The elastic restraints will support
the self-weight of the piping and center the system after the simulated
earthquake; the ductile restrainers will control the vertical dynamic dis
placements. For seismic restraint the proposed ductile devices may have to
act under a variety of possible initial conditions as related to the thermal
cycle of the complete systems - in an unbiased position, in a fully biased
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position, and in either of these cases either before or after the maximum
number of thermal cycles expected in the life of the plant. All these pos
sibilities will be simulated in the test program and comparative studies will
be designed to show any serious effects of degradation with cycling.

It is anticipated that a second test series using a three-dimensional
pipe system will also be conducted in order to investigate the design, lay
out, and response problems associated with the development of ductile re
strainers for the more complex configurations encountered in nuclear power
plants.
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Fig. 1 Typical Diagonal
Eccentric Bracing [3].
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This is a brief status report on experiments with eccentrically
braced structural steel frame models subjected to quasi-static cyclic
loadings simulating seismic effects. Design implications and the needs
for future research are indicated. This research is co-sponsored by the
National Science Foundation and the American Iron and Steel Institute.

ECCENTRICALLY BRACED STEEL FRAMES

Background

In structural steel frames diagonal braces for resisting lateral
forces have been occasionally deliberately off-set from beam-column joints.
Spurr [1] in his 1930 book on Wind Bracing suggests such use for architec
tural reasons, and it would appear that tall buildings employing braces
~vith large eccentricities of diagonal braces at the joints were built in
the New York area. A specific use of eccentric joints in spread K-braces
for seismic applications has been studied by Fujimoto [2]. Experimental
and analytical results on diagonally braced frame models with eccentric
connections of the type shown in Fig. 1 reported by Roeder and Popov [3]

aroused further interest in eccentrically con
nected bracing. In this study a 20-story four
bay frame of a square office building served
as the prototype. Quasi-static cyclic experi
ments were performed on one-third scale models
for a braced bay for the lower three floors of
the prototype. The short segments of the beams
(shear links), identified by the length e in
Fig. 1, were so proportioned that during
plastic deformation the webs yield in shear be
fore reaching the moment capacity of the beam.
These test frames exhibited excellent hysteretic
behavior far into the inelastic range, indicat
ing that the ductility and energy absorbing
capacity of properly designed eccentrically
braced frames is very good. Prompted by these

findings several major buildings were designed using this system of bracing
and are currently under construction in California.

Objectives of Continuing Research

Because of the promising nature of the concept of eccentric bracing
of steel frames for seismic design, the research is being continued along
two directions. First, since functional (architectural) considerations
may impose locating the shear links elsewhere from that shown in Fig. 1,
alternative locations should be investigated. Second, since buckling
caused by cyclic yielding in the webs of the shear links may occur during
a severe earthquake, the current code provisions for the beam depth-to-web
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thickness ratios may not be sufficiently conservative. To prevent buckling
of the webs vertical stiffeners along the shear link may be required in
some instances. Both aspects of the problem are being studied in this
investigation.

Current Frame Experiments

K-bracing offers an advantage over the diagonal bracing of the type
shown in Fig. 1 by permitting large, unobstructed openings in the middle
of a bay. For this reason K-bracing is frequently used in practice. By
arranging such bracing with eccentricities at the joints such frames may
be made to behave in a very ductile manner, and the resulting shear links
would effectively dissipate energy during severe cyclic loadings.

Fig. 2: Two Eccentric Bracing Schemes

(b)(0)

Two models employing the eccentric R-bracing schemes illustrated
diagrammatically in Fig. 2 were designed and built. As in the earlier

tests, each one of these frames
modeled to one-third scale a
braced bay of the lower three
floors of a 20-storyoffice
building. In both frames the
shear links, having the lengths
e, were designed to-yield in
shear first. For the frame
shown in Fig. 2(a), to facili
tate the assembly of essentially
concentric joints at the bottom
of the braces, small eccentric
ities were introduced. Note
that three active shear links
are required at the second
floor level for the frame shown
in Fig. 2(b); otherwise, the
first story braces would not
be protected from the possibil
ity of backing by a shear link.

To date experiments with these frames indicated two problem areas.
The beams had a tendency to develop lateral torsional buckling, and the
webs of the shear links buckled at moderately large lateral displacements
of the frame. The observed lateral torsional buckling of the beams in large
measure was due to the experimental set-up, and can be easily prevented in
applications. However, the buckling of the webs in the shear links requires
further investigation. It is important to note that in the earlier tests
[3J where W6 x 12 beams were used, the shear links behaved well. Whereas
in the new series of tests with W8 x 13 beams the webs in the shear links
buckled earlier. Both beams had webs 0.23 in. (5.8mm) thick.

Design Implications

Eccentric bracing of structural steel frames provides an effective
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means for absorbing and dissipating energy input caused by a severBearth
quake. Many schemes for locating the critical shear hinges appear possible.
These hinges must be designed to yield in shear before the development of
plastic end moments [4,S]. The AISC lateral bracing provisions for plastic
design [6] appear to be appropriate for preventing lateral torsional buck
ling of the beams. However, considerable care must be exercised to prevent
the webs in the shear links from buckling prematurely. Some guidance on
web buckling of beams under monotonic loads is available [7]. For seismic
applications for the present the possible need of stiffeners along a link
can be based on the satisfactory performance of the links in the Roeder
Popov experiments [3]. This aspect of the problem is commented upon in Ref. S.

Projected Research

The two frames of the type shown in Fig. 2 are now being modified. The
shear links are being reinforced with vertical stiffeners, and a better
lattera1 support system for the beams will be provided during testing. With
these changes it is believed that the frames will exhibit very good ductility.

Criteria for determining the cyclic buckling loads for the webs of the
shear links must be more firmly established. For this purpose an integrated
analytical and experimental approach is being pursued. The cyclic experi
ments on the shear links are likely to be on full-size specimens in the W18
class of section"s.

References

[lJ Spurr, H.V., Wind Bracing, 1st ed., McGraw-Hill, New York, 1930, p.S3.

[2] Fujimoto, M., et al., "Structural Characteristics of Eccentric K-Braced
Frames", Transactions, AIJ, No. 19S, May 1972.

[3] Roeder, C.W., and Popov, E.P., "Eccentrically Braced Steel Frames for
Earthquakes", J. Structural Division, ASCE, Vol. 104, No. ST3, March 1978.

[4] Popov, E.P., and Roeder, C.W., "Design of an Eccentrically Braced Steel
Frame", AISe Engineering J., 3 rd Quarter, 1978, VoL IS, No.3.

[5] Popov, E.P., "Eccentric Seismic Bracing of Steel Frames", Proceedings,
7th WCEE, Istanbul, Turkey, September, 1980 (in press).

[6] Manual of Steel Construction, AISe, 7th edition, New York, 1970.

[7] Basler, K., "Strength of Plate Girders in Shear", J. Struct. Division,
ASCE, Vol. 87, No. ST7 October, 1961; and Transactions, ASCE, Vol. 128,
Part II, 1963.



157

Joseph M. Plecnik
Associate Professor

Civil Engineering Department
California State University, Long Beach

Mai G. Pham
Graduate Research Student

Civil ENgineering Department
California State University, Long Beach

Han Chan
Graduate Research Student

Civil Engineering Department
California State University, Long Beach

Introduction

Earthquake related research at California State University, Long
Beach has been and is currently directed towards two specific areas.
First, the performance of epoxy repaired concrete components subjected
to various environmental and load conditions including elevated tempera
tures and fire. Second, the development of design parameters and design
procedures for fiberglass reinforced plastic tanks. Both of these re
search topics will be discussed.

Research on Concrete Repair

Extensive research has been completed or is presently in progress con
cerning the behavior of structures during earthquakes. However, a rela
tively small amount of research information is available on the behavior
of earthquake damaged structures that were subsequently repaired or re
habilitated by various techniques. Therefore, a research program
sponsored by the National Science Foundation has been in progress since
1974 at California State University, Long Beach dealing with repaired
structures and predictions of their behavior under future earthquakes,
fires and other adverse climatic conditions. Primary emphasis during
current and future research programs has and will be devoted to epoxy
repaired structures damaged by earthquakes and subsequently repaired with
epoxy adhesives.

Past research at California State University, Long Beach and other
universities and institutions indicate that damaged structures repaired
properly with epoxy adhesives are restored to original design strength
levels. However, strength properties of epoxy adhesives deteriorate
rapidly at elevated temperatures. Therefore, experimental programs are
in progress or in planning stages which will investigate the strength
properties of epoxy repaired components during and after fire exposure
and future earthquakes. The current research program is directed pri
marily towards epoxy repaired concrete shear walls and beams.

The primary objectives of the research programs are as follows:
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1. Investigate the behavior and strength characteristics of epoxy
repaired concrete beams and columns during fire exposure.

2. Determine the nature and extent of residual strength of epoxy
repaired structural components after fire exposure under both
simulated seismic loads and dead loads.

To achieve these two objectives, an experimental program has been
developed beginning with small-scale specimens and culminating with
standard ASTM E-119 fire tests for shear walls and beams. The experi
mental results will be used to develop appropriate fire ratings for
epoxy repaired structures.

Results for shear walls have been completed indicating that the
type and duration of fire (ASTM E-1l90r the Short Duration High Intensity
Fire), the thickness of the crack, the thickness of the shear wall and the
presence of fire protective coatings are the primary test parameters
which must be considered. References 1, 2 and 3 provide a complete sum
mary of the test results on epoxy repaired concrete shear walls.

After completing the research program on the epoxy repaired shear
walls, the research efforts are currently being directed to the behavior
of epoxy repaired concrete beams subjected to elevated temperatures, fires
and subsequent earthquakes. This experimental program will attempt to
study a variety of parameters including (a) the feasibility of epoxy
repair techniques for various types of damaged beams, (b) the temperature
properties of epoxy-grout, (c) the characteristics of epoxy rebonded steel
reinforcement under elevated temperatures and, (d) the effectiveness of
fire surface coatings for epoxy repaired concrete beams. Upon completion
of this research on epoxy repaired beams, the effects of elevated tempera
tures and fire on epoxy repaired concrete columns will be investigated.

Earthquake Research on Fiberglass Tanks

The second area of earthquake related research at California State
University, Long Beach deals with the design procedures and strength
properties of vertifal fiberglass tanks. This research program has been
in progress since 1976 and has been sponsored by Dart Fiberglass Division,
Proform Inc., and Tankinetics, Inc.

In this fiberglass tank research program, the topics which have been
and are currently being considered include the following:

1. Anisotropic material properties for more than 1,000
different wall thicknesses and laminar constructions
were developed.

2. More than 800 finite element models for seismic lateral
loadings and slushing were developed for the various tank
and laminar constructions.
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3. Design procedures for filam~nt wound fib~rglass tanks were
developed taking into consideration the Uniform BUilding Code
and ASTM D3299.

4. Anchor bolts and lugs were designed for optimum structural
performance and cost.

S. Experimental investigations were performed on small-scale
specimens and full-scale tanks using static and simulated
seismic loads.

6. Currently, tests are being conducted on the performance of
fiberglass tanks during various types of fire exposures and
flame spread characteristics.
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This paper summerizes current research at the University of California
at Los Angeles sponsored by the National Science Foundation in the areas
of Building Full Scale Earthquake and Ambient Response Measurement and
Data Analysis, and System Identification.

Building Full Scale Earthquake and Ambient Instrumentation

The UCLA Full Scale Earthquake and Wind Laboratory was created in the
spring of 1975. The formation of this laboratory was the logical organi
zation result of past research interests which existed at UCLA for many
years prior to 1975. Work prior to that date was primarily supervised by
R.B. Matthiesen and the author. NSF funding in 1975 for an indepth instru
mentation of the high rise buildings in the Century City area of Los
Angeles was the corner stone in the laboratory foundation. Since the for
mation of the laboratory the following buildings have been instrumental:
(1) Twin 43 - story Steel Frame Theme Buildings in Century City (24
accelerometers). (2) 25 - story Steel Frame Century City North Building
(16 accelerometers). 0) 7 story Shear Wall UCLA LIfe Science Building
(32 accelerometers). The above buildings record earthquake and ambient
response, transmitted by telephone and radio, on a 128 Channel Kinemetrics
DD51105 Analog to Digital Recorder. Response sensors are Kinemetrics
FBA-1 accelerometers. The replacement cost of instrumentation in these
three buildings is approximately $150,000.

The laboratory has a commitment to providing assistance to the State
of California strong motion program. This assi.stance has been in selection
of buildings for instrumentation, selection of instrument locations and
data analysis. The laboratory personnel performed this assistance on two
buildings of special note. One is the 3 story shear wall North Hall build.,..,
ing on the UCSB campus. Harmonic vibration tests were performed on this
bUilding before and after a major structural strengthening. In addition,
the earthquake response records obtained in this building during the August,
1978, Santa Barbara earthquake were analyzed. The second building of note
was the El Centro County Services building. This building is of consider
able future interest to earhtquake engineers.

Building Full Scale Earthquake and Ambient Response

Ambient response measurements can be obtained in a planned manner.
This has been done for the above noted buildings.

Earthquake response measurements are beyond one predictable control.
However, in addition to the North Hall and E1 Centro County Services Build
ing earthquake response records, earthquake response of the Life Science
building was measured during the 1979 Malibu earthquake. These records
are presently under analysis.
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What are the Objectives?

Besides obtaining full scale real world building response measurements
what are the basic objectives of the program? The items which are believed
to require measurement insight and therefore are at the current foundation
of our research objectives are: (1) What is the actual measured twisting
motion of building floors and foundation? (2) What is the actual measured
rocking or overturning of building foundation1 (3) Are seismic joints
working? (4) What are actual measured intro-story motions? (5) Can
floor acceleration response records obtained from periodically obtained
ambient response tests be used to detect structural damage or a loss in
building strength? We have planned building instrumentation arrays in an
attempt to obtain measurement data which will help to answer thes.e ques
tions.

System Identification

Full Scale building measurements are most valuable if this full scale
real world laboratory test data can he used to assist in the verification
of analytical models which can then be used for the design of new build
ings and the evaluation of existing buildings. System Identification
research must provide help in this area. Three completed UCLA Bh.D. theses
funded by NSF grants have made a small step toward providing this help.
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The inelastic deformations that earthquake motions can produce in
structures are being investigated by means of experiments conducted with
a high-performance shaking table. In particular. the maximum and permanent
displacements produced by various intensities of the N21E component of the
Taft (1952) earthquake are being established. The objectives of the
experiments are to gain a better understanding of the structural mechanics
involved in the development of inelastic deformations during earthquakes
and to accumulate experimental data that can be used for checking the
accuracy of existing computer programs for nonlinear dynamic analysis of
structures. Experiments are being conducted on three types of structures:

(1) Steel frame structures
(2) Coupled reinforced concrete shear walls
(3) Reinforced earth walls.

Steel Frame Structures

The steel frame structures are designed to reproduce the overall
behavior of three story shear-type buildings in which the flexural stiff
nesses of the beams are large compared to those of the columns. The floors
consist of 2 in by 1/2 in rectangular steel bars bolted together to form
12 in by 24 in rectangular frames. The columns have 1/2 in by 1/4 in
rectangular cross-sections and clear heights of 8 in. They are machined
from bars of hot-rolled A36 steel and assembled so bending takes place
about their weaker axes. Each structure was subjected to several levels
of intensity of a motion derived from the Taft (1952) earthquake. record.
The lowest level of intensity was chosen so the response of the structure
would remain within or barely outside the linear range of behavior. The
highest levels of intensity were chosen to produce inelastic. including
permanent. deformations. The structures were subjected to motions having
acceleration and velocity peaks up to 5 g and 50 in/sec respectively.
The results from experiments on twenty structures have been described in
reference (1). The experimental data i§ being used to check the accuracy
of the computer program DRAIN-2D(2). '

Coupled Reinforced Concrete Shear Walls

The coupled reinforced concrete shear walls consist of two in-plane
shear walls connected by five beams. The overall dimensions of the walls
are 9 in wide, 30 in high and 1 in deep. The individual shear walls are
3 in wide, and they are reinforced with a total of 10 longitudinal bars
of No 4-40 threaded steel rods. The 3 in long by 1-1/2 in deep coupling
beams are reinforced with four No 4-40 threaded steel rods that have been
annealed to reduce the yield s'tress' of die s'teel to about 45 ksi. Shear
reinforcement is' provided by .05 in diameter black annealed steel wire.
The walls will be tested in pairs, 24 in apart, but connected at each
floor level by two steel bars weighing 100 lb each. The natural fre
quency of the resulting structure will be about 20 Hz, and it will be
subjected to a time-scaled version of the Taft (1952) earthquake record.
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The first pair of shear walls have been constructed, and the shaking table
experiments are scheduled for Spring 1980.

Reinforced Earth Walls

The reinforced earth walls were constructed using 1/4 in by 3 in by
30 in plexiglas plates as face elements, 1/2 in wide strips of mylar tape
as reinforcing ties, and a fine sand with an internal angle of friction
of about 350 as backfill. The horizontal and vertical spacings between
ties in the backfill was 6 in and 1-1/2 in respectively. The backfill
was placed uniformly by letting the sand fall through a spreader box
from a height of 18 in. This procedure results in a backfill that has an
average density in place of 103 lb/ft3 or a relative density of 85%.
Walls with heights of 12 in, 18 in, and 24 in and tie lengths from 10 in
to 30 in have been subjected to motions derived from the Taft (1952)
earthquake record. Some results from tests on 18 in high walls have been
reported in reference (3). It is planned to use the experimental results
in developing a computer program for calculating the magnitudes of earth
quake-induced permanent deformations in reinforced earth walls.
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Experimental Dynamic Response of Highway Bridges

A program to experimentally identify the dynamic characteri sti cs of
highway bridges (frequencies, mode shapes, and damping) was begun in 1974.
The experimental transverse dynamic properties were obtained by the method
of quick-release pullback testing where multiple crawler tractors were
used to laterally deform the structure. Vertical motions were studied by
using excitations produced by random truck traffic, and by excitations
caused by dropping the rear wheels of a loaded truck off small ramps.

In the initi a1 study a six span composite girder bridge was examined
in detail [1]. Under the current program experimental data has been col
lected for two additional bridges. One is a reinforced concrete box girder
structure and the other is a variable depth skewed composite girder
bridge. In addition, a limited amount of ambient vibration data (suitable
for frequency identification only) was obtained for these structures. The
ambient vibration data will be used to help establish the extent to which
the test results depend upon the amplitudes of vibration.

The experimentally determined damping ratios, mode shapes, and
natural frequencies were then used in conjunction with a detailed lumped
mass analytical model to establish the appropriate structural modelling
assumptions. The relevant earthquake response behavior of the structure is
developed by using these experimentally calibrated analytical models.

A. Concrete Box Girder Interchange

This bridge is a five-span 400 foot long reinforced concrete girder
bridge supported by four single column piers and elastomeric bearing pads
at the abutments. The structure is supported on pil es because the soil
profile consists of a layer of soft clay over a layer of stiff clay on
dense sand and gravel.

Four transverse and three vertical mode shapes were identified for
this structure along with its natural frequencies. From these dynamic
characteri sti cs it was passi ble to infer the important structural prop
erties of the system: (a) the stiffness of the elastomeric bearing pads
due to short duration loads, (b) the effective moments of inertia of the
individual spans for both vertical and transverse motions, (c) appropriate
transverse shear deflection factor for the box girder and (d) the in
dividual in-situ lateral stiffness of the pile foundations.

Preliminary conclusions are [2]: (a) the elastomeric bearing pads are
many times stiffer in resisting short duration loads than the long- term
thermal strains. (b) the effective transverse moments of inertia and shear
deflection factors are consistent with the extent of cracking in the box
section caused by vertical loads and (c) the lateral stiffness of the pile
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foundations is a significant factor in determining the lateral earthquake
response of the bri dge. The sei smi c response of thi s system wi 11 be
compared to the results from the design criteria, and to the current
AASHTO requirements.

B. Variable Depth Skewed Composite Girder Bridge.

This five girder bridge is a three span 400 foot long continuous beam
railroad overcrossing with a 540 skew on 1-80 at Deeth, Nevada. A complex
finite element space frame model was developed to explain the relatively
complicated experimental data obtained from this bridge.

Pre1imi nary resu 1ts [3J i ndi cate that the transverse braci ng frames,
and the presence of a large sidewalk-barrier rail detail on the outside
girders, strongly influence the response of the system. In addition, a
simple single girder model of the system is quite inadequate to explain
the dynamic data. The behavior of this system under earthquake loads will
be examined in detail.
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The purpose of the National Science Foundation supported research is to
improve the earthquake response of electric power substations. The 1971 San
Fernando and 1978 Sendai, Japan earthquakes demonstrated that substations and,
in particular, higher voltage equipment are vulnerable to severe earthquake
damage. This research has three main thrusts. First to develop a draft de
sign guide, develop educational material to be used by utilities primarily
outside of California where little is now done to improve seismic response
of substations, and perform research to investigate potential problem areas
in substations.

Draft Design Guide

A draft of a substation design guide is to be prepared and submitted to
the Electric Power and Communications Committee, Technical Council for Life
line Earthquake Engineering, American Society of Civil Engineers. The Com
mittee will use this as a working draft to prepare a censensus document. As
part of the design guide an annotated Bibliography (1) has been prepared and
submitted to ASCE for publication. The Bibliography contains 485 items and
is cross referenced so that information on different types of equipment can
be identified, such as circuit breakers, transformers, cooling towers, pip
ing, etc. or by type of work such as analysis, damage reports, or tests. The
power systems part of the Bibliography is 80 pages in length.

Improving Substation Design in Regions of Low Seismic Awareness

Outside of California very little has been done to improve the earth
quake resistance of substations. The techniques are available and the cost
of their implementation on new facilities often is less than those associa
ted with current practice. Thus, if improved earthquake resistance is to be
achieved without mandatory regulations, educational material must be pre
pared which clearly shows the problems and low cost methods for reducing da
mage. The first stage of this effort, a picture book which illustrates pow
er system damage and low cost methods to improve earthquake resistance, is
complete (2) and is now being published. Several sample designs for com
bined loads (ice, wind, short circuit, and seismic) on substation equipment
are being developed to illustrate those features which affect earthquake re
sistimce.

Special Problems of Earthquake Resistance of Substations

Two additional analysis/experimental programs are in progress. The
first is developing a finite element model of a 765 kV circuit breaker using
special methods for evaluating the reliability of ceramic members (3). The
San Fernando earthquake and subsequent analyses have shown that high voltage
circuit breakers are very vulnerable to earthquake damage. To date, the
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highest voltage circuit breakers which have been subjected to detailed dyna
mic analysis and testing have been of the 500 kV class. Permission has been
obtained to test a 765 kV circuit breaker under low level excitation. De
tailed analysis is now in progress.

Some of the damage from the Sendai, Japan earthquake indicated that the
dynamic response of long flexible primary conductors or busses induced equip
ment failures. In addition, there are no standards or guides as to the ten
sion which should be applied when installing flexible busses. Finite ele
ment analyses are being used to investigate these problems.

Included in the References are papers prepared with NSF support.
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The San Fernando Earthquakes demonstrated the vulnerabil
ity of elevators to earthquakes. In the Los Angeles area there
was little structural damage to high rise buildings from the
earthquake. Yet 640 elevator counterweights, mostly in Los An
geles, came out of their guide rails. In this condition, should
the counterweights and elevator cab attempt to pass each other,
severe damage will result and create a severe life-safety hazard.
The earthquake hazard of elevators can, by and large, be elimina
ted with current technology. The difficulty is that the cost of
these solutions is so great that there would be tremendous re
sistance to adopting such a code in many parts of the country
where elevator seismic performance should be improved. This re
port describes the research directed at improving the earth
quake response of elevators in a cost-effective manner.

Modeling Counterweight-Rail System

The counterweight-rail system consists of a stack of about
20 weights constrained to a frame (the counterweight frame).
While the frame is designed to keep the weights within it, the
weights are free to move from one to several inches within the
frarr:e. The frame has guides at each of its corners which keeps
it within the guide rails. Figure 1 shows a schematic of the
system. The stiffness of the frame and the rail are about the
same. The counterweights and frar.-le typically weigh about 7, 000
pounds. The seismic response of the structure primarily causes
rectilinear motion in and perpendicular to the plane of the
paper of Fraffie 1. There may also be rotating about the horizon
tal and vertical axis. Motion, particularly when the counter
weights are between floors can be quite nonlinear. Nonlineari
ties arise from the gaps between the weights and the counter
weight frame and the counterweight frame and the rails and
changes in system stiffness as the counterweight frame comes in
contac~ with the rails.

At the present time a simplified physical model has been
constructed and tested. Test results are being evaluated to
identify different types of response due to system nonlinearity.
These results will form the basis for validatina nonlinear fi
nite element models. The finite element models will then be
modified to determine the influence of various system natural
frequencies, spacing between elements and the introduction of
dissipative materials into the design. The results of these
studies will indicate certain design parameter combinations to
be avoided and the effectiveness of design modifications.
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Nodeling Elevator Rope Dynamics

Finite element models to evaluate the dynamic response of
elevator ropes are being made. Rope dynamics are a problem for
both seismic loads and wind loads on structures. Simple pas
sive means for dissipating or converting the energy in the ropes
to a nondestructive form.

Influence of Structural Response on Elevators

The seismic dynamic response which the elevator system ex
periences, particularly higher in the structure is narrow band
excitation corresponding to the lower structural modes of vibra
tion. Aside from the frequency, which is prinarily influenced by
the height of the structure, the structural system used to re-,
sist lateral forces may have a strong influence on elevator re
sponse. Clearly, in a core type sytsem in which the elevator
shaft serves as the main lateral load resisting element, the
motion within the core would be much less than that observed at
the periphery of the structure particularly if nonsYmmetry in
duces tortional responses.

In this phase of the research ambient response data is to
be gathered from several structures which characterize different
building systems. The influence of the structural system on the
elevators will then be assessed for each system.
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~ Guide Rail
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Counterweight
Frame
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FIGURE 1
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Two projects are described in this research summary. The first project
has recently been completed while the second project is in an early state
of progress. Both projects are financially supported by the Earthquake
Hazards Mitigation Program of the National Science Foundation.

Applications of Model Analysis in Earthquake Engineering

This project is a continuation of previously reported work on scale
modeling and testing of structures on small shake tables. The last phase
was concerned primarily with the simulation of material properties at
model scales, with specific model case studies and with the application of
model analysis to different aspects of earthquake engineering research.

Adequate simulation of material properties has been found to be the
most important aspect of model research, particularly under dynamic excita
tions. Materials for modeling of steel structures (structural steel and
copper alloy 510) and reinforced concrete structures (wire-reinforced
microconcrete) were investigated under low and high strain rates and were
found to be adequate model materials for many applications. A comprehensive
set of material data has been assembled for direct use in model studies,
and systematic material testing procedures have been developed for the in
vestigation of alternative model materials.

The adequacy of the simulation of prototype response has been studied
~n a series of dynamic tests on models for which prototype test data were
available. The correlation between model and prototype response was good
to excellent, depending on the type of structure. Whenever discrepancies
in the response were observed, the causes were identified and evaluated to
assess the limitations of model research in earthquake engineering.

Sample test results of model case studies are presented in Figs. 1
and 2. Figure 1 shows a comparison of the localized inelastic response
(strain history in a joint panel zone) of a prototype and 1:6 scale model
of a three story steel frame structure tested on shake tables. Figure 2a
shows load-deflection hysteresis loops of a reinforced concrete cantilever
beam with high shear. The solid lines represent the prototype response
while the dashed lines represent the response of a 1:15 scale model. The
effects of different strain rates on the load-def1ection behavior of rein
forced concrete beams are illustrated in Fig. 2b which shows the results
of 1:15 model tests carried out with frequencies of 0.0025, 2 and 10 Hz.

The research has demonstrated that model analysis can be used in many
cases to obtain quantitative information on the seismic response of complex
structures which cannot be analyzed confidently by conventional techniques.
Methodologies for model testing and response evaluation have been developed
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in the project and the possibilities as well as limitations of model
research in earthquake engineering have been investigated.
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Experimental Methods for Determining the Seismic Behavior of
Structural Components

This research is concerned with the development of experimental
procedures for determining the seismic response characteristics of compo
nents of steel structures. From this study a set of recommendations will
be developed for the type of experimental work that is needed to produce
reliable information which can serve as a basis for the development of
rational design criteria.

Specifically, it is planned to identify the types of test specimens
and experiments needed to evaluate the performance of components. The low
cycle fatigue characteristics of components will be studied in detail in
order to develop recommendations for cyclic loading histories and testing
procedures. The parameters will be identified that are needed to describe
the behavior of the component as part of a structural system which maybe
subjected to one or several seismic events of various intensities.

Emphasis will be placed on developing low cycle fatigue and fracture
models for components under random loading histories. This should permit
a more rational evaluation of the reliability of structural components and
connections under seismic excitations. Damage accumulation models will be
developed utilizing material fatigue properties as well as experimental
data from a series of cyclic loading tests of structural components. The
approach to the reliability evaluation of connections will be based on
concepts of probabilistic elastic-plastic fracture mechanics, utilizing the
~J integral to model crack propagation.

This research originated from a need for a more systematic approach
to experimentation and presentation of data in earthquake related laboratory
investigations of the performance of structures. The specific needs to
wards which the proposed research is directed are (1) identify the objec
tives of experimental studies, (2) develop guidelines for the selection of
test specimens, testing procedures, and presentation of experimental data,
(3) establish guidelines for a consistent user oriented evaluation of ex
perimental data, and (4) aid in an evaluation, and, if necessary, revision
of present national standards concerned with relevant testing procedures.
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H. E. LINDBERG, G. R. ABRAHAMSON, and J. R. BRUCE

SRI International

We have completed the second year of an NSF-sponsored program to
develop a technique that uses explosives to simulate strong level, earth
quake-like ground motion. The long range objective is in-situ testing of
soil-structure interaction and of large structures with complex internal
equipment systems. The technique will be applicable to buildings, nuclear
reactors, water and oil tanks, pipelines, power distribution systems, dams,
bridges and tunnels.

The technique produces ground motion by simultaneous firing of a
planar array of vertical line sources as sketched in Figure 1. Controlled
release of the resulting high-pressure explosion products from a steel
canister into a surrounding rubber bladder within each source allows con
trolled pressurization of the surrounding soil. In this way, both the
amplitude and frequency content are controlled at levels suitable for
testing with the array close to the test structure. This opens the possi
bility of in-situ testing at high levels of ground motion with a minimum
of explosive and little disturbance to the surroundings. Only spent gases
are released to the atmosphere, so tests in populated areas are possible.
The array can be reused indefinitely by simply inserting new charges into
the canisters. Charge weights are hundreds of pounds rather than hundreds
of tons as in comparable uncontained arrays.

Figure 1 summarizes key results from the largest charge fired last
year (6.2 pounds in the total array) and gives plans for this year. The
6.2 pounds translates into 120 pounds in the 40 x 80 foot array to be
tested this year. The 120 pounds is three orders of magnitude smaller
than the 140,000 pounds of explosive fired by the University of New Mexico
in uncontained array tests for EPRI. Motion from the contained array is
comparable to that in the much larger uncontained array, and models of the
same size as in the EPRI tests are planned.

Seven array tests were performed this year and are summarized in
Figure 2 in a comparison with theoretical predictions. These tests demon
strated that the array is reusable for many tests, that tests with the
same amount of explosive are repeatable, and that tests with increased
amounts of explosive give a systematic increase in motion amplitude. The
theory is an elastic-plastic calculation based on measured properties of
"undisturbed" soil samples taken from the site. The key result of both
theory and experiment is that energy coupling between the array and soil
increases abruptly beyond a critical source pressure at which the entire
soil mass between sources is driven into the plastic range.

In application testing, the array could be fired at the rate of a few
tests per week for an indefinite period with little or no repair between
tests. This year's larger sources are designed so they can be removed and
used for testing at other sites if desired. In tests with the larger array,
a 30 x 30 foot test area will be available for other experimenters on a
first-come basis. Interested parties should contact the authors at SRI or
Dr. M. P. Gaus at NSF.
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This array is 15 feet deep and 30 feet wide. Tests this year with a 40 x 80 foot array will produce
similiar motion in two 30 x 30 foot test areas, one on each side of the array. Time of motion will be
expanded by a factor of 3 and corresponding peak motions will be 0.6 9 acceleration, 12 in./sec velocity,
and 1.2 inch displacement. Larger and smaller values and other frequencies will be produced by adjusting
the source pressure and duration and by using multiple explosions in each source.
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FIRDAUS E. UDWADIA

University of Southern California

This is a brief summary of some of the research which is being con
ducted at the University of Southern California in the area of identifica
tion and optimization.

1. Study of Uniqueness Problems in System Identification [1,2]

An investigation has been carried out into the nature of nonunique
ness in parametric modeling of building structures. Using the simple
model of a damped shear beam, the discrete stiffness and damping para
meters have been shown to be uniquely identifiable if time history records
are obtained at the lowest story. The analysis further goes on to show
that nonuniqueness problems may have, from an engineering standpoint, a
significant practical impact on the predicted values of base shear forces.

2. System Identification for Large Systems through Optimal Control Formu

lations [3,4]

A new method of system identification using optimal control strate
gies has been developed. The method shows promise in dealing with large
dynamic systems, in that it updates the parameter guesses in a systematic
and automatic manner with computational efficiency which far surpasses
that available in the usual identification procedures. For large systems
where a large number of parameters need to be identified, this technique
appears to work well.

3. Optimal Sensor Locations for Structural Identification [5]

The research in this area a~dresses the following question: "Given
M sensors, where should they be located so that the records obtained from
those locations yield the "best" estimates of the system properties?" The
optimal sensor location problem can be viewed at in terms of: (1) a class
of models, (2) a class of parameters (functionals) to be identified, (3)
the class of inputs to be used for identification, and (4) the class of
estimators used for the identification •

•
The line of reasoning followed by us is to uncouple the identifica~

tion aspects from the optimization aspects of th~ problem. This leads to
results which are independent of the estimator used.

A general methodology [5] has been developed for optimal sensor lo
cations in building structures and it appears to give results which bear
out the answers available from direct computations.

4. Methodology for Locating Strong Motion Arrays [6]

Investigation of a methodology for locating strong motion accelero
graphs in a seismically active region is currently being undertaken.
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Starting with the probability density of earthquakes in a given region,
the research attempts, within the framework of optimization theory, to
formulate the following two questions: (1) given N accelerographs, where
should they be located in a seismically active zone, and (2) having fixed
these N accelerographs, where should the next M be located?

Three different cost functions are presented. Some closed form solu
tions are illustrated for problems when Nand M are small. For larger
arrays, numerical optimization is resorted to.

To demonstrate the methodology, a region with J faults, with given
spatial locations is selected. An efficient algorithm for optimization
is utilized and the technique illustrated. Good agreement with closed
form solutions obtained in some simple cases is indicated. Specific ap
plication of the method to the locationing of twenty strong motion instru
ments in a seismically active area has been carried out, and the patterns
of sensor location for each of the cost functions, illustrated.

5. Response of Mechanical Equipment to Earthquake Excitation

The major objectives of this comprehensive analytical and experimen
tal study are to:

a) Investigate the effects of nonlinear system modeling and scaling
on the ability to predict the structural response characteristics
of complex mechanical components.

b) Develop simplified nonlinear models for certain types of mechan
ical equipment.

c) Develop design curves for preliminary design of systems with geo
metric and material nonlinearities under transient dynamic loads.

d) Develop probabilistic response spectra for equipment components
under earthquake excitation.

6. System Identification Techniques

Analytical and experimental studies are underway to develop efficient
parametric and nonparametric identification techniques for use with non
linear structural dynamic systems. Techniques for parametric and nonpara
metric identification of building structural systems have been developed
and their applicability demonstrated by using real data obtained from the
response of full-scale structures to wind and earthquake loads.
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JAMES O. JIRSA

The University of Texas at Austin

Virtually all previous experimental work on the behavior of columns
has been concentrated on unidirectional lateral loads and constant axial
loads (generally compressive). However, seismic motions can occur in any
horizontal direction in a structure and may be accompanied by variable
axial forces on the columns (tension or compression). A series of columns
and beam-column joints is being tested to determine the influence of bi
directional lateral deformations and varying axial forces on the behavior
of reinforced concrete frame elements.

Column Tests

Thirty specimens simulating a short column between stiff floors have
been tested. The columns have a cross section of 30x30 em and a length of
91 cm. The longitudinal reinforcement consists of eight 19 rom bars with
90° hooks anchored in the end blocks. Transverse reinforcement is fabri
cated from 6 rom deformed bars. The specimens are subjected to a number of
load histories, as discussed below. In each case the lateral deformations
are applied to a given level for three reversals and then the deformation
is increased or the deformation path changed.

Series 1. Lateral Load Histories (10 Tests). No axial load, constant
geometry, with the following lateral deformation paths: unidirectional;
unidirectional with constant deflection in one direction; bidirectional,
previous loading in orthogonal direction, 3 cycles to selected level; bi
directional, alternate directions; skewed along a 45° axis (uni- or bi
directional); Z-pattern, quadrants 1 and 3; and square.

Series 2, Axial Load Variations (10 Tests). Constant compressive or
constant tensile axial loads with unidirectional or bidirectional lateral
deformation paths and alternating tensile and compressive axial loads
under unidirectional or bidirectional lateral loads.

Series 3. Reinforcement Variations (10 Tests). The ratio of shear
capacity to flexural capacity is varied in order to obtain a wide range of
member behavior. The shear to flexure capacity is varied by altering the
amounts of longitudinal and transverse reinforcement relative to one
another.

Series 4. Cross Section Variations (8 Tests). In the previous tests
the column section is square and symmetrical. A series of tests will be
conducted in 1980 to determine the response of rectangular, unsymmetrical
sections under varying lateral load histories.

Beam-Column Joint Tests

The specimen represents an interior beam-column joint of a frame with
out a slab. The tests are intended to demonstrate joint distress and the
specimen is designed so that joint strength and stiffness are critical in
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subassembly behavior. The column is 38 cm square and 3.8 m high. The
beams in both directions are 33x46 cm. Axial load applied to the column
is held at a constant level of 1335 kN compression during all tests.

Seven tests have been conducted to date. The variables are loading
history (unidirectional vs bidirectional lateral loads), beam longitudinal
reinforcement, and joint transverse reinforcement. A series of tests will
be conducted during 1980 in which the following variables are considered:
level of axial load, inclusion of floor slab, and beam geometry.
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This paper summarizes current research being conducted by the author
in the areas of Anchorage Requirements for Deformed Rebars in Grouted
Masonry and Shear Resistance of Short Anchor Bolts under Reversed Cyclic
Loading.

Anchorage Requirements for Deformed Rebars in Grouted Masonry

Current UBC requirements for anchorage of deformed rebars in grouted
concrete masonry are based on allowable average bond stresses obtained
through tests on concrete. The objectives of this investigation were:

1) to study the bond-slip behavior, under monotonic pullout, of
various size rebars embedded in grouted concrete block masonry;
and

2) based on these results, to assess the adequacy of current UBC
anchorage criteria for such bars.

Tests have been completed on about 80 rebars, varying in size from #4
through #11, with a range of embedment lengths for each bar size. The
experimental setup was designed to eliminate the lead-end compressive
stress concentrations often observed in ordinary concentric pullout tests.
Preliminary results indicate that current UBC criteria provide a signifi
cantly lower factor of safety for larger bars (#11) than for smaller ones
(#4 and #8). Analysis of failure modes suggests that the anchorage beha
vior of the larger bars is significantly influenced by the non-homogenous
nature of concrete masonry, and may not be predictable on the basis of
previous experimental results involving ordinary concrete. Analytical
models are being developed to reproduce the essential features of observed
anchorage behavior.

Shear Resistance of Short Anchor Bolts under Reversed Cyclic Loading

A critical review is made of previous investigations of the strength
of short anchor bolts and studs subjected to monotonic tension and shear.
Based on these and additional tests conducted by the author, analytical
models are proposed for predicting the strength of anchor bqlts subjected
to monotonic shear loads, and including the effects of short edge distances.
Tests are conducted using various types of supplementary reinforcement to
increase the monotonic shear capacity of anchor bolts located close to a
free edge.

These results are supplemented by additional tests using reversed
cyclic shear loads. Two types of bolts are tested:

1) those located far from a free edge; and

2) those located close to a free edge, but provided with supplementary
reinforcement as described above.

Models are proposed for predicting the ultimate resistance of bolts subjec-
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ted to reversed cyclic shear loads, and recommendations are 'proposed for
the design of such bolts and their supplemental reinforcement.
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ANIL K. CHOPRA

University of California, Berkeley

This paper summarizes recently completed and current research at the
University of California, Berkeley, sponsored by the National Science
Foundation in the areas of Dynamics of Rigid Blocks, Effects of Foundation
Tipping on Building Response, Torsionally-Coupled Buildings, Gravity Dams
and Arch Dams.

Dynamics o~RigidBlocks

In collaboration with Professor J. Penzien, study of the rocking
dynamics o~ rigid blocks subjected to earthquake ground motion has just
been completed [1]. The objectives were to (1) understand the extreme
sensitivity of block response to system and ground motion properties,
(2) identify probabilistic behavioral trends in spite of the response
sensitivity, and (3) evaluate the possibility of estimating the intensity
of ground shaking from its effects on tombstones, monumental columns and
other similar objects, whether they overturned or remained standing.

A numerical procedure and computer program were developed to solve
the nonlinear equations of motion governing the rocking motion of rigid
blocks on rigid base subjected to horizontal and vertical ground motion.
Systematic trends were not apparent from the response results. The
stability of a block subjected to a particular ground motion did not
necessarily increase monotonically with increasing size or decreasing
slenderness ratio. Overturning o£ a block by a ground motion o£ a
particular intensity did not imply that the block will necessarily over
turn under the action of more intense ground motion. However, the
probability of a block exceeding any response level, as well as the
probability that a block overturns, increased with increase in ground
motion intensity, increase in slenderness ratio of the block, and decrease
in its size.

It was concluded that, based on nonlinear dynamic analyses, proba
bilistic estimates of the intensity of ground shaking may be obtained
~rom its observed effects on tombstones, monumental columns, and other
similar objects provided suitable data in sufficient quantity is avail
able. However, these estimates will not be precise because the response
of a rocking block is extremely sensitive to variations in systems para
meters, contact conditions between the base of the block and the ground,
and ground motion details. For the same reasons, deterministic estimates
of intensity of ground motion from its observed effects on a single block
would be totally unreliable.

Effects of Foundati6n Tipping on Building Response

The overturning forces developed during vibration of buildings may
cause one edge of the foundation to lift-off for short periods of time.
The obvious design solution preventing lift-off leads to expensive founda-
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tions. Moreover, recent research has shown that foundation tipping can
reduce the maximum lateral deformations and forces experienced by the
structure in comparison to those it would experience if its base were
fixed. Thus, it appears that it may be preferable to permit tipping of
the foundation and anticipate such behavior in the design of the structure
and its foundation. A study has been initiated in order to (1) develop
better understanding of the effects of foundation tipping in earthquake
response of buildings, and (2) incorporate these effects in computation
of earthquake design forces for buildings.

Torsionally Coupled Buildings

The objectives of a recently completed study [2]~of earthquake re
sponse of simple one-story torsionally coupled structures in both elastic
and inelastic ranges of behavior were to (1) identify the more important
parameters that control the response of the system; (2) investigate the
influence of the system parameters on the response; (3) evaluate the
effects of torsional coupling on lateral and torsional deformations of
the system and on deformations of individual columns and walls; and
(4) present and evaluate approximate procedures for calculation of yield
shear and torque from inelastic response spectra.

The structures considered are symmetrical about one principal axis of
resistance, resulting in coupling only between lateral displacement along
the perpendicular axis and the torsional displacement. Torsional coupling
arising only from eccentricity between centers of mass and elastic resis
tance is considered.

Systems with several resisting elements, columns and walls were
idealized by a single element model. Responses of such a model to a
selected earthquake ground motion were computed for a wide range of the
system parameters. The response results included maximum lateral and tor
sional deformations of the system as well as maximum deformations of
individual columns. The results demonstrated that the inelastic response
is affected by torsional coupling to generally a lesser degree than
elastic response. Procedures for estimating, to a useful degree of
approximation, the maximum responses of elastic and inelastic systems from
the corresponding response spectra, and the maximum deformations of
individual columns from the displacements of the center of mass were
developed.

Gravity Dams

The objectives of a study nearing completion [3] are to (1) develop
effective techniques for including the effects of hydrodynamic and founda
tion interaction in response analysis of concrete gravity dams to earth
quake ground motion, and (2) evaluate the significance of these inter
action effects in earthquake response of dams.

An effective analysis procedure, based on the substructure concept
and use of' generalized coordinates, has been implemented in a computer
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program for two-dimensional idealizations of dams. The· system is consider
ed as composed of three substructures--dam, fluid domain, and foundation
rock region--coupled through appropriate continuity conditions and inter
action forces at interfaces between substructures. The dam is idealized
as a finite element system, whereas the fluid domain is treated as a con
tinuum of constant depth extending to infinity, and the foundation as a
visco-elastic halfplane continuum.

The response of idealized dam cross-sections to harmonic, horizontal
or vertical ground motion was computed for a range of the important system
parameters characterizing properties of the dam, foundation rock, and
impounded water. The response of Pine Flat Dam to the s69E component of
Taft ground motion only and to the s69E and vertical components acting
simultaneously have been computed. These results provide insight into the
effects of dam-water and dam-foundation interactions, considered separately
or together, in the earthquake response of dams.

Because of dam-water interaction, frequency-dependent additional load
and mass terms arise in the governing equations. In the above-mentioned
study, these terms were determined from explicit mathematical solutions of
the wave equation. This was possible because of the simple geometry assumed
for the fluid domain, bounded by a vertical upstream face of the dam, hori
zontal reservoir bottom, and extended to infinity in the upstream direction.
Numerical methods have been developed to compute the hydrodynamic terms
associated with irregular fluid domains. The irregular portion of the fluid
domain is idealized as a finite element system with a transmitting boundary
at its upstream end to simulate the great extent of the water in the up
stream direction. Utilizing these procedures for computing the hydrodynamic
terms, the effects of the fluid domain geometry on the dynamic response of
concrete gravity dams and the significance of hydrodynamic effects in the
earthquake response of embankment dams are being investigated.

Arch Dams

The objectives of a study in progress are to (1) develop reliable and
effective techniques for earthquake analysis of arch dams inclUding hydro
dynamic interaction effects,and (2) achieve better understanding of the
hydrodynamic effects and their significance in the response of arch dams to
earthquake ground motion.

Based on the substructure concept, earthquake analysis procedures and
computer programs have been developed for arch dams. The dam is idealized
as an assemblage of thick-shell finite elements. Mathematical solutions
of the wave equation have been obtained for idealized fluid domains.
Finite element methods to model an irregular fluid domain and a trans
mitting boundary to simulate the infinite extent of the fluid domain in
the upstream direction are being developed to obtain numerical results
for practical problems.
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ARMEN DER KIUREGHIAN

University of California, Berkeley

This paper summarizes current research at the University of California,
Berkeley, sponsored by the National Science Foundation in the areas of
Structural Reliability Under Stochastic Loads, Dynamic Response of Light
Equipment in Structures, and Seismic Risk Analysis of Lifeline Networks.

Structural Reliability Under Stochastic Loads

The objectives of this study are to (1) develop analytical methods for
obtaining the maximum response of structures under combinations of stochastic
loads, (2) develop simple approximate methods for use in practice, and (3)
critically examine and improve existing methods.

A recently completed study [1] deals with the response of linear, mu1ti
degree-of-freedom structures to stationary excitations, using a modal super
position approach. Analytical solutions are derived for responses to white
noise and filtered white-noise inputs. These solutions include the effect
of correlation between modal responses. Hence, they are applicable to
structures with closely spaced natural frequencies. For Gaussian excitation,
the cumulative distribution and the mean and variance of peak response are
obtained. These results account for the dependence between upcrossings of
the response process. This study also investigates the range of applicability
of the white-noise model as an approximation for wide-band inputs.

Based on the above study, a response spectrum method is developed whereby
the cumulative distribution and the mean and variance of the peak structure
response to an ensemble of earthquakes are directly obtained in terms of the
ordinates of the mean response spectrum and the modal properties of the
structure [2]. This method is applicable to structures with any distribution
of natural frequencies.

Dynamic Response of Light Equipment in Structures

In collaboration with Professor Jerome L. Sackman, this study concerns
the response of light equipment attached in multi-degree-of-freedom structures
subjected to earthquake motions. The equipment may be tuned or nearly tuned
to a natural frequency of the structure. In the current phase of the study,
modal properties of the equipment-structure system are obtained in terms of
those of the structure and the equipment alone. These include the interaction
between the two subsystems, which can be significant at or near tuning.

Derived modal properties of the equipment-structure system are used in
conjunction with a mode-superposition procedure to obtain the response of
the equipment to a stationary Gaussian input into the structure. These
results form the basis for developing a response spectrum method whereby
the cumulative distribution and the mean and variance of the peak equipment
response are obtained in terms of the ordinates of the (ground) response
spectrum and the modal properties of the equipment and structure subsystems.
Particular attention is given to the special case of perfect tuning for
which simple approximations are derived. This approach provides an accurate
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and efficient method which is particularly useful in design situations where
a multitude of equipment items or attachment configurations in a given structure
are under consideration.

Seismic Risk Analysis of Lifeline Networks

In collaboration with Professors Richard E. Barlow and Karl S. Pister,
this study concerns the seismic risk analysis of lifeline networks, such
as pipelines and communication and transportation systems. These are
modeled as networks of interconnecting links and vertices. Based on new
graph theory techniques, a new methodology has been developed for analyzing
large-size networks [3J. This methodology can be used to evaluate terminal
pair reliability (i.e., communication between a specific source and a
specific terminal), multi-terminal reliability (i.e., a specific source to
multiple terminals), or overall reliability (i.~., communication between
all terminals) of a given network situated in a seismic region. Measures of
importance of selected links and vertices .can be determined to recommend
improvements relative to seismic risk. The methodology is more general and
potentially more efficient than any of the existing methods. A computer code
based on this methodology is currently being developed.
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A number of research investigations are currently being conducted at
Berkeley under the sponsorship of the National Science Foundation in the
area of post-earthquake damage analysi~. The overall objectives of these
on-going studies are: (lYto identify the structural and/or construction
causes of observed earthquake damage and, thereby, assess the adequacy of
current seismic-resistant design, analysis and construction methods; (2) to
suggest methods for improving current seismic-resistant design practices;
and (3) to evaluate and, where necessary, improve methods for strengthening,
stiffening, toughening and/or repairing existing buildings to mitigate pos
sible adverse effects of future earthquakes. To accomplish these objectives,
detailed field surveys have been made of structural damage following recent
earthquakes, and in-depth analyses are being performed on individual damaged
buildings. In keeping with the overall objectives of this research, a
number of other studies have been initiated to evaluate methods for speci
fying design earthquakes, to improve mathematical models of structural and
nonstructural elements and to formulate design guidelines for certain types
of structural systems. Recent research activities are summarized in this
paper; more detailed information may be found in the references.

Damages resulting from the 1980 Greenville (Livermore, CA), 1979 Imperial
Valley (EI Centro, CA), 1978 Miyagi-Ken Oki (Sendai, Japan) and 1977 Caucete
(San Juan, Argentina) earthquakes have been surveyed in addition to previous
inspections following the 1976 Guatemala (Guatemala City), 1972 Nicaragua
(Managua) and 1971 San Fernando, CA, earthquakes. Detailed studies of the
performance of building during these earthquakes indicate that each phase in
the overall seismic-resistant design, construction and maintenance process
must be carefully considered [1,2]. This process should include evaluation
of the design earthquake, selection of structural system and materials, pro
portioning and detailing structural components, prediction of the mechanical
behavior of the whole building-soil system, assessment of ·the reliability of
the design, quality assurance inspection and testing during construction,
and maintenance during service. Results indicate that great uncertainties
still exist in establishing design earthquakes and in analyzing seismic
response. In many of the damaged buildings studied inadequate attention
was given to the conceptual stages of this process (selection of structural
materials, structural systems, nonstructural components and details) as
well as to those related to construction and maintenance.

Studies of the Seismic Performance of Buildings

Individual buildings were selected for detailed investigation. Damages
in these buildings were documented and information was obtained on their
design and construction. Analytical results obtained were reconciled with
observed behavior [2]. Detailed results are presented in the references.

Managua Earthquake. Two adjacent high-rise reinforced concrete buildings
were studied to determine reasons for the significant differences in their
observed performances. One building had a complex structural configuration
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and an irregular and eccentric lateral force resisting system [3]. It was
so extremely damaged that it had to be partially demolished. Analytical
results indicated that significant torsion would occur and that masonry
infill elements would adversely effect the magnitude and distribution of
internal forces. In the other building, large, symmetrically located, coupled
walls were used [4J. Although shear failures developed in the coupling
girders, size and placement of the walls satisfactorily limited displacements and
precluded significant torsional response.

Guatemala Earthquake. Two three-story buildings with Ric moment
resisting frames have been studied to assess, in part, the effect of non
engineered masonry infills on such frames. In one building a constraint
method was developed to model the contribution of the infills to the overall
frame stiffness [5]. Results indicate that the infills had a significant
effect on dynamic characteristics and response. The constraint method per
mitted identification of the failure mechanism observed in the building.
The other building had long span waffle slabs, which were modeled based on
the results of a finite element analysis [6]. A nonlinear analysis of this
building is being performed to study the progression of response characteris
tics as elements yield and fail.

Caucete Earthquake. A four-story Ric building using a moment-resisting
frame was studied. Frames in the upper three stories were infilled resulting
in a "soft-story" type seismic response [7]. L.inear elastic and nonlinear
dynamic analyses clearly identified the consequences of selecting this co~

bination of structural system and infill elements. A preliminary study has
also been performed on steel and Ric tanks which suffered substantial
damages during this earthquake.

Imperial Valley Earthquake. A modern six-story Ric building, which suf
fered significant structural damage, is being investigated [2J. This building
utilized moment-resisting frames in one direction but lateral resistance
was provided by discontinuous shear walls in the other direction. Thirteen
accelerographs recorded the response at various points in this building
which will permit thorough evaluation of the response and of analytical
methods. A damage survey has been performed and analytical studies are in
progress.

Studies Related to Design Earthquakes

Since one of the objectives of the overall investigation is to assess
current design methods, a number of analytical studies have been performed
to evaluate current methods for specifying seismic design forces and to
study various features of ground motions that may necessitate special con
sideration in design [8J. Studies have previously been reported on the
effects of intense, long duration acceleration pulses, representative of
recently obtained near-fault ground motion records, and current studies
are directed at the effect of ground motion duration and of aftershocks on
design requirements [9]. It is not unusual for structures to collapse as
the result of cumulative damage from aftershocks following a severe earth
quake.

Studies Related to Improvement of Analytical Modelling

Another objective of the overall investigation relates to an assess-
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ment of current analytical methods. Previous studies indicated significant
limitations of current analytical models based on concentrated plastic
hinges, which are often used for nonlinear response analysis [10]. Studies
are being performed to better assess the consequences of these limitations
especially when significant (gravity) loads are distributed transverse to
the axis of members. The contribution of various types of floor systems to
the lateral resistance of a structure is being evaluated to improve current
modelling capabilities [11]'. Other analytical studies are also being con
ducted to assess the two- and three-dimensional behavior of various types of
structural systems and of the ability of current analytical models to predict
this behavior. Recommendations for improved modelling and design methods
are being formulated on the basis of these results.
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INTRODUCTION

It is not sufficient that state-of-the-art earthquake engineering
knowledge is constantly expanding. For it to be useful, it must be uti
lized in the design of buildings starting with the architect's earliest
concepts. One great concern to many engineers is that on occasion, even
fundamental considerations of earthquake engineering in building design
are disregarded by the archLtect. The architectural profession must be
alerted to the serious implications of design schemes which are neglect
ful of good, basic, engineering judgement. Case studies of building fai
lures in earthquakes is a way to highlight the importance of architectur
al decisions in a building's potential for seismic resistivity. The fai
lure of the Imperial County Services Building in El Centro, Ca., is one
such case which emphasizes the extent to which an architectural decision
was generally responsible for the fate of a structure in an earthquake.

Although the area most affected by the Oct. 15, 1979, Imperial Valley
Earthquake is sparsely populated and not heavily built up, there was a
considerable amount of minor damage to homes and shops. The building that
was the most severely damaged structurally as a result of the approximate
ly 6.7 magnitude earthquake was the Imperial County Services Building.
Ironically, compared to most of the buildings in El Centro, this building
is a relatively modern structure which had been designed according to the
current Uniform Building Code. In view of the knowledge in earthquake en
gineering which has existed for decades, the failure of a modern engin
eered building of only moderately strong magnitude, suggests that the
problem is beyond a matter of technical expertise.

In the following paragraphs, an architectural and structural descrip
tion of the building will be followed by a brief analysis of the mode of
and reasons for failure. Speculation on what the architectural goals of
the design for the building were, may reveal the reasoning behind some of
the design decisions and bring attention to alternative design concepts
that could have avoided the eventual failure without compromising archi
tectural requirements.

DESCRIPTION OF THE BUILDING AND DAMAGE TO THE STRUCTURE

The design for the ICSB (Imperial County Services Building) was com
pleted in 1968 according to the 1967 UBC and was dedicated in 1971. This
six story, reinforced concrete building has a regular grid of two foot
square columns spaced at twenty-five foot spans. The floor system consists
of reinforced concrete slabs and fourteen inch deep, north-south spanning
pan joists supported on four longitudinal, reinforced concrete frames~
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Although from the exterior~ the building is simple looking, a closer
examination of its structure reveals that its system of lateral' force
resistance creates a circuitous, complex path for the forces. Along the
east side of the building is a massive shear wall which does not direct
ly continue to the gr.ound. Instead, the east shear wall sits above four
concrete coluinns. One external and three internal ground level shear
walls are also oriented in the north-south direction but are only one
story high and are assymmetrically arranged in plan. The west shear wall,
like the east shear wall~ extends from the second level to the top of the
building, however, the former is offset only a few feet from one of the
ground level shear walls. There are no shear walls in the east-west di
rection, but rather a frame system of reinforced concrete beams and co
lumns.

There are two essentially different systems of lateral force resis
tance in this building: a rigid frame system in the east-west direction
that is quite flexible, and a shear wall system in the north-south di
rection that is far more stiff. These two systems actually work against
each other in resisting lateral forces. The disparate lateral systems in
conjunction with the discontinuous shear wall on the east side of the
building was the most responsible for the ultimate collapse of the east
line of columns. The failure mechanism was initiated by east-west frame
action which resulted in X-cracking in the flexible direction of the
building, at the bases of the east line of columns. The north-south com
ponent of the shock caused the huge and heavy discontinuous end shear
walls to overturn in the transverse direction of the building. On the
east side~ the. columns were unaided by any ground level shear walls in
taking the compressive force from the shear wall above. These columns
already suffered cracking from frame action, and explosively failed in
compression resulting from the overturning of the east end shear wall.
In all the columns that failed, the weak points were at the bases. There
was only a minimal amount of transverse reinforcement to confine the
concrete at the bases, and the steel bars easily buckled in the frame
direction. The wedge shaped pieces of concrete attest to the 45 degree
cracking initiated by frame action which created a hinge in the longitu
dinal direction.

large compression due
to overturning moment
of shear wall above -

p

FAILURE MECHANISM
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CONCLUSION

Shear walls that are discontinuous to' the ground (such as columns
supporting shear walls or cantilevered shear walls)., have been quite pop
ular in modern architecture and often have the purpose of opening up the
ground floor. The motivation hehind the decision to use a particular com
bination of discontinuous shear walls and moment resisting frames in the
ICSB, appears to be requirements for fenestration design as well as an
open first floor. Preliminary plans should have considered alternative
architectural designs such that the structure could be designed to fit
the architectural criteria without drastic consequences in a moderate to
strong earthquake. There are several immediately obvious alternatives of
structural systems, configurations, and materials, which compared to
those of the ICSB, would mitigate the tendency for a structural failure
in an earthquake:

a. frames in two directions
b. shear walls continuous to the grourid in two

directions, at least at the core of the plan
c. use qf less heavy materials such as lightweight

concrete in at least part of the construction
d. use of more ductile materials, such as steel.

It is generally recognized by practitioners that any building code
can at most be a guide to the designer. Nonetheless, a building such as
the ICSB could have had a better chance of surviving the 6.7 magnitude
shock if it were designed according to a later and more refined UBC.
Although Codes subsequent to the 1967 UBC also do not have restrictions
on discontinuous shear walls or building configuration in general, there
are more stringent concrete column confinement requirements. In addition,
there is a much higher lateral force coefficient, C, that the 1976 UBC
would assign to a building whose period is like that of the six story
ICSB. The base shear that the structure would be designed for (F=KCISWZ)
would have approximately doubled in value between the 1967 and 1976 Codes.

Unfortunately, the ICSB is not an extremely rare example, of a build
ing whose structure invites disaster in an earthquake despite being up to
Code. Although the Code is constantly being improved, there is a limit tJ
how much restriction in design it can or should impose on the profession.
It is fortunate that architects still possess a relatively great amount of
freedom in architectural decisions even in the highest earthquake zones.
At the same time, architects should have a thorough understanding of how
forces act upon structures. They must ultimately rely upon their own and
their engineer's good judgement in designing a building to resist seismic
forces. It is critically important that intensified attention is directed
toward the impact of architectural decisions on the structural behavior
of buildings in earthquakes.
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Theoretical and experimental investigations of the dynamic behavior of
ground-supported, deformable, cylindrical liquid storage tanks were con
ducted. The study was carried out in three phases: A) a detailed theo
retical treatment of the coupled liquid-shell system for tanks rigidly
anchored to their foundations, B) an experimental investigation of the
dynamic characteristics of full-scale tanks, and C) a development of an
improved design procedure.

A) Theoretical Analysis

(i) Free Lateral Vibrational Modes

The natural frequencies of vibration and the associated mode shapes
were determined by means of a discretization scheme in which the elastic
shell is modeled by finite elements and the liquid region is treated as a
continuum by boundary solution techniques. In this approach, the number of
unknowns is substantially less than in those analyses where both tank wall
and liquid are subdivided into finite elements.

The analysis was applied to compute the cose-type modes for which
there is a single cosine wave of deflection in the circumferential direc
tion; these modes are strongly excited by rigid base motion. A significant
difference was found between the dynamic characteristics of "broad" and
"tall" tanks, and between the hydrodynamic pressure distributions induced
in these tanks. The analysis was also extended to investigate the coupling
between liquid sloshing modes and shell vibrational modes; it was found
that the coupling is weak, and consequently, the convective pressure can
be evaluated with reasonable accuracy by considering the tank wall to be
rigid. A parametric study was also carried out to investigate the effect
of the initial hoop stress due to the hydrostatic pressure, the effect of
soil deformability and the effect of roof rigidity upon the vibrational
characteristics.

(ii) Earthquake Response Analysis

The effective external load vector for the tank wall was found by
employing the expression of the work done by external loads (inertia
forces and hydrodynamic pressures) through arbitrary virtual displacements.

For a perfectly circular tank, the external loads are functions of
cose only; and consequently, the earthquake response can be obtained by
superposition of the vertical modes corresponding to n = I only. It was
found that the flexibility of the tank walls has a significant effect on
the seismic response of both broad and tall tanks. The dynamic stresses
are much greater than those computed assuming rigid walls. These results
were further substantiated by comparing the computed response of aluminum
tank models with that measured by shaking table tests conducted at U.C.
Berkeley. This comparison also indicated that the computed fundamental
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frequency is higher than the measured frequency. An analysis was also
made to investigate the effect of non-circular irregularity of the cross
sections of flexible tanks; however, the fact remains that the magnitude
and distribution of fabrication error cannot be predicted. It is important
to note that a recent study at Caltech showed that buckling of tank models
depends largely on the stresses associated with the cose-type modes.

B) Vibration Tests of Full-Scale Tanks

A series of ambient and forced vibration tests of three full-scale
tanks was conducted to determine the natural frequencies and, if possible,
the mode shapes of vibration and to select two tanks on which permanent
instruments would be installed to record future earthquakes. Measurements
of the ambient and forced vibrations were made at selected points along
the shell height, at the roof circumference, and around the tank bottom.
The first series of tests were conducted to measure the axial pattern of
shell vibrational modes. The objective of the second series of tests was
to monitor the motion around the circumference. A vibration generator was
used in the sinusoidal steady-state resonant tests; it was anchored to a
concrete slab resting on the ground adjacent to the tank. The horizontal
sinusoidal force exerted by the shaker was transmitted through the ground
and produced small amplitude vibrations of the tank. One phenomenon that
was clearly observed in the recorded motion was that cosne-type vibrations
of the tank wall were developed. The foundation conditions had an
influence on the response of the cose-type modes. Comparison with pre
viously computed mode shapes and frequencies showed good agreement with
the experimental results.

C) Seismic Design

The principal aim of the final phase of research was to devise a
practical approach which would allow, from the engineering point of view,
a simple and satisfactorily accurate estimate of the dynamic response of
tanks to earthquakes. A mechanical model which takes into account the
deformability of the tank wall was developed and its parameters were dis
played in charts. These curves facilitate the calculations of effective
masses, their centers of gravity and the periods of vibration. The
effective masses mr , mf' and ms correspond to the forces associated with
ground motion, wall deformation relative to the ground, and liquid
sloshing, respectively. Once the parameters of the mechanical model of
the particular tank under consideration are found, the maximum seismic
loading can be predicted by means of a response spectrum characterizing
the design earthquake.

Further Research

The foregoing analysis is applicable only to tanks that are anchored
to a rigid base. The support of an unanchored tank can resist downward
forces while the uplift of the tank is prevented only by the dead weight
of the tank and its content. As soon as any vertical tensile stress,
induced by earthquake motion, exceeds the stress due to the dead load,
uplift will occur; and consequently, one cannot assume the tank to be
cantilevered from its base. An approximate analysis is being developed
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in which a part of the tank lifts off the foundation while the remainder
of the tank, wherever the contact forces are downward, is still supported
by the base. Such analysis will be employed to understand and interpret
the damage of unanchored liquid storage tanks at El Centro during the
earthquake on October 15, 1979.
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Research sponsored by the National Science Foundation is being con
ducted in the general area of the earthquake response of nonlinear struc
tural, soil-structure and equipment systems. This research has been
organized into a number of specific projects as indicated below.

Response of Yielding Systems

The objective of this project is to better understand and be able to
predict the earthquake response of yielding systems. The approach which
has been adopted involves: 1) detailed simulation studies of the random
response of the bilinear hysteretic system, 2) separation of the response
process into an "oscillatory" and "drift" component, 3) development of an
approximate analytical-empirical model for each response component, and
4) recombination of the response processes to obtain the overall response
statistics.

This program has yielded an analytical-empirical model which accurately
predicts the transient response of the bilinear hysteretic system. It has
also provided a new model for deducing inelastic response spectra. Some of
the research results are reported in references [1] and [2].

Inelastic Response Spectra

The objective of this research project is to explore the possibility
of deducing inelastic response spectra from elastic spectra. The approach
which has been used in this investigation is based on numerical simulation
studies of six different inelastic systems at nine nominal natural periods
using an ensemble of twelve earthquake time histories. Spectral errors
associated with various existing and proposed inelastic spectrum generating
techniques have been examined.

A new empirical inelastic spectrum generating technique has resulted
from this project. In addition, the project has provided a more complete
understanding of the nature of the spectral errors associated with inelas
tic spectral modeling. The major results of this research are discussed
in reference [3].

Transient Random Response of Nonlinear Discrete Systems

The objectives of this research project are: 1) to develop analytical
techniques for determining the transient response statistics of randomly
excited nonlinear systems including peak response statistics and 2) to
determine the relationship between the peak response of linear and non
linear systems subjected to the same excitation. The approach which has
been employed is an extension of the method of equivalent linearization.
This results in a deterministic ordinary nonlinear differential equation
for the response covariance matrix which may be either solved numerically
or treated by approximate analytical techniques. The limiting decay rate
of the first crossing density is estimated by approximating the clump
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conditional probability density. This leads to a statistical estimate of
the peak response of the system.

The results of the project to date include: 1) a consistent analyti
cal technique for obtaining response statistics for nonlinear systems,
2) a simplified technique for determining the first passage probability
density, 3) a simplified technique for generating earthquake time histories
corresponding to prescribed response spectra and 4) an analytical technique
for deducing nonlinear response spectra from linear response spectra.
Some of the results of this research are presented in references [4] and [5].

Response of Continuous Systems

The objective of this project is to develop simplified analytical
numerical methods for determining the response of nonlinear continuous sys
tems. The approach which is being investigated is to generate a finite
element model of the system and then perform an analytical element lineari
zation. Since the linearized element properties will in general depend
upon the solution, an iterative procedure is required.

Three different linearization schemes have been considered; equation
difference minimization, strain-energy difference minimization and "stress"
difference minimization. The approach is being applied initially to prob
lems of the steady-state harmonic and stationary random response of simple
beam and plate systems. The results of this research will be pub~ished

in the near future.

Strain-Space Plascitity Theory

The objective of this research is to develop a consistent and compu
tationally efficient strain-space analog to the classical plasticity theory.
It is believed that such a tool will open the door to more accurate and
efficient solution of problems involving plastic behavior. This includes
both structural, soil, and soil-structure applications.

A new compatible strain-space theory has been developed and a number
of inelastic soil-structure interaction problems have been examined using
this theory. The effects of domain size, mesh size, and yield model have
been studied. The results of this investigation will be published in the
near future.
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Earthquake engineering research sponsored by the National Science
Foundation is being performed in the areas of analytical studies of struc
tural response, including problems in system identification and structural
dynamics, and ~n the characterization of strong ground motion.

Analytical Studies of Earthquake Response

Two recent Ph.D. theses on the development and application of tech
niques of systems identification to the earthquake response of structures
have permitted the determination of the dynamic properties of buildings
from their earthquake response (Beck, 1978; McVerry, 1979). In addition to
the theses, which are available as Ca1tech EERL reports, the results are
summarized in two papers soon to appear in the International Journal of
Earthquake Engineering and Structural Dynamics. The two approaches are
complementary; one works in the time domain whereas the other performs
analyses in the frequency domain. Although they are theoretically equi
valent, the details of a specific application may make one method preferable
over the other in practice. In application to earthquake response data,
primarily from the San Fernando earthquake, it has been possible to deter
mine natural periods, modal dampings and modal participation factors in
numbers and to a degree of accuracy not achieved by other methods. The
properties can be determined over the entire duration of earthquake response
or equivalent linear properties of the structure for shorter segments of·
time can be found. For highly nonlinear response, such as shown by the
Orion Avenue Holiday Inn in the San Fernando earthquake, or more recently
by the Imperial County Services Building in the October 15 earthquake, the
methods, which are based on linear models, do not work well, and we are
currently thinking about the more difficult problem of systems identifica
tion of nonlinear structures.

The problem of structures shaken so hard that they begin to tip, in
the sense of losing partial contact with their foundations, is being
examined in two studies. In one study (Rutenberg, et al., 1980) of the
successful performance of Veterans' Hospital Building 41 during the San
Fernando earthquake, only about two-thirds of the high resistive capacity
of the structures could reasonably be attributed to the basic strength of
the materials and structural elements according to usual methods of analysis.
The most likely reason for the remaining capacity demonstrated by the
building appears to be nonlinear soil-structure interaction, including non
linear soil behavior and partial uplift of the foundation. In another study
comprising the doctoral thesis of John Psycharis, the basic mechanics of
rocking and incipient tipping are being analyzed. The structures considered
include rigid blocks, simple one-degree-of-freedom and multi-degree-of
freedom oscillators and a continuous shear beam. They are based on a
variety of foundation models including a rigid half-space, a Winkler founda
tion and equivalent two spring models. The results contain fairly exten
sive analyses of the problem of rocking and tipping for the simpler systems,
including approximate models that may prove useful in design. For the more
complex systems, the results consist of derivations of the equations of
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motion, some applications of Laplace transform theory and example calcula
tions of response to strong earthquakes. A report is expected to be
available later this year.

A third study concerns the problem of so-called "silent" boundaries.
This problem occurs in finite element calculations for large systems wherein
special boundary elements are introduced at the edges of the mesh selected
for the problem. The purpose of these elements is to simulate the more
costly alternative of extending the mesh to a distance sufficient to pre
vent unwanted reflections from the boundary of the mesh. Some progress on
this difficult problem has been made by Martin Cohen, who has adapted and
developed the idea of a paraxial boundary to finite element calculations
and has made comparisons of its behavior with the commonly used viscous
boundary elements. The comparison includes theoretical analyses of wave
reflection coefficients and numerical comparisons via prototype problems
in the dynamics of soil-structure interaction. We expect these studies to
be completed this summer.

Characterization of Strong Ground Motion

Studies in this area are related to the recent completion of methods
for determining the local magnitude, ML, of earthquakes from strong motion
instruments, both accelerographs and seismoscopes (Kanamori and Jennings,
1978; Jennings and Kanamori, 1979). Perhaps the most interesting result
from the second study was the estimation of the local magnitude of the San
Francisco earthquake of 1906 (Ms = 81). Using records from several seismo
scope-like instruments, it was concluded that the local magnitude of the
earthquake lay in the range from 6-3/4 to 7. Continuing studies in this
area are an analysis of the local magnitude of the Imperial Valley earth
quake of August 15, 1979 and a statistical study of response spectra of
different earthquakes of the same local magnitude, recorded at the same
distance.
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Our research in earthquake engineering is focused on two major areas;
random vibration analytical techniques and passive systems for vibration
control. The research has been partially funded by NSF Grant Number ENG
77-19364 and conducted in collaboration with Mr. Lawrence W.Curry. What
follow are summaries of our progress in these two areas and brief des
criptions of our ongoing efforts.

Random Vibration

Utilizing the state formulation, we have obtained analytical results
for the evolution of the covariance matrix between two modal state vectors
for systems excited by non-white (or white) non-stationary excitation
having a linear strength function. We are able, therefore, to compute
analytically time histories of variance or RMS responses of any linear
MDOF system which has been decoup1ed into modes and subjected to excita
tion having a piece-wise linear strength function. Using the time histo
ries of RMS responses and Rice's results, we can compute, very simply,
evolutionary probabilities of exceeding very high thresholds.

A computer program to perform such random vibration analyses has been
written and is available. In collaboration with Professor George Gazetas,
the formulation has been used to study the behavior of shear beam systems.

We are presently attempting to obtain statistics of evolutionary RMS
responses of stochastic linear systems, i.e., systems whose dynamic proper
ties (frequency, damping, etc.) are random. The feasibility of implemen
ting vector-valued excitation and piece-wise linear random vibration
analyses of non-linear systems is also being studied. Additionally, we
are incorporating into the program existing (approximate) first passage
results for lower thresholds so that exceedance probabilities for a range
of responses are available to designers.

Passive Systems for Vibration Control

Viscoelastic materials are widely used to reduce vibration in mech
anical systems and products. A major objective of our research is to
determine if it is feasible to use such materials for controlling the
vibration of civil engineering structures.

To determine the effect of viscoelastic materials on the damping of
a structure, a finite element program for computing steady state res
ponses of composite viscoelastic systems to harmonic excitation has been
developed. We are able, then, to compute the dynamic amplification func
tions of composite systems from which we infer effective damping. We have
used the program to analyze two proposed composite systems. One is a
steel braced frame with a vertical viscoelastic layer and the other is a
steel rigid frame with (viscoelastic) infi11 panels. In both cases, the
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viscoelastic materials significantly increased the damping of the frames.
We have also determined that predicting damping by weighting each material's
contribution by its strain energy may be an unconservative procedure.

We are presently formulating design criteria for damping materials and,
concurrently, attempting to identify suitable materials. To achieve these
objectives, we are investigating the non-linear behavior of the proposed
composite systems under extreme earthquake loads.

In addition, two allied although distinct efforts are planned. One
will investigate the feasibility of using energy dissipating materials
between closely spaced buildings. Another will examine the use of fric
tional mechanisms which are intended to function solely during extreme
earthquakes.
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SEISMIC OVERTURNING EFFECTS

Historically, overturning resistance in structural systems has been
provided primarily by the dead weight of the structure acting through a
lever arm equal to some fraction of the base dimension. A growing aware
ness among code groups and designers of the lateral load magnitudes associ
ated with extreme seismic events has caused an increased interest in over
turning effects and design strategies which might effectively accommodate
them.

Design strategies for overturning effects can be broadly broken into
two groups; those which would provide a capacity equal to or greater than
that produced by predicted extreme lateral loading and those which would
limit capacity to only that provided by the dead weight and the appropri
ate base dimension. The latter strategy obviously implies a potential
for transient uplift of portions of the foundation and a resulting com
plex, nonlinear response. This strategy, nevertheless, has very attrac
tive attributes, both structural and economic, and is therefore being
investigated by the authors.

RESEARCH EFFORT UNDERWAY

The investigation undertaken can be separated into three areas;
i) characterization of overturning behavior of various structural systems,
ii) development of efficient, practical analytical tools and,iii) develop
ment of effective preliminary design tools.

Characterization of Overturning Behavior

In the first area of investigation a variety of structural types are
being subjected analytically to a number of extreme seismic excitations
and the resulting behavior characterized. For this purpose full nonlinear
analyses are being utilized, a proven technique for predicting such res
ponse. 1 ,2. Structural types being investigated include medium to high
rise moment frames, braced frames, shear walls, core walls and coupled
shear walls. The excitations being utilized are actual recorded accelero
grams, amplified where necessary t~ represent extreme seismic events.

Development of Analytical Tools

In the second area of investigption a practically oriented nonlinear
seismic analysis program, DRAIN-2D 3is being modified to incorporate
limited substructuring capability, in order to more efficiently treat loca
lized nonlinearity such as foundation uplift. Through this technique a
linearly behaving superstructure can be represented by the first few normal
modes of vibration, thus drastically reducing the number of degrees of
freedom and computational effort involved in the analysis.
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Development of Design Tools

Particularly in the preliminary design stage of a structural system,
simplified means of estimating often complex responses are required. For
that reason an effort is planned with the objective of developing such
tools directed toward the nonlinear overturning problem.

An obvious model is the Newmark Design Response Spectrum approach 4,
widely recognized and used. This technique was developed for bilinear
elasto..plastic systems, however, and cannot bea priori assumed applicable
to a bilinear elastic system, such as is characteristic of a simple up
lifting frame. An attempt to extend this technique to such bilinear
elastic systems is currently in progress.

RESULTS TO DATE

For all structures characterized thus far, allowing transient uplift
has expectedly produced a reduction in lateral load levels when compared
to a corresponding fixed base response. Depending on excitation level,
structural type, etc. reductions can quite easily be on the order of 50%.
Depending upon the extent of hysteretic behavior in the superstructure,
however, there may be some degree of loss of drift control with foundation
uplift. The superstructure of a simple braced frame or moment frame, for
example, may well remain linear and sUbsequently suffer a substantial loss
of drift control. A dual system such as a moment frame/shear wall or
coupled shear wall, on. the other hand, may exhibit considerable hysteretic
behavior in the coupling elements and thus rgtain essentially all of the
drift control of the fixed base counterpart.· It should be mentioned
that much of the increased drift of the fully linear superstructures is,
however, due to rigid body rotation and not necessarily indicative of high
damage levels.

The remaining areas of investigation mentioned previously are not yet
at a stage for reporting of results. Work is continuing and positive
results are soon anticipated. An eigen problem capability, using the
subspace iteration technique, is in place in the program and operational.
Decisions are still being made, however, concerning procedures for effec
tive matrix partitioning.
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This paper summarizes research currently in progress at Columbia
University to develop a general methodology of predicting the earth-
quake reliability of damaged reinforced concrete buildings. This research
is sponsored by the National Science Foundation and has been in progress
not for very long. This summary will therefore concentrate mostly on
research objectives and methodologies rather than results. The project
is subdivided into four phases which are briefly outlined below.

Damage Assessment Model

The development of a model for defining structural damage requires
the consideration of a number of factors:: a) the model should be as free
from subjective judgment as possible; b) it should be relatively easy
to compute the damage index on the basis of field observations; c) the
model should adequately represent the amount of stiffness degradation;
d) it should reflect the probabilistic nature of damage as analytically
as possible to make the reliability analysis tractable.

Developing such a damage model to predict the residual strength
or stiffness of a reinforced concrete member is fundamental to the proj
ect. We are currently attempting to correlate the degree of stiffness
degradation with the visible amount of cracking, taking into account
the severity of cracking, spalled-off or loose and pulverized concrete,
bond failures, etc. For this purpose we are relying heavily on a number
of well-documented test results to calibrate the free parameters in our
damage or stiffness degradation parameter.

Mathematical Model for Reinforced Concrete Behavior

Modeling studies of reinforced concrete behavior have progressed
in recent years to account for stiffness degradation due to cracking,
bond-slip of the reinforcement, as well as stress transfer between con
crete and steel bars, aggregate interlock and dowel action. We intend
to employ the finite element method to further the understanding of
concrete members under severe cyclic loading. The results of these
studies will be used to develop a simple though accurate model suitable
for nonlinear dynamic analyses of reinforced concrete buildings.

Dynamic Response Analysis of Reinforced Concrete Buildings

Once an accurate though moderately simple mathematical model is
available it will be relatively straightforward to implement it into a
computer program that permits the analysis of the dynamic response of
structures to strong ground motions. Because the nonlinear nature of the
response eliminates most existinq aeneral-purpose analysis programs from
consideration, we will probably choose to adopt the NONSAP program to our
purposes.
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The major modification consists of incorporating into the program the
mathematical model describing the stiffness degradation of concrete under
cyclic loading. The degree of stiffness degradation is defined by a set
of stiffness degradation parameters, which are zero for an undamaged
structure. Subsequent excursions of the member into the nonlinear range
will introduce damage as measured by the parameters. A damaged buildino
is then characterized by a set of parameters with nonzero values
prior to any response analysis. Since, in general, the past load history
is not known exactly for a damaged building, the substitution of the
damage or stiffness degradation parameter proves to be very useful.

Seismic Reliability of Damaged Buildings

The practical value of a single deterministic response analysis is
limited, no matter how refined the mathematical model, because of the
uncertainties associated with future seismic events. In order to arrive
at useful and practical statements regarding the safety of buildings,
recourse to statistical methodologies has to be taken. Recognizing that
intensity and time of occurrence of seismie events are probabilistic, we
are attempting to simulate past load histories on the basis of known or
assumed damage states in order to estimate the extent of statistical
variation in the stiffness degradation, using numerical simulation tech
niques such as the Monte Carlo method.

Based on the analysis and simulation we will construct initial damage
probability matrices which define the damage state or stiffness degrada
tion parameters as functions of the modified Mercalli intensity, of
undamaged structures. The next step requires the establishment of condi
tional damage probability matrices which indicate the damage probability
as a function of both earthquake intensity and prior damage. Thus it
will be possible to characterize the process in which the structural
damage will grow with time in tlte seismic environment considered. Such
information will provide vital assistance in estimating the reliability
of a damaged structure for continued use and will be indispensable in
devising repair and strengthening strategies.

Summary

The question of residual strength of damaged buildings is without
doubt an important one and will be of increasing concern to public
officials charged with disaster mitigation following major earthquakes.
The research described is intended to develop a methodology for rapid
safety evaluation of buildings after catastropic earthquakes.
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The principal objective of the research described below is the devel
opment of interactive computer graphics capability for the static and
dynamic nonlinear analysis and design of three-dimensional steel frame
structures. It is being supported by the National Science Foundation under
Grant No. PFR-78-15357.

The research is being conducted by the Department of Structural Engi
neering in Cornell's Laboratory of Computer Graphics. The laboratory is
designed to provide convenient interactive use of graphics equipment that
is supported by a powerful 32-bit, virtual-memory minicomputer and that is
capable of producing color displays and complex dynamic black and white
vector displays. The graphics equipment of primary interest consists of
vector refresh displays hardwired for all three-dimensional and perspective
transformations, frame buffers for color raster displays, a video disk for
rapid buildup and playback of dynamic color raster images, and digitizing
tablets that supplant the traditional terminal keyboard for most of data
input and program control. The research is directed towards finding ways
in which the attributes of such a system can be used most effectively to
facilitate the practical application of advanced methods of analysis and
design of steel structures. An integrated analysis/design system is
planned. Current research can be placed in five categories: 1) prepro
cessing, 2) static analysis and design, 3) dynamic analysis, 4) postpro
cessing, and 5) data base management.

Preprocessing

A preprocessor for the graphical description and input of three
dimensional frame problems has been developed. Its capabilities include
frame geometry generation, frame assembly, member selection, boundary and
constraint condition prescription, loading definition, and general editing.
Components of the preprocessor are entered by pointing to a list on a
master control menu using a cursor controlled by the movement of the pen
on the digitizing tablet. Both regular and irregular frame configurations
can be rapidly created through use of the digitizing tablet as a graphic
means for communicating geometric and topologic information from the user
to the machine. Trial cross-sectional shapes may be selected by pointing
to a displayed list of m~mber sizes. Nonstandard shapes may also be pre
scribed. Useful properties, such as element yield surfaces, may be dis
played. There are provisions for nodal point and distributed static loads,
and specifications of ground motion characteristics and response spectra.
User convenience is emphasized not only through the ease of inputting
problem-description data but also through flexibility in the order in
which the components of the preprocessor may be accessed.

Static Analysis and Design

An objective is to develop a static analysis/design system that will
give a realistic picture of the manner in which a structure responds to
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both service and ultimate limit-state loads. The start that has been
made in this direction for planar frames is described in Reference 1.
Capability similar to this is being extended into three dimensions as part
of the current research. For frame structures a discrete element capable
of modelling realistically the combination of axial force, biaxial bend
ing, and torsion that occurs in many building frame members is needed.
This implies the ability to include such effects as initial imperfections,
residual stresses and spreading plastification. The thrust of much of the
effort in the static analysis/design portion of the research is towards
the development and incorporation of such an element. Both faceted and
continuous yield surfaces are being evaluated for their effectiveness in
representing and controlling cross section yielding.

Dynamic Analysis

Initial effort in dynamic analysis has been directed toward the
linear analysis of two- and three-dimensional frames under various forms
of base excitation. Present capability includes explicit and implicit
methods for the direct integration of the equations of motion and provi
sion for mode superposition. Response spectrum analysis techniques are
being incorporated. This portion of the research has involved the develop
ment of a library of fundamental operations designed for efficiency of
application in the virtual memory minicomputer environment. Transient
analysis capabilities will be extended to nonlinear problems in the near
future.

postprocessing

Postprocessing includes all features that aid the understanding and
interpretation of the results of an analysis or trial design. Provisions
are made for conventional printed or plotted output, but the research
stresses the development of black-and-white and color graphics displays
that can simplify the task of the analyst/designer and reduce the possi
bilities for error or misinterpretation. Some of these displays are
extensions or modifications of the two-dimensional, nonlinear static
analysis postprocessing capability reported in Reference 1. Others in
clude more or less conventional black-and-white time-history displays and
dynamic displays of deflecting frameworks. Considerable effort is being
applied to the exploration of ways in which color can be used effectively
to picture and explain three-dimensional effects.

Data Base Management

Research of the type described involves data base problems of con
siderable magnitude. The gross organization of the data base takes into
account the fact that there are at least three distinct types of informa
tion that will be manipulated and produced: 1) permanent data (member
section properties, standardized loads, etc.), 2) problem description
geometry (geometry, topology, etc.), and 3) structural response data
(member forces, time varying displacements, etc.). A question that must
be resolved is whether, for a system such as this, the data base should
be a passive one (managed entirely from within the applications software)
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or an active data base with separate data-base management software. The
present effort tends toward the former approach in that an application
oriented master control program is being designed and implemented to. com
bine the control of the various preprocessing, analysis, postprocessing,
and design aspects with the appropriate management of data flow, storage,
and retrieval.
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1. INTRODUCTION: Finite Element and Lumped Parameter models are formu
lated for the seismic response of floating platforms taking into account
the fluid compressibility and the platform flexibility. The study is an
extension of earlier work in which the structure-fluid coupling was con
sidered with different degrees of simplification - incompressible fluid
with a flexible body, and compressible fluid with a rigid body (Refs. 1,
2, and 3).

Newfoundland Oceans
Research and Development
Corporation
St. John's, Nfld., Canada

2. MODELING

2.1 Finite Element Analysis: Using an Eulerian pressure formulation, the
coupled equations of motion are obtained as follows:

~iT ~] {f} + [~ %] {n + [~ i] {~} = {q ... (1)

matrix = J NiTn N.dr in which
rs J

n = unit vector normal to the face, and the integration is carried over the

where M, C, and K = mass, 4amping, and stiffness matrices of the structure,
respectively, p = fluid density, 0 = nodal displacement vector, ¢ = velo
city potential related to the pressure by p = -pl1 , Dij = element of the

- 1 at
~luid damping matrix, D = ~ fryNiNjdr, in which c = wave celerity, Ni and

Nj = interpolation functions for the fluid elements, and rr = radiation

boundary at a distance, x = y, L = coupling

interface region, r s , Hij = element of the fluid stiffness matrix

J (VNi)T(VNj)dr, in which R = seismic load vector, and P = vector due to
rl f
the interface fluid pressure.

~ ~ 1The boundary conditions are dz + (dt 2 ) g = 0 at the free surface .•• (a)

where p = fluid pressure in excess of the hydrostatic value, z = coordinate
in the vertical direction, and g = gravitational acceleration.

~dd = 0 at the seabed ••• (b), ~ - Sh - ipw o¢O = 0 at the structure-fluid
z on an

interface ••• (c), where ¢O = velocity potential of any incident wave, if
present, and Sn = normal component of the structure velocity,~+ ~~ = 0,

the Spmmerfeld radiation boundary condition••• (d). Eqs. 1, which are un
symmetric, are solved by a step-by-step integration procedure.

2.2 Lumped Parameter Analysis: For the particular case of vertical ground
motion,i) the linear finite element model is checked, and ii) the analysis
extended to account for the nonlinear behavior of the water medium. The
water medium is treated as a series of discretized masses, springs, and
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dashpots following the procedure outlined in Ref. 4. The connecting elas
tic spring stiffnesses are based upon the compressibility of the water, and
the dashpots are assumed to provide 0.5% critical damping. The water col
umn is assumed to act as an elastic bar with its vertical sides restrained
against horizontal displacement - 'trapped' water model, Fig. 1. The non
linearity is simulated by elastic bilinear springs, Fig. 2. The opening
and closure of the gap provides for the cavitation effect.

3. NUMERICAL EXAMPLE: The example structure is a floating platform, simi
lar to the Atlantic Richfield Company Liquid Petroleum Gas facility (ARCO
LPG) used in the Java sea at the Ardjuna field; the schematic is shown in
Fig. 3 (Ref. 5). For the plane strain finite element analysis, the long
gitudinal section of the prestressed concrete hull is idealized as an equi
valent sandwich plate by 'smearing' the web members across the platform
width. The loading is assumed to be a Taft earthquake input, with the ver
tical component acting at the seabed level, and the horizontal component at
the mooring level. The mean square response value is determined, and the
spectral band width obtained from the spectral moments. Extreme value sta
tistics, based on the work of Cartwright and Longuet-Higgins (Ref. 6) is
then applied to obtain the mean and standard deviation of the extreme re
sponse value.
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1. INTRODUCTION: A dynamic non-stationary response analysis is presented
for a three-dimensional framed offshore tower subjected to seismic nonsta
tionary random excitation. Non-stationarity of ground motion significantly
influences the structural response. A typical earthquake record is charac
terized by an initial bUild-up time, a period of relatively high uniform
intensity, and a gradually decaying tail. Some of the non-stationary ran
dom time series methods developed for the construction of artificial accel
erograms are: a) multiplication of a stationary random time series by a
non-stationary envelope function, b) change in the frequency content of ar
tificial accelerograms as a function of time, and c) superposition of ~vail

able earthquake records with phase delays in time (Refs. 1, 2 and 3).

In this paper, the procedure described in Ref. 4 is used to treat the
accelerograms as piece-wise separable, and estimate the frequency-indepen
dent modulating function by the mean square minimization criterion. The
determination of the response of a multi-degree-of-freedom system to non
stationary excitation, using evolutionary covariance matrices, is based on
the linear (state space) time domain formulation presented in Refs. 5 and 6.

2. THEORY

2.1 Evolutionary Power SEectral Density: A non-stationary process, x(t),
is said to be separable, or uniformly modulated for a nonnegative function,
c(t), and a covariance stationary process, n(t), of zero mean and unity
variance if x(t~ = Ic(t) n(t) •.• (1). The covariance function and the
evolutionary power spectral density of the separable process, defined in
Eqn. 1, are respectively, Rx(t,s) = Ic(t) c(s) Rn(t-s) ••• (2), and
f(t,w) = c(t) f n (w) •.• (3), where Rn and f n are the stationary covariance
function and spectral density of the process n(t). For each section of the
earthquake accelerogram, the frequency independent modulating function, c(t),
is determined applying the mean square minimization criterion, and the as
sociated stationary process, n(t), obtained from Eqn. 1. Using the stan
dard approach outlined in Ref. 7, the power spectral density function,
fn(w) of n(t~, is estimated and the evoluationary power spectral density
of the motion computed at various times using Eqn. 3. Then, the 1nstanta
neous evolutionary spectral densities, p(t,w) for three termination times,
tl' t2 and t3' of the accelerogram are

p(t,w) cl(t) f1(w),

f(tl'w) + c2(t)f 2 (w),

f(t2'w) + c3(t)f3(w),

to ~ t ~ tl

tl < t ~ tz

tz < t < t3 . • (4)

2.2 Linear Formulation with Modal Decomposition: For a linear multi
degree-of-freedom system, the modal equation, assuming a scalar ground
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acceleration, Yg(~)' as the eX~itation i; of th: fo~

x.(t) + 2~.w.x.(t) + w. x.(t) - -f.Y (t), .(5)
~ ~ 1 1 1 1 1 g

in which f i = the modal participation factor, and ~i = fraction of the cri
tical damping. Eqn. 5 is written in linear (state) form as

I. (t) = A. X. (t) + B.Y (t), .•• (6)
111 1 g

X. (t) 0 0 1
where xi(t) = x~(t) , Bi = -f. ' Ai = _w.2 -2~.w. ' and the state Vec-

1 1 1 1 1

tor of modal responses is given by..
x(t) = X. (t) , i = 1, ••• n

1.
• • • (7)

The evolution of the covariance matrix of the state vectors, xi' x
j

' defin
ing the modal responses LX'X.(t), is given by

1 J

LX'X.(t) = 4).(t)LX' X.(O)4).(t) + Jt ¢.(t-T)B. Q(T)B.TlP.T(t-T)dT, ••• (8)
1J 1 1J J 1 1 J J

where the transition matrix, ~.(t), is obtained from the homogeneous solu
tion of the modal equation for 1 a given initial displacement and velocity.
An equivalent white noise is specified based on the evolutionary power
spectral density, Fig. 1, as indicated in Ref. 8, and the strength function,
Q(t), is treated as a piece-wise linear function.

3. NUMERICAL EXAMPLE: Multi-degree-of-freedom lumped mass modeling is
used for the dynamic non-stationary analysis of a three-dimensional framed
offshore tower, Fig. 2 (Ref. 6). The evolutionary power spectral densities
for the N-S and E-W components of the 1934 El Centro earthquake, and the
S-E and S-W components of the Olympia 1949 earthquake (Ref. 4) are used in
the determination of the strength function. Fluid-structure interaction is
considered in an approximate manner using the added mass concept.
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Introduction

The interaction of light and heavyweight cladding systems with the
primary structural frame under moderate seismic loading is under investi
gation in the Schools of Civil and Aerospace Engineering at Georgia Tech.
The study involves a balanced combination of analytical and experimental
investigations aimed at identifying the contribution of nonstructural
cladding systems in the performance of modern highrise buildings. This
study is sponsored by NSF through Grant ENV77-04269.

Analytical Studies

Results of recent work [1,2,3] have shown that computer simulation
methods can be used to predict the dynamic properties and localized response
of lightweight (i.e., glass) cladding systems to wind loading and earth
quake-induced building frame distortions. In the case of heavyweight
claddings (e.g., precast concrete), the curtain wall has been found to
fulfill a limited structural role, altering ambient level vibration
frequencies to a substantial degree and either increasing or decreasing
overall structural response to moderate ground motion input [3].

Computer models are currently being assembled for two steel' frame
highrise buildings in the Atlanta area which are the subjects of ambient
and forced vibration test programs. One is a 24 story steel frame office
building of core construction with a heavy precast concrete facade.
Analytical studies have resulted in development of finite element models
of the primary structural frame, the lightweight exterior frame which
supports the curtain wall, and the cladding panels themselves and their
connections. The building model was calibrated on the basis of ambient
level vibration test results. The precast cladding model was added to
the building model to obtain a match between measured and predicted
structure frequencies. Addition of the cladding was found to alter
structure frequencies appreciably, and to either increase or decrease
peak displacement response to moderate base excitation depending on the
relationship between overall structure frequencies and the frequency
content of the input ground motions considered. These findings have
demonstrated that it may not always be conservative to neglect cladding
structure interaction effects. Currently, the investigation is focusing
on the influence of cladding on the torsional frequencies and response
of the structure with heavyweight cladding.

Analytical and experimental investigations of a second structure with
a reflective glass cladding have just been initiated. The 24 story steel
frame building has braced framing in one direction and rigid framing in
the other. The building is under construction at present and will be
tested in its unclad, partially clad, and fully clad states for compari
son with analytical predictions of dynamic properties at various stages
of construction. The computer model of the structure is under develop-



222

ment at the present time.

Experimental Studies

The experimental phase of the research is now fully underway.
Measurements of full-scale structural response are being carried out
at the two sites. In addition, construction is complete on a rectilinear
vibration generator (RVG), and a series of tests are underway to verify
its performance capabilities.

The building response instrumentation consists of five milli-g
level accelerometers of the force-balance design (Kinemetrics FBA series).
The complete response measurement system as currently configured con
sists of the accelerometers and custom designed signal conditioner along
with a portable 8 channel FM tape recorder. The system and all cabling
can be set up in a 25 story building within 2 hours so that it is possi
ble to obtain 8-10 hours of continuous data during a one-day test.

The initial shakedown tests of the response instrumentation and the
development of suitable and efficient test procedures were carried out
at the heavily clad building. At the present time, a complete ambient
level response survey has been made which includes bending response
along both axes as well as torsion response and includes the first 3
modes in all cases. In addition, estimates of bending mode frequencies
and damping for as high as the 5th mode have been obtained but not con
firmed by mode shape measurements [2,3]. A comparison of bending
response at two different levels of forcing (wind speed) has also been
obtained. Mode shapes and properties were obtained by analysis of the

, cross power spectra and some limited single degree of freedom curve
fitting. Work is currently underway on the development of both single
and multi-degree of freedom curve fitting algorithms that can be applied
to cross power spectra of the response measured at multiple locations.

The original research plan called for response measurements to be
carried out on another building during construction and installation
of the cladding. After lengthy, tedious and trying negotiations with
the owner and general contractor, it became obvious that access to the
structure would not be possible. The problem centered around a strong
mutual distrust between the owner and the contractor and their unfounded
fear that the proposed tests might somehow provide a basis for future
lawsuits. Consequently, efforts were directed at finding another site
and the result was selection of the glass-clad building. This is
currently the only medium size steel frame building under construction in
the area, and access was obtained without any difficulties. The two key
disadvantages, however, are the relatively complicated structure and the
lightweight cladding design. At the present time, a complete ambient
level response survey which includes both torsion and two-axis bending
response has been performed. The tests were carried out over a period
of one month beginning shortly after the last floor slab was poured (no
cladding installed) and ending with the cladding about 35% installed.

Design and construction of the RVG have been completed. Briefly,
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the key features of the unit are:
* Peak force levels to 5000 lbs. in a horizontal plane
* Maximum sinusoidal frequency of 10 Hz at 5000 lb. force level
* Overall performance equal to or better than Kinemetrics VG-l
* Rectilinear operation using servocontrolled hydraulic actuator
* Steady state or transient operation using arbitrary forcing

functions.

The unit employs a seismic mass of up to 3000 lbs. which is sup
ported on four large air bearings and driven in a rectilinear fashion
by a small high-pressure servocontrolled hydraulic actuator. A thick
base plate over which the air bearings ride provides a suitable working
surface and spreads the static weight of the unit so that the direct
floor loading is less than 150 lbs. per sq. ft. The actuator is
attached to the base plate in a manner allowing simple rotational adjust
ment so that the force vector can be aligned in any horizontal direction.
The unit is supported by a 10 gpm hydraulic power supply and a small air
compressor.

Preliminary testing revealed instabilities in the air bearings and
after several redesigns this problem appears to have been resolved.
Laboratory tests are currently underway to verify performance. A series
of shakedown tests of the RVG are planned for a small building on campus
during April and May. Following this the unit will be used to carry
out forced response tests in both buildings.

Conclusions

Analytical and experimental studies of cladding performance are
limited to the linear range in these initial studies aimed at investiga
tion of cladding-structure interaction effects in modern buildings. The
goal of the study is to increase the understanding of cladding behavior
in modern building construction so that rational procedures for its
design, perhaps as a lateral stiffening element to control low-level
building motions, can be developed in the future.
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This paper summarizes current research at the George Washington Uni
versity in the area of stochastic response of tall building to earthquake
excitations sponsored by the National Science Foundation. The objective of
this research program is to investigate (i) the effect of coupled lateral
torsional vibration resulting from building eccentricity, (ii) the use of
transfer matrix technique in random vibration analysis of tall buildings,
(iii) the difference and its significance between stationary and nonsta
tionary random excitations in earthquake engineering applications, and (iv)
the effect of multi-dimensional earthquake excitations on structural res
ponse and reliability.

Traditionally, structural dynamic problems are formulated in terms of
normal modes of vibration, and the treatment of earthquake excited struc
tures is no exception. The inclusion of the torsional degrees of freedom
increases the number of modes and thus increases tremendously the amount of
computation. This is especially true when torsional and translational mo
tions are coupled. Unfortunately, uncoupled torsional and translational
motions exist only if the mass center and the elastic center coincide for
every story of the building, and if they lie on the same vertical line
throughout the entire building. Therefore, coupled motions are normally
expected and uncoupled ones are exceptions.

The importance of torsional motion in building response has been sub
stantiated experimentally [1]. It was shown [1] from the analysis of
records obtained during Feb. 9, 1971 San Fernando earthquake that the con
tribution of the torsional modes was indeed significant. Recognizing the
importance of the torsional motion in the building response on the one hand
and the complexity ofa detailed analysis on the other, Kan and Chopra [2,
3] have proposed recently an approximate method to deal with a special
class of building where the locations of the mass and elastic centers,
while not necessarily coincident, are the same for every floor. The ap
proach taken in [2,3] is essentially deterministic in nature, whereas the
nonstationaryrandom vibration is emphasized in the present program.

Actually, the most time consuming part of the traditional normal mode
approach is in the determination of the normal modes. Yet, the knOWledge
of these modes is but an intermediate step toward the final goal which is
the total structural response in terms of either deflections or forces. A
logical alternative is clearly one which will dispense with this tedious
intermediate step and reach directly to the goal. Such an analysis is in
deed possible by a transfer matrix formulation in the frequency domain as
presented in [4]. However, the transfer matrix approach can also be used
to compute the normal modes and natural frequencies if so desired. Fur
thermore, it has the additional advantage of modeling the effects of
damping locally and more realistically at different parts of the structure,
whereas in a normal mode approach damping coefficients for different modes
must be assumed based upon the analyst's experience and possibly test re
sults, since the normal modes are those associated with an undamped
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structure.

The transfer matrix formulation is f01llld to be most suitable for tall
buildings where an elastic center and a mass center are identifiable for
each story of the building. It is especially efficient if every story is
identically constructed, or if the entire building is composed of several
identically constructed sections [4]. Using the transfer matrix technique
the computer time spent for computing the frequency response function was
found to be only a small fraction of what would have been required if other
analytical methods, such as the modal analys is, were used. Furthermore,
very little additional computer time and no additional computer storage are
needed if the number of stories is increased, as long as they are identi
cally constructed [4].

It was found [4] that a moderate degree of eccentricity causes only a
slight change in the level of response in the same direction as that of the
ground motion, but its most significant effect is manifested by the respon
se in the transverse direction and in torsion. For example, the base shear
in the y direction induced by a ground motion in the x direction is abcut
40% of the base shear in the x direction. Therefore, the coupling effect
should not be overlooked in the structural response analysis.

Structural response has been computed for two ground excitation mod
els. The first model is a stationary process, and the second model is a
non-stationary process. The nonstationarity in the second model is associ
ated with a time-varying intensity which increases from zero to a peak
level equal to that of the first model, and then diminishes again to zero.
The maximum standard deviation of the structural response computed for the
nonstationary excitation is found to be smaller than that of the stationary
response under the stationary excitation, the difference being greater
either when the damping ratio is lower, or when the fundamental frequency
of the structure is lower. Therefore, the more elaborate and realistic
nonstationary excitation model should be used in such cases.
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The goal of the research program is to develop simplified methods of
design of building structures to resist dynamic loads arising from natural
hazards such as earthquakes and, to a lesser extent, wind. The research
emphasizes the development of new and improved methods of analysis. Work
is underway in three interrelated areas as follows: (1) simplified
methods of analysis and design for excitation arising from earthquake and
wind; (2) response of subsystems to dynamic motions; (3) design of multi
degree-of-freedom systems with special attention to inelastic behavior.
The graduate student and professor investigating each phase of the project
are indicated. The project will be finished on 30 April 1980; studies on
many subtopics have been completed, and many summary reports and papers
have been prepared and are available upon request.

Simplified Methods of Analysis and Design

The response of elasto-perfectly-plastic systems combined with various
damping levels is being analyzed with the purpose of assessing the relia
bility of inelastic design spectra currently used. Earlier studies were
aimed at developing an empirical amplification factor versus damping re
lationship valid over a wide range of damping values (R. Riddell -- Prof.
N. M. Newmark).

This soil-structure interaction study involved consideration of the
analysis of earthquake records in a manner to account for wave dimensions
and building size as they affect lateral and torsional motions. A numer
ical averaging approach applied to free field records has proven useful
in estimating the effect of building size on response (J. R. Morgan -
Prof. W. J. Hall and Prof. N. M. Newmark).

One research topic is being carried on in the general area of model
ing of buildings and soil-structure interaction. This investigation in
volves study of the frequency dependence of foundation parameters and of
techniques for handling nonclassical damping, in a manner to permit single
calculation of interaction effects (K-Y. Shye -- Prof. A. R. Robinson).

Another study deals with vertical acceleration and its influence on
P-~ effects accompanying lateral motion. The nonlinear coupling of lat
eral modes also is being considered. Ranges of significance for pertinent
parameters and design recommendations are being sought which adequately
account for the effects of vertical acceleration coupled with lateral mo
tion and including the nonlinear coupling of lateral modes (A. C. Stepne
ski -- Prof. A. R. Robinson).
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A continuation of studies of the design and behavior of low-rise
steel frame buildings is underway with particular attention to the resis
tance offered by floors (F. Cotran -- Prof. W. J. Hall) and resistance of
fered by infilled walls (C. E. Rivero -- Prof. W. H. Walker). In these
studies, special attention will be given to reserve strength and techniques
for handling such elements in dynamic response calculations.

A new study involves development of some simple physical models that
can be employed in studying nonlinear behavior of simple systems and some
special aspects of ground motions. The studies initially will be theo
retical in nature t hopefully followed by limited testing of models at a
later date (J. M. Nau -- Prof. W. J. Hall).

Two topics dealing with wind loads on structures have been under
study. One is an investigation into the feasibility of using a unified
design procedure to account for the dynamic effects of earthquakes and
wind loads in buildings. In addition to investigating the commonality of
analysis approaches the study involved development of a wind response
spectrum, similar to that employed for earthquakes (P. Cevallos-Candau
Prof. W. J. Hall). Another wind-related study is concerned with the
effects of variable direction of the wind on the lateral and torsional
response of buildings. A major goal is to provide analysis methods suit
able to the design office (E. Safak -- Prof. D. A. Foutch).

A final topic under study in this area involves interaction between
buildings and developments of techniques for handling differential motions
(F. Castilla -- W. H. Walker).

Response of Subsystems to Dynamic Loads

A study of tuned secondary systems utilizing concepts in classical
dynamics and applied mathematics has three goals: the development of
numerical procedures for accurate computation of secondary response; the
attainment of a qualitative understanding of secondary response phenomena;
and the development of techniques for obtaining fast but reliable secon
dary response estimates (G. C. Ruzicka -- Prof. A. R. Robinson).

A second study involved formulation of approximate methods of pre
dicting the maximum response of single and multi-degree-of-freedom secon
dary systems with single or multiple attachments to a multi-degree-of
freedom primary system (R. Villaverde -- Prof. N. M. Newmark).

Design of Multi-Degree-of-Freedom Systems

One study is aimed at deriving an approximate method of analysis for
nonlinear multi-degree-of-freedom systems. The method is an iterative one
which utilizes only elastic response spectra and elastic modal analysis
techniques. The mode shapes and frequencies of the elastic system are
adjusted to account for the nonlinear behavior (V. Tansirikongkol -- D. A.
W. Pecknold). A second study involves study of the effect of variation of
ground motion parameters on the response of complex structures (S-Y. Kung
-- Prof. D. A. W. Pecknold).
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Introduction

It is now a common practice to model earthquake ground motions as
stochastic processes, and to treat the structural response as a random
vibration problem, in recognition of the fact that the occurence of fu-·
ture earthquakes, their magnitudes and wave forms are not predictable in
advance. The present research project seeks to utilize recent advances
in the theory of stochastic processes in this particular area of appli
cation, with special emphasis on the effects of vertical ground accel
eration.

For vertically erected structures, the horizontal ground motion gives
rise to external excitations, in the sense that they appear as inhomo
geneous terms in the governing equations. In contrast, the terms asso
ciated with the vertical ground motion appear in the coefficients of the
governing equations; they are called internal or parametric excitations
which cause the characteristics of a dynamic system to vary with time.

Published analytical studies related to parametric excitations are
mostly concerned with the stability of system response. When the exci
tations are stochastic, the objective of an investigation is usually
the asymptotic stability in a suitable statistical sense; However; since
strong motion earthquakes are generally short, lasting somewhere between
several seconds to one or two minutes, the asymptotic stability solution
has little practical significance in earthquake engineering applications.
The more important aspect of parametric excitations in this case lies in
their ability to enhance the power of the non-parametric external excita
tions; namely, the presence of vertical ground acceleration can cause
greater structural response than if the horizontal ground acceleration
were to act alone.

Analysis

A simple structural model chosen for preliminary study consists of a
massless beam-column which is supporting a concentrated mass at the top
and is clamped in the ground at the lower end. If the column material
is linearly elastic, the equation of motion can be written as follows:

~ 2 ~ m
Utt + 2~Woot + Wo (1 - P - -p-- Vtt ) 0 = - Uttcr cr

in which w and ~ are the usual symbols for the natural frequency and
the dampin~ ratio, u and v are the horizontal and vertical ground motions,
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and each subscript t denotes a time-differentiation. The horizontal and
vertical ground accelerations are idealized as modulated white noise pro
cesses; i. e., each is a white noise multip lied by a determinis tic non
negative envelope function which increases from zero to a maximum level
of unity and then reduces again to zero. Under such excitations, the
structural response, represented as a vector in the phase plane, is a
Markov vector. The statistical properties of the response can then be
computed using known mathematical methods available for the Markov
stochastic processes (see, e.g. 2, 3, 4).

The time-dependent mean-square value of the structural displacement
is computed for the case when the horizontal ground acceleration is act
ing alone, and for the case when both the horizontal and the vertical
ground motions are present. In the latter case, the spectral level ra
tio between the vertical ground acceleration and the horizontal ground
acceleration is assumed to be 0.64. The effects of the vertical ground
acceleration is found to be greater for greater initial response (i.e.,
the mean-square response initially computed without taking the vertical
ground motion into account). However; within the elastic range the per
cent increase in the structural response is found to be negligible.
These results, in addition to showing the general trend of the effects
of the vertical ground motion, indicates the need for a nonlinear in
elastic structural model for the analysis.

A hysteresis model originally proposed by Hata and Shibata (5) can
be modified to include the parametric excitation as follows:

X" + 2Z;Xl + (r-K2)X + (l-r) sgn Xl = - U + K1 V"X (z)

In this equation the structural displacement 0, and the horizontal and
vertical ground motions u, v have been normalized with respect to the
elastic limit 0 , i.e., X = % , U = u/o , V = v/o. Each prime denotese e e e
one differentiation with respect to the dimensionless time T = W t. Kland Kz and r are constants. It is of interest to note that the £erm
assoclated with K2 accounts for the P-o effect due to gravitation alone,
and the term associated with K1 is the parametric excitation. Thus, each
of the two effects can be discounted by setting either K1 or K2 to zero.

Time histories of the mean-square displacement response have been
computed for two excitation levels. Some highlights are given in the
following table:

TABLE I

Excitations V V-G U-G-V

Peak Mean-Square Response 5.92 7.14 7.46
22.4 28.8 32.9

Residual Mean-Square Response 4.74 6.43 6.68
12.6 23.1 25.5

V-horizontal ground acceleration, G-gravity, V-vertical ground acceleration
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These results show that the effects of vertical ground acceleration are
not negligible, contrary to the conclusion obtained previously by Tani and
Soda (6). It is possible that the discrepancy is due to the fact that in
Ref. 6, the correlation between the output process X and the parametric
excitation V" was not taken into consideration.
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This research is conducted as part of a continuing study of safety
evaluation of structures to earthquakes and other natural hazards spon
sored by National Science Foundation under grand No. ENV 77-09090.

This paper summarizes the latest developments in (1) analytical
modeling of hysteretic restoring forces and multi-degree of freedom) in
elastic structures, (2) approximate analytical methods for the random re
sponse analysis and (3) study of sensitivity of response variables to
system parameter uncertainties and lifetime reliability of structures
against earthquake. Details are available in Refs. 1,2, and 3.

Modeling of Hysteretic Forces and Multistory Structures

The smooth hysteretic restoring force model based on a differential
equationwas generalized to include effect of system degradation. The
degradation can be in the strength (ultimate restoring force), the stiff
ness or both, and is a function of total hysteretic energy dissipated.
The total energy dissipated is also of interest in its own right. It may
be used as a more meaningful measure of structural damage or failure, than
traditional maximum response or ductility factors, since a structure may
be weakened more by stress reversals than a single large stress excursion.

Shear beam, rigid column-flexibile beam and discrete hinge models for
multistory buildings were investigated. In the first two models, yielding
and hysteresis are confined in the columns or beams therefore are suitable
for structures with strong girder or strong column design, respectively.
The discrete hinge model allows inelastic response in both beams and
columns at the joints, therefore is a more reaslistic model. It is be
lieved to be the first attempt of using this model in analytical study of
random response of multistory inelastic structures.

Approximate Response Analysis

The inelastic system is linearized by minimizing the mean square er
rors. All system coefficients are obtained in simple closed form. Ordi
nary differential equations for the response covariance matrix is then ob
tained which reduce to algebraic equations for stationary solution and can be
integrated numerically for nonstationary solution. The power spectral
density function of the linearized but nonselfadjoint system is obtained
by an eigenvalue analysis, from which first passage time and maximum re
sponse probability studies are also carried out. The accuracy of the
solution procedure is verified by extensive Monte-Carlo simulations. It
is found that the method gives very accurate covariance matrix and total
energy dissipation however, has a tendency of underestimating the maximum
response when there is significant yielding in the system. This is ap
parent due to the fact that at the extreme tail, the probability structure
deviates significantly from the Gaussian law used in the analysis. Never
theless, maximum response at the 50 percentile level is still satisfactory
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and can be used in safety analysis. Non-Gaussian procedures for the pre
diction of the maximum repsonse are presently being studied.

The results also indicated that the discrete hinge model provides
significantly more insight into the response than do simpler shear beam
or rigid column-flexibile beam models. Particularly, the detailed energy
dissipation statistics at the critical join~ of the structure derived from
such model provide quantitative information for forumlation of more realistic
criteria for structural damage or failure.

Sensitivity and Uncertainty Study

The methods developed allows one to evaluate the response statistics
with more computational efficiency (compared with Monte-Carlo method) given
the ground excitation intensity, frequency content (power spectral density)
and structural resistance (system parameters). To evaluate the lifetime
probability of failure of the systems, the uncertainties in both the exci
tation and the structural system parameters (e.g. earthquake intensity
and duration, restoring force strength, post-yielding stiffness, hysteresis
loop shape, etc.) need to be taken into consideration. For this purpose,
a sensitivity study of the response (e.g. ductility) to system parameter
variation is carried out. The effects of parameter uncertainties are in
corporated through a first-order analysis, i.e.

N
~2:: I c? ~2 + 02
y i=l 1 Xi Y

in which ~ = total uncertainty, coefficient of variation
y = response variable of intent, e.g. ductility

xi = system parameters, e.g. strength, post-yielding stiffness

Ci = ;1. (xl ,x2· ..xn)] at Xj = ~x. in which ~x. = mean value of
1 J J

x.. C. is determined from the sensitivity analysis.
o = tne untertainty (coefficient of variation) due to random
y oscillation of the system

The lifetime probability of failure (e.g. given ductility level Yd
being exceeded) is therefore

Pf :: f P(Y > Yd I I=i} fI(i) di

in which I = lifetime maximum intensity.
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The reported research is aimed at determining the effect of the dis
crete connection points on the vibrational characteristics of shallow
circular cylindrical tanks and examining the stress fields developed in
the immediate vicinity of these discrete connection points, which anchor
the tank to the rigid base when subjected to dynamic excitations. The
forces exerted on the structural system are due to the horizontal ground
motion. Fluid-tank interaction is included.

Earthquake Response of Shallow Tanks

Thin walled shallow circular cylindrical steel tanks are being exten
sively used in the petroleum and chemical industries. Tanks having a
height (H) to diameter (D) ratio (HID) of approximately 1.00 or less are
designated as shallow tanks. The analytical research on the determination
of the vibrational characteristics, tank-foundation interaction, and the
earthquake response have been carried out for these tanks having uniform
support conditions along the perimeter of their base. However, in practice
the majority of cylindrical liquid storage tanks have been anchored to
their base at discrete points along the perimeter of the tank shell wall.
In the case of seismic disturbances, the transmittance of the forces
between the tank and the base will primarily be through these anchors.
The type of support of the shells at discrete points necessitated the
use of a methodology which can accommodate the envisioned support condi
tions. It was decided to employ finite element method for the research
[lJ.

Completed Preliminary Investigations

Prior to the initiation of the main body of the research it was
decided to conduct two pilot programs to gain a better understanding of
the dynamic behavior of shallow shells, and sensitivity of such behavior
to finite element discretization. By using flat shell elements, empty
tanks were discretized and fundamental frequencies of vibration were
computed [l,3J. The purpose of the study was to determine the effects
of mesh size on the correct assessment of the frequencies of vibration
and the associated modal shapes. The second phase dealt with the develop
ment of a data base for the frequency of vibration of shallow cylindrical
tanks of various heights and diameters with uniform support conditions
at the base. All these tanks were designed in accordance with the current
API Specifications and were analyzed by program KSHEL [2,5]. Results
have provided a very simple technique and a table to predict the fundamen
tal frequency of empty tanks [4J.

Non-uniform Support Conditions

Stress concentrations developing at the vicinity of anchorage points
will be analytically determined by using finite element method. The
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analysis will be conducted for empty, full and partially filled tanks.
The ground excitation will be inputted via appropriate response spectrum.
The modal superposition technique will be used to determine the dynamic
response. It is expected that a second set of finite element analysis,
through the use of substructuring, will have to be employed to determine
the peak value of the stresses at the anchorage details. A limited
parametric study will also be conducted to determine the effects of the
changes in the dimensions of anchorage details on the stress concentration.
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The problem of liquid sloshing against the dome of a slab-supported
circular cylindrical liquid storage tank subject to seismic excitation is
addressed from an experimental standpoint, guided by dimensionless anal
ysis. To that end the Buckingham rr-theorem is employed. To accomplish
this, the random nature of a typical earthquake accelerogram is first
considered and the power spectral density determined. The area under the
spectral curve has been shown by previous investigators to be related to
the second moment (or mean square value) of the process. It is reasonable
to regard the frequencies at which these peaks occur to be the predominant
frequencies. One of the characterizations of this type of random process
is the RMS value. The time duration of the earthquake is another signifi
cant variable. The geometric shape and specific size of the container are
also factors which influence the response of the system. Young's modulus
and the density of the shell as well as liquid viscosity which accounts
for wave decay in the liquid, and the liquid density are also to be
considered. Finally, some inherent characteristics of the system, for
example, the natural frequencies of the elastic tank and of the liquid,
and the acceleration of gravity are also introduced as primary quantities
in the analysis.

In this manner the generalized properties of this physical problem can
be represented by seventeen variables in dimensionless form. These
seventeen are in terms of the three fundamental variables mass, length,
and time. Thus, the minimum number of groups required to relate.the total
variables becomes fourteen.

A series of experiments was carried out on sloshing in transparent
domed, cyl indrical tanks subject to base motion. Patterns of liquid
impingement on the dome were determined together with dimensionless
pressure parameters. It was found that. the Hquid response, as measured
by either the wave height or hydrodynamic pressure against the dome is
small compared to static pressure in the cylindrical portion of the tank
unless the frequency of harmonic motion of the tank base is close to
the first resonant frequency of the system consisting of the tank and
contained liquid. At higher modes, sharp tuning is required to excite
the liquid.
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The research reporeted in this paper forms part of the project "Seismic
Resistance of Precast Concrete Panel BUildings" that is being carried out at
the Massachusetts Institute of Technology under the sponsorship of the
National Science Foundation. Principal Investigator is Prof. James M. Becker.

Precast concrete panel buildings are bearing wall systems, in which
usually both the structural walls and the floors are prefabricated. Both
precast wall panels and floor planks are joined on site by various connection
details. Present construction practice, which has mainly developed in non
seismic regions, often results in systems in which the connections represent
the weakest structural elements. The connections represent therefore both
a serious problem and a challenge in aseismic design of such buildings. Two
basic lateral load resisting elements can be distinguished in panelized build
ings: simple walls and composite walls. Simple walls have only horizontal,
composite walls have both vertical and horizontal connections. Research
efforts have been directed towards three major areas:

(1) Seismic Behavior of Simple Walls. This study concentrates
on the effects of horizontal connection behavior on seismic
response.

(2) Seismic Behavior of Composite Walls. This study concentrates
on the effects of vertical connection behavior on seismic
response and is described in more detail below.

(3) General Response of Precast Concrete Panel Buildings. This
study investigates 3-D behavior, effect of floor diaphragms,
solid-structure interaction, non-simultaneous base excitation,
etc.

Seismic Behavior of Precast Composite Walls.

This study consists of three efforts

• Evaluation of alternative aseismic design concepts.

• Investigation of the seismic behavior of structural
walls coupled through vertical connections or coupling
beams.

• Tests on the cyclic behavior of vertical connections.

Alternative Aseismic Design Concepts.

Precast composite walls have both vertical and horizontal connections.
Because these connections often represent the weakest structural elements,
in which the primary inelastic action occurs, composite walls can be viewed
as structural systems with localized nonlinearity and inelasticity. This
suggests to investigate a design approach that is used in the New Zealand Code.
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In the capacity design approach of the New Zealand Code primary energy
dissipating mechanisms are chosen. The primary energy dissipating elements
that participate in the mechanism, are suitably designed and detailed, and
all other elements are then provided with sufficient reserve strength capa
city to ensure that the chosen energy dissipating mechanisms are maintained
throughout the deformations that may occur In this sense a major con
cern of aseismic design concepts is the establishment of favorable hierarchies
of yield mechanisms Based on a review of the literature, codes and past
earthquake experience, criteria are being developed that characterize favor
able primary energy dissipating yield mechanisms. Using these criteria, the
merits and shortcomings of different aseismic design concpets are evaluated.
Based on the observation that coupled shear walls, excentrically braced
frames and composite walls all basically represent cantilevers with weak
longitudinal fibres, it was concluded that directing the primary inelastic
action into weak, but tough vertical connections represents a promising
alternative to the usual design approach attempting monolithic behavior of
composite walls.

Seismic Behavior of Structural Walls Coupled Through Vertical Connections or
Coupling Beams.

Vertical connections in composite walls play basically a similar role
as coupling beams in coupled structural walls. Using coupling elements
(vertical connections, coupling beams) as primary energy dissipating elements
raises in both cases the question which coupling stiffness and strength rela
tive to that of the walls will lead to the best energy dissipation character
istics of the structure. This question is addressed in a series of parametric
computer studies. An effort is made to present results on the optimum coup
ling strength and stiffness in a form that is independent of a specific wall
configuration or specific coupling elements (vertical connections, coupling
beams).

Tests on the Cyclic Behavior of Vertical Connections

Precast concrete panel buildings typical of North American practice
often use embedded welded or bolted metal details for vertical connections.
Such vertical shear connectors appear also most promising in connection with
an aseismic design concept that uses vertical connections as primary, energy
dissipating elements. However, only very limited test results on vertical
shear connectors exist. An experimental program on the hysteretic behavior
of vertical shear connectors under cyclic loading has therefore been initia
ted and is carried out in the laboratories of Wiss, Janney, Elstner and
Associates, Inc. under the direction of Prof. J.M. Becker. The primary
objective is to investigate the behavior of shear connectors typical of
current design practice. However, dependant on the results, it is also in
tended to test some innovative solutions for tough vertical shear connectors.
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Digital computer studies of 20-story buildings containing auxiliary
Coulomb friction dampers are being conducted to determine the properties
which the dampers should have to minimize building response. Laboratory
work is underway to develop practical dampers which can be installed in
buildings. The National Science Foundation has funded this work for 2
years; continued support is being sought.

Digital Computer Studies

A class of 20-story structures having fundamental periods varying
from 0.5 sec. to 5 sec. was created by multiplying all floor masses of
a basic building by appropriate constants, elastic properties remaining
unchanged. Within the frames, diagonal Coulomb damping struts connect
each floor to the floor below. The dampers are characterized by 2 pro
perties: elastic stiffness when not slipping, and magnitude of slip force.
These properties give the dampers an elastic-plastic force-deflection char
acteristic; the combination of structural frame and dampers together has a
piecewise linear hysteretic characteristic. Damper stiffness in each story
is equal to a constant, STFCON, times the stiffness of the frame against
shearing deformation of that story. The slip force in each story's damper
is equal to a constant, F/W, times the building's weight above that story.
Both constants are held uniform throughout all stories so that a building
is classified by 3 numbers: the fundamental period, Tl ; STFCONj and F/W.
Response to the El Centro record was computed for numerous combinations
of these constants, enablinglresponse spectra to be plotted. Figs. l(a),
(b) are examples of spectra.

The spectra showed that there are combinations of F/W and STFCON, de
pending on T

l
, which result in minima or near minima of most response para

meters. In general, the stiffer the dampers, the smaller all responses.
Optimum F/W depends on T

1
and to a lesser extent on STFCON. For T

1
= 5 sec.,

least response occurs when F/W = 0.02; for T = 2 sec., F/W = 0.06; and
for T

l
= 0.75 sec. optimum F/W should be at least 0.20. With these optimum

damper properties, response to EI Centro is about the same as would be
produced by 10% to 20% critical viscous modal damping in all modes. Doubling
the earthquake intensity produced more than doubled response when F/W was
small and less than doubled response when F/W was large. These results can
be qualitatively explained by the fact that as well as absorbing energy,
the dampers stiffen a frame and thus shift the fundamental period toward
the dominant period of the ground motion. Postearthquake residual displace
ments were negligible.

Findings to date indicate that modest damper forces can significantly
reduce earthquake induced forces, deformations, and accelerations of many
structures. Also suggested is that some building frames be made less stiff,
perhaps through flexible joints, and then be modified by adding energy
dissipators. A wider range of ground motions and frames must be studied,
and economics must be considered before the latter statement can be made as
a recommendation.
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A Telescoping Friction Damping Strut

A telescoping friction damping strut which has been developed consists
of 2 pieces of steel tube surrounded by 1/4" thick steel plates which are
pressed against it by spring loaded clamps. Alternate plates connect to
opposite ends of the tube. As the tube changes length, energy is consumed
through friction by the plates slipping along each other. Disc springs
prevent rapid loss of clamping force as wear occurs. Powdered oil shale
sprinkled on the rubbing surfaces results in smooth noiseless slipping
even after thousands of inches of slipping. Fig. 2 shows a strut, and
Fig. 3 shows how wear due to rubbing reduced the slip force of a test
strut. As an example of required size of strut, a damper in one bay of the
lowest story of a heavy 20-story, 2 sec. period frame, capable of damping
3 bays, might consist of a steel tube 8" x 8" X 1/2", with 3 layers of
1/4" plates on all sides, and clamping bands spaced at 12" centers.

Direction of Future Work

More computer studies will be conducted to include the effects of P-~,

axial forces, soil-structure interaction, and inelastic frame behavior,
and to determine if STFCON and F/W should be varied over the height of
the buildings. Additional laboratory work will be conducted to improve 2
the present form of the dampers, to test these as well as extrusion dampers
on the Earthquake Simulator, and to develop dampers in other forms such as
walls and diaphragms.
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An investigation to develop and test analytical models for calculat
ing the nonlinear seismic response of reinforced concrete frame structures
is in progress at the University of Nevada, Reno. The study includes both
"multi-degree ll and "single-degree" analytical models which have been

successful in simulating the results from dynamic testing of several
ten-story small-scale structures [1]. To evaluate the performance of the
analytical models, both small-scale and full-scale structures are being
studied.

Response-Analysis of Small-Scale Structures

Four small-scale nine-story three-bay reinforced concrete structures,
recently tested at the University of Illinois at Urbana-Champaign, are cur
rently being studied analytically. Each structure comprised two identical
frames placed parallel to each other on the test platform. In three of the
structures, there was also a central shear wall. The hei ght of the wall
was different from one structure to the other, making it possible to study
the effect of the height of the wall on earthquake response of structures.
The general characteri sti cs of these test model s was that the stiffness
varied abruptly along the height.

The analytical study of these structures has been focused on a
nonlinear single-degree-of-freedom model (called the Q-Model [1]) which
has been successful in reproducing the experimental results from struc
tures with no drastic change of stiffness along the height. One of the
assumptions made in developing the Q-Model was that the lateral deformed
shape of structures remai ns nearly constant as the nonl i near deformati ons
are developed. For structures with abrupt changes of stiffness, perhaps
this assumption is no longer valid, and modifications will be made to
obtain a reliable model for structures with or without uniform stiffness.

Response-Analysis of Imperial County Service BUilding

During the earthquake of October 1979 at El Centro, California, the
acceleration response of the Imperial County Services Building was measur
ed at different floors and in the main directions of the building. The
building is a six-story reinforced concrete structure with plan-view
dimensions of approximately 136 feet by 85 feet, and has five spans in the
east-west and three spans in the north-south di recti on. There are four
shear walls in the north-south direction, which extend over the first
story. Parallel to these walls, are two exterior shear-walls extend from
the second story to the top of the buil di ng. Reportedly, the structure
developed nonlinear deformations as a result of the earthquake.

The study for this building includes both "multi-degree" and II s ingle
degree" analytical models. The "multi-degree" analysis is aimed at
determining: (a) if the assumptions made in structural idealizations are
valid, (b) if the hysteretic behavior of the structural connections can be
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represented well by the available complex hysteresis models, and (c) if
the simple hysteresis model (Q-Hyst) introduced in Reference 1 can simu
1ate the measured responses. The computer program used for thi s part of
the study is LARZ [2].

The preliminary results have been promising. Both the complex and
simple hysteresis models used in the study have resulted in responses in
reasonab1e agreement with those observed. The waveforms are simi 1ar and
peak values are close. The results indicate that, for the structure
analyzed, it is possible to simulate the overall hysteretic behavior by
the Q-Hyst model.

A "mu lti-degree" analysis is associated with involved data prepara
tion, substantial computer memory space, and considerable computer time.
The Q-Model, the nonlinear "s ingle-degree" analytical model introduced in
Reference 1, el iminates these diffi culties whi le it results in sati sfac
tory responses for test models. As part of the present study, the Q-Model
is being examined to determine its reliability in calculating the response
of the Imperial County Services Building, which is a full-scale structure.
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Buckling failure of long buried pipelines during an earthquake has been recog
nized as an important problem in the lifeline earthquake engineering. This important
and unfortunately long neglected area has recently attracted a great deal of attention
of earthquake engineers and researchers both in theoretical and experimental studies
(1,2). However, investigations on the critical buckling load of buried pipelines due
to axial compressive loading have been scarcely found although the stability equa
tions for cylindrical shells have been available in the literature since the late 1800's.
The studies on this subject are, however, usually simplified and restricted to a com
mon beam on an elastic foundation (2).

The purpose of this work is to investigate the buckling failure mode of buried
pipelines of a cylindrical shell surrounded by uniform springs (3). Donnell's cylin
drical shell equations are used for quasi shallow shells and Flugge shell equations
are employed when the shallow shell equations are not applicable. As the first step
in this quite complicated area and with a conservative approach the buried pipe is
quasi-statically investigated under seismic loads and the critical acceleration is
estimated when the static buckling load is related to the inertia force of th~ system.
Attention is then focused on a parametric study that concerns the effects of the
dimensions of the pipe as well as the stiffness of the soil medium surrounding the
pipe.

Results of this work have first shown that there is no significant half sine wave
occurring in the circumferential direction for relatively long pipes (Donnell's shell
equations) when the axial compressive load reaches its minimum. This fact is
intuitively expected for cases in which the surrounding soil medium has large stiff
ness. It is therefore reasonable to assume that the pipe deforms in such a manner
that its deformed shape is totally governed by the number of sine waves in the
axial direction. Figures (1) and (2) show for the half sine waves m, the variation
of the critical axial load P with respect to the Batdorf parameter (4) Z = L2/ah
(l - 1J2)1/2 for a thin walled pipe. Here L is the length and IJ is the Poisson's
ratio of the shell; h and a represent the wall thi ckness and mean radius respectively.
The shell is surrounded by a uniform soil medium with extensional stiffness k, in
the radial direction. It is interesting to note that for a given pipe, an increase
in soil stiffness causes a decrease in wavelength of the unstable mode. An increase
in the crucial critical load is however, noted.
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Some representative results for the Flugge's shell equations case are repre
sented in Figures (3) and (4). The parameter which is related to the axial compres
sive load P is plotted versus Lima for a ductile iron pipe with L =40 ft, a =24 in.,
h =0.51 in. for two extreme values of soil nondimensional parameter a. (a. = k

(Eh/a
2)

and E is the Young's modulus for ductile-iron). a. = 0 represents the case of no
soil medium around the pipe. Results show that as long as all points lie below the
area covered by the curves, the pipe is stable. As soon as a point reaches one of
the curves, the pipe is in neutral equilibrium and at the onset of buckling. Results
show that the soil medium around the pipe has quite substantial effect on the critical
axial load.
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AHMED M. ABDEL-GHAFFAR

Princeton University

This brief synopsis describes a research project, which is in pro
gress, on the longitudinal vibration behavior of earth dams during earth
quakes. The problem is of practical interest in that such longitudinal
vibrations may lead to cracks, which may later enlarge and produce cata
strophic conditions under further earthquake impulses and other stresses.
Financial support for this research is provided by the National Science
Foundation (Research Initiation in Earthquake Engineering Hazards Miti
gation). The two principal objectives of the investigation are apparent
in the following two research phases.

Development of Analytical Models

Analytical models are developed for evaluating dynamic characteris
tics, namely natural frequencies and modes of vibration, and for estimat
ing earthquake induced strains and stresses (both shear and normal or
axial) on earth dams in a direction parallel to the dam axis. In these
models the nonhomogeneity of the dam's materials were taken into account
by assuming a certain variation of stiffness properties along the depth
of the dam (Fig. 1). Cases such as constant elastic moduli, linear vari
ation of elastic moduli, and elastic moduli increasing as the one-half,
one-third, two-fifths and a general (~/m)th powers of the depth are
studied. In addition, results of full-scale dynamic tests, of both
ambient and forced vibrations (already conducted by the principal inves
tigator), and real earthquake observations of some existing dams are
utilized to confirm and improve the suggested models. It was found that
the models which take into account the effect of variation with depth of
both the shear modul us and the modulus of e1as ticity of the dam rna teri a1
are the most appropriate representations for predicting the dynamic char
acteristics in the longitudinal direction. The agreement between the
experimental and earthquake data and the theoretical results is reason
ably good.

Identification of Elastic Moduli and Damping Factors of
Earth Dams from EarthguakeRecords

Based on the above-mentioned, longitudinal analytical models, a
rational procedure is being developed to estimate dynamic strains and cor
responding elastic moduli and damping factors for earth dams from their
hysteretic responses to real earthquakes, utilizing the hysteresis loops
from the crest as well as the base records of earth dams (Fig. 2). This
leads to a study of the nonlinear behavior in terms of the variation of
stiffness and damping properties with the strain levels of different loops.
Finally, the data so obtained will be compared with those previously avail
able from soil-dynamics laboratory investigations; the data also will be ,
combined with those obtained from the analysis of the upstream-downstream
vibrations (conducted by the principal investigator) to give informative
materials to both the earthquake and the geotechnical engineers. Figure
3 shows some of the hysteresis loops (of the first mode of longitudinal
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vibration) of Santa Felicia Earth Dam (in Southern California) which
resulted from the dam's response (in the longitudinal direction) to the
San Fernando earthquake (ML = 6.3) of 1971.
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AH~1ED M. ABDEL-GHAFF AR AND ROBERT H. SCANLAN

Princeton University

A comprehensive study dealing with the earthquake-response analysis of
long- and intermediate-span bridges \r/hen subjected to multiple-support
seismic excitations is part of the current earthquake engineering research
in the Civil Engineering Department at Princeton University; it is in the
proposal stage and has been submitted to the Hationa1 Science foundation
(Division of Problem Focused Research Applications).

The research is concerned, in general, with: (1) the definition of
the expected seismic inputs, (2) the earthquake-response analysis, and
(3) general seismic design criteria of long-span suspension bridges, and
incidentally of intermediate-span cable-stayed bridges, when subjected
to multiple-support seismic excitations (Fig. 1). Efforts will be made
to assess the main parameters controlling the three-dimensional dynamic
performance of these bridges under traveling seismic waves. In addition,
recommendations for economical and appropriate deployment of strong
motion instrumentation will be made. An outline of the research plan is
summarized below.

Structural and Dynamic Analysis

The research requires, as a prerequisite, extension of the studies
which were started by one of the principal investigators in order to es
tablish more accurate dynamic characteristics of both suspension and cab1e
stayed bridges. In particular, this first phase of the investigation con
cerns the development and refinement, both analytically and numerically,
of the dynamic-analysis methodology for long-span bridges, taking into
account among other things the structural (coupled) vibration problem,
large vibrational displacements, and the effect of the suspended struc
ture's geometry which mayor may not be conventional.

Definition of Appropriate Seismic Inputs

The second phase of the investigation deals with the appropriate
definition of seismic inputs (to permit estimation of relative motions
between support points, as shown for a simplified case in Fig. 2), taking
into account the propagation, attenuation and phase characteristics of
seismic waves as evident from existing and newly acquired strong-motion
records. The seismic inputs will be time functions (such as cross-corre
lation functions) and for frequency functions (such as cross-spectral
functions). The form of these time and frequency functions will be
determined "lith the aid of available strong motion acce1erograph records
(at one location and at another nearby within the range of a bridge span),
random vibration theory and elastic wave propagation theory, as shown in
Fig. 3.

Earthquake Response Analysis

Earthquake response characteristics of selected bridges, represent
ing a wide band of long-span bridges, will be determined in the third
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phase of the study. In addition, comprehensive studies of the bridge
components and integrated analytical and numerical procedures will be
developed on the three-dimensional linear (elastic) and nonlinear (geo
metric) behavior of the~structures under simultaneous seismic loading
conditions (Fig. 4 shows a simple example of using the suggested seismic
inputs of Fig. 3 in statistically studying the earthquake response of a
suspension bridge).

Earthquake Resistance Criteria and Recommendation for
Strong-Motion Instrumentation

Finally, earthquake resistance criteria for design, strengthening
and repair will be suggested, and recommendations for purposeful and econ
omical deployment of strong ground motion instruments, on and in the vicin
ity of these important structures, will be made.

_ ...T

IT ~TQl tf(t1

IJe._ &=.=~======:.~~I"TT.. B 'UN VIEW 01__ C J 0

~"l '~l
Figure 1

1_ '. _I • J _ I. II _I

1- !M't£LI!!!TH ). .1. IlMLDIlM ).. .1
A1 __-~H~T_tHl..

Figure 2

81 ......1£ .....IICII .-.TI....... Cl8LlOlII _lIC£
.I~_.-tl



Figure 3

252

-------...;;;~w

CllOSS-COIlIt£LATION
ltll

CltOSS·SI'ECTltAL DOISITY FUNCTION
leI

~ I'ESPONSE AT AN", t " MBITftARY POINT

~=::t:" =~
tlam t f,lt)

I:lCAMPLE OF MULTIPLE -SUPPOln' Y£RTICAL EXCITATIONS

'LJ
t"'It)

--tt--LINEAR STRUCTlM'tAL
SYSTEM

f,m feW f,ltl f4tl

ISEISMIC INPUT'S I

Figure 4



253

T.Y. YANG and J.L. BOGDANOFF

Purdue University

Free vibrations and seismic responses of the major structural components
in two large fossil fuel steam generating power plants have been studied
under the support of National Science Foundation. Some analytical results
for some structural components are presented.

Column-Supported Cooling Tower

Half of the shell is modeled using orthotropic quadrilateral flat plate
finite elements. The supporting columns and top ring beam are modeled by
beam finite elements.

The time-history response of 30 seconds to the North-South accelleration
component of the May 18, 1940 El Centro earthquake is computed by the tech
niqueof modal superposition. A,response spectrum analysis is used to ascer
tain the maximum response of the first three eccentric modes with 4% critical
damping. From a RMS estimate of the total maximum response, forces and
stresses in the shell and columns are obtained. The contribution of gravity
loading is included.

Only those modes with one circumferential wave are excitable by horizon
tal earthquake motion. In this study, the contributions of the higher eccen
tric modes to the total deflection rapidly diminish. In the undamped case,
the first mode contributes approximately 90% of the total deflection while
the second and third modes contribute 9% and 1%, respectively. When damping
of 4% of the critical value is inclUded, the first mode accounts for over 96%
of the total response, with the second mode adding approximately 4%, and the
third models contribution is negligible.

Consideration must be given to the effect of the discrete supporting
columns in order to accurately analyze the seismic response of cooling towers.
The columns are found to be the vulnerable region in the system. In partic
ular, the axial force in the columns appears to be the most critical.

The response of the cooling tower shell is characterized by predominantly
membrane behavior. Bending is restricted to a narrow band at the base of the
shell.

A 9xlO element mesh with 918 degrees of freedom is practically adequate
for the purpose of predicting the dynamic behavior of the cooling tower. For
more detailed stress predictions, however, a finer mesh size, using quadri
lateral plate elements exclusively, or more sophisticated shell finite elements
would be needed. Also, inelastic deformations, which may affect the dynamic
behavior, have not been considered.
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Doubly Curved Membrane Shell Finite Element for Cooling Towers

A high-order, doubly-curved, quadrilateral membrane shell finite
element has been developed with the intent of application to the study of the
response of column-supported cooling towers. The element is defined by lines
of principal curvature and allows a third-order mapping of the meridian. The
inplane displacement. assumptions are bicubic. The transverse displacement
assumption is bilinear. Three rigid body modes, two inplane translations
and a rotation about the shell normal are implicitly included. They are
sufficient to produce excellent convergence characteristics in analyzing
membrane shells, regardless of the shell's Gaussian curvature. Numerical
studies,both static and dynamic, demonstrate the excellent.efficiency of the
present element.

It remains to incorporate the present membrane element fR a structural
analysis program which includes a sophisticated general bending shell element
and beam elements. Once this has been accomplished, it is believed that
accurate and reliable solutions can be obtained for the cooling tower problem
with a substantially less computational .effort than that required in using a
fine-mesh, flat plate model.

Reinforced Concrete Chimney

An analytic investigation of the elastic and .inelastic response behaviors
of an 823 feet chimney to the El Centro earthquake record has been conducted.
The chimney is modelled by using eight pipe-type beam finite elements. Equa
tions of motion are solved numerically by direct integration method. For the
pure elastic analysis, cracks developed in the chimney are considered. Several
assumed percentages of the critical damping are also considered. For the in
elastic analysis, the material of the chimney is assumed to be an idealized
equivalent homogeneous material with the same Young's modulus, mass density,
and elastic limit as concrete. Equations for the determination of the depths
of elastic-plastic boundaries in the finite elements are derived. The time
history response results obtained from the inelastic analysis are compared
with those obtained from the purely elastic analysis. The present results
may be of practical value to the structural designers for chimneys. The pre
sent method may be applied to the analysis of practical designs of slender
reinforced concrete chimneys.

Coal Handling Elevator Supporting Structure

The supporting structure for coal handling elevator in the 1200 MW steam
generating plant at Paradise,. Kentucky is studied. An adequate model for
analyzing the dynamic behavior of the system, required the use of over 1000
three-dimensional truss, beam, and plate finite elements and approximately
100 lumped masses. The assembled system has 714 degrees of freedom. The
analysis has accomplished the following objectives:

a) Determine the basic dynamic properties of the system, i.e., the
natural frequencies and their corresponding normal modes. b) Perform a re
sponse spectrum analysis to determine the necessary number of modes to be
included in an earthquake time-history response analysis and to provide a
means of checking the time-history calculations. c) Determine the response
of the coal handling equipment to the North-South component of the El Centro,
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1940, earthquake using the mode superposition technique and investigate .
the effect of viscous damping of the response. d) Identify the vulnerable
members of the structure. e) Utilize 3-D computer graphics techniques for
data checking, displaying results, and as a medium for gaining insight into
the nature of the structure's dynamic behavior.

Steam Generator and Supporting Structures

Seismic analysis has been performed for a 600 MW and a 1200 MW steam
generators and their supporting structures in this study using realistic
three-dimensional finite element models. The 600 MW power plant is located
in Zone III of the earthquake risk map whereas the 1200 MW power plant is
located in Zone I. Because of greater possibility of an occurance of an
earthquake in Zone III, the power plant was designed according to the speci
fications of the Unifrom Building Codes. Each suspended boiler is analyzed
by an analytic model as well as by a finite element model with four hanger
rods.

For each plant, twelve natural frequencies and associated mode shapes
of the combined boiler and structure finite element model have been obtained.
For both boiler-structural systems, the spectra of modal responses of the
relative displacements of the joints and the axial stresses in the structural
members are obtained based on El Centro earthquake of May 18, 1940. The
statistical maxima of member axial stresses are based on the root-mean-square
values.

It is found that for the 600 MW boiler-structure, the axial stresses in
158 out of 1607 members exceed the yield stress, most of which are located
in the rear lower portion of the supporting structure. The axial stresses
in 309 members exceed the Euler buckling values. These are mostly cross
bracing members. Only in 4 out of 20 tie members the axial stresses exceed
the yield value. The axial stresses in the same 4 tie members exceed their
corresponding Euler buckling values. Small damping coefficients reduce the
response displacements significantly.

It is found for the 1200 MW boiler-structure that out of 1290 members,
the maximum principal direct stresses exceed the elastic limit in 277 members,
the ultimate stress in 85 members. The maximum shearing stress exceed the
elastic limit in 142 members. The axial forces exceed the Euler buckling
values in 319 members. The higher stresses are generally found in the lower
parts of the major columns and the columns in the front portion of the struc
ture that are tied to the air h.eater. The horizontal tie members are the
most vulnerable components of the structure. The axial stresses in 9 out of
11 tie members exceed the elastic limit as well as the Euler buckling loads.
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JAMES T. P. YA,O and KING-SUN FU

Purdue University

To-date, relatively few experienced engineers are qualified to assess
seismic damage of existing structures. In recent years, several govern
mental agencies have made attempts to simplify this process to enable more
engineers and technicians to perform this important work. Nevertheless,
structural damage is a very complex pheonomenon, which is difficult to
understand and analyze in a clear and precise manner.

In current practice, the damage of a given structure can be studied
both experimentally and analytically in case of need. Experimental studies
include either field surveys or laboratory tests; and field surveys in
clude the detection of failed components and other evidence of distress,
the application of non-destructive testing techniques to the structure,
the discovery of poor workmanship and construction details, and proof-load
and other load testing of a portion of a very large structure. Meanwhile,
samples can be collected from the field and tested in the laboratory to
obtain strength and other mechanical properties. Analytical studies fre
quently consist of the examination of the design calculations and drawings,
the review of project specifications, the performance of additional struc
tural analyses incorporating field observations and test data, and the
possible explanation and description of the event under consideration.
Although such general procedures exist, the detailed methodology, especial
ly the decision making process, remain as privil~dged information for a
relatively few and are being transmitted to younger engineers primarily
thorugh many years of working experience and the development of "intuition".

The objective of this research project is to develope a direct and
systematical methodology for the assessment of seismic damage of existing
structures. The subject matter was discussed in several state-of-the-art
papers [1-6J. The possible application of the theory of pattern recogni
tion was considered [7]. In addition, an exploratory study of the theory
of fuzzy sets was made for possible applications [8]. Results of these
investigations were summarized in a technical report [9]. In the present
research project (NSF Grant No. PFR 7906296), the following tasks are being
pursued:

(1) Formulation of the Problem of Damage Assessment:

The problem of damage assessment will be examined in the context of
pattern recognition [10-12], which deals with the description, classifica
tion and interpretation of data. It is desirable to obtain a mathematical
formulation with emphases on (a) the formulation of a decision function or
classifier, (b) the development of a procedure for the feature extractor,
and (c) the understanding of the underlying data structures. The useful~

ness of currently available field data for damage assessment should be
studied. Moreover, the need for additional information not currently
available will be considered.
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(2) Identification of Significant Parameters:

With the mathematical formulation of the problem, attempts will be
made to identify significant parameters, which are measurable or can be
computed from currently available data. In addition, it is desirable to
find additional parameters of importance which are not being collected and
analyzed at present. It is expected that these parameters can be ranked
according to their respective significance in relation to the overall
damage state.

(3) Illustration and Demonstration:

Special cases of experimental results and field data will be analyzed
for the purpose of illustration and demonstration of such a methodology.
Preliminary results will be, used to refine the mathematical model and its
associated computational algorithms. In so doing the practicality and
feasibility of this methodology can also be examined.

(4) Collection, Processing, and Interpretation of Existing and
Available Test Data and Records:

Field records and laboratory test data will be collected. Whenever
it is possible, the methodology thus developed will be applied. Addition
al tests will be proposed if such information and data are not readily
available for the implementation of this methodology. Because of-the
practical nature of the ultimate goal of this research topic, close con
tact will be maintained among academic researchers and practicing engi
neers.

This study is coordinated and managed by Principal Investigator, J. T.
P. Yao, who is working closely with the Co-Principal Investigator, K. S.
Fu, whose research interests are in the areas of pattern recognition and
fuzzy sets. They are assisted by a post-doctoral research associate spe
cializing in patter recognition, Dr. Mitsuru Ishizuka; and two graduate
students one each in electrical and civil engineering, Messrs, Hsi-Ho Liu
and Sassan Toussi, respectively.
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L. D. LUTES

Rice University

This summary describes some results of current research at Rice Uni
versity on the problem of predicting first-passage probabilities for
simp1 eli near structures subjected to stationary stochastic excitation.
This work is. part of amore general study of the Response of Structures to
Stochastic Excitations sponsored by the National Science Foundation.

Problem Formulation

Let L(b,t) represent the probability that the absolute value of a
stochastic process X has never reached the level b prior to time t.' Thus
L is the probability that first-passage has not yet occurred, or is the
probability of survival if b represents a failure condition. One can de
fine a function a(t) such that

L = eXP(-f~ a(T) dT) (1)

and it has been shown that a(t) then represents the conditional rate of
upcrossing of the level b at time t, given that no upcrossings have oc
curred pri or to ti me t. When Xis, or tends to, a stati onary process then
a(t) tends to a stationary value a and for large t values eq. (1) can be
rewri tten as . 0

L = Loexp(-aot) (2)

For obvious reasons ao is often called the limiting decay rate of survival
probability. An often used approximation for ao is the unconditional rate
of upcrossings of the level b when X is stationary, which will be denoted
by Vo. This study focuses on the values of ao/vo and Lo (for large time)
and on the time dependence of a(t) for small time values.

SDF Linear Structure

An empirical formula for ao/vo has been obtained as
ao/vo = 1-1.075 [k exp(-k/2]W (3)

where k = b/oo (4)

with 00 =stationary value of the rms of X, and w is a function only of
the amount of damping in the structure. In particular, w is taken as a
linear function of Vanmarcke's [1] bandwidth parameter q2, which for small
values of ~ (fraction of critical damping) can be approximated by

q2 =(4/7T)~(l-1.n) (5)
and w = o. 2364 + 28. l4q2 (6)
The results of these equations have been shown to agree quite well with
empirical data from numerical simulation of the problem for g values down to
0.01 and for k values in the range of 1 to 3.5, and also to agree with the
results of extensive numerical computation by Roberts [2] using a Kolmo
gorov equation to compute the diffusion of probability for an approximation
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of the original problem.

(9)

It has also been found empirically that the Lo term seems to be
independent of ~ and can be approximated by

La = exp [exp(-1.195 - 0.3106 k2)J (7)

It has been found that a useful approximation to the nonstationary
buildup of a(t) is given by

a(t) =1 _ ;~~(-rt) expel _ ~~p(-rt)] (8)

ao k2
a = -log(--) - ~

va

where

(10)
and ao

r = 10g(L ) [y + log(a)J
o

where y = 0.577216 is Euler's constant, and T is the period of the oscilla
tor. Rather than perform the integration of a given in eq. 1, one can ob
tain an approximation of L at the discrete times t n = nT/2 by using

L(b,tn)= L(b,tn_l)exp{- fa[(n -}) tJ} (11)

with the initial condition L(b,O) = 1. Note that this recursive computa
tion need only be performed for a relatively few half-cycles since eq. 11
tends to eq. 3 (to a close approximation) as a(t) tends to its stationary
value.

2DF Linear Struc tures

It has been found that the ao/vo values for a two-degree-of-freedom
structure cannot, in general, be determi ned from those for SDF systems by
use of only a bandwidth parameter. For example, in some situations the
ao/vo value for a 2DF system may be lower than that for a SDF system with
the same modal damping, whereas the bandwidth parameter is always increased
by addition of a second mode, so predicts increased values of a.c/vo. Studies
are continuing on the dependence of ao/vo and La on the modal frequencies
and the relative response contributions of the two modes.

1. Vanmarcke, E. H., "properties of Spectral Moments with Applications to
Random Vibration," Journal of the Engineering Mechanics Division ASCE,
Apr. 1972, pp. 425-446.

2. Roberts,J.B.,"First Passage Probability for the Envelope of a Random
ly Excited Lti'learOscil'lator," Journal 6fSoundand Vibrations, Vol. 46,
No.1, 1976, pp. 1-14.
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Presented herein is a summary of research supported by the National
Science Foundation in the area of approximate analysis of the nonlinear re
sponse of structures to dynamic loads. Attention is focused on three spe
cific problems: the dynamics of structures with localized nonlinearity, the
propagation of elastic waves in frictionally bonded solids, and the devel
opment of equivalent linearization techniques for the finite element analy
sis of nonlinear frame vibrations.

The Dynamics of Structures with Localized Nonlinearity

As many investigators have noted, nonlinear structural behavior often
occurs at a single identifiable location within a structure. The analysis
of the dynamic response of such systems is greatly simplified by taking
advantage of this natural division of the system into a linear subsystem(s)
and a single nonlinear structural element. Research in this area, which
began two years ago, has focused on the response of adjacent multidegree
of-freedom linear systems which are interconnected by one nonlinear struc
tural element, and subjected to base excitation. While most investigators
concerned with locally nonlinear systems have concentrated on the develop
ment of substructuring techniques for large finite element computer codes,
the approach used in our research has differed by concentrating o,n the
development of approximate anaZytiaaZ techniques for simplified structural
models. The goals of this research are to develop efficient analysis tech
niquescapable of reducing computational costs and identifying important
parameters for use in design. Significant progress has been made toward
the accomplishment of these goals for systems with small or moderate levels
of nonlinearity and subjected to steady harmonic or stationary stochastic
excitation. Numerical examples considered include adjacent single story
frames separated by a seismic joint, or interconnected by a rigid-plastic
structural element. A Ph.D. thesis summarizing these results is currently
in preparation. Goals for future research include an investigation of the
inclusion of weighting functions in the linearization integrals for the
purpose of improving the accuracy of the approximate solutions for systems
with large nonlinearity.

The Propagation of Elastic Waves in Frictionally Bonded Solids

An understanding of the effects of friction and slippage at an inter
face between elastic solids is fundamental to the mechanics of strike-slip
faulting, attenuation in the near field, and energy dissipation at slip
ping interfaces within structural systems. The goal of this research,
which began three years ago, is to develop an approximate solution techni
que capable of simplifying the analysis procedures to the extent that
realistic nonlinear models for the bonding friction may be included, even
in preliminary studies. To accomplish this goal, an equation averaging
technique has been developed and applied to the proble~ of reflection, re
fraction and absorption of steady harmonic SH, SV and P waves, and to the
attenuation and dispersion of Love-type surface waves in a frictionally



262

bonded layer. Goals for future research include an investigation of the
effects of friction and slippage at an interface on the propagation of el
astic waves with stochastia time dependence. Studies of such nonlinear
probabi 1istic wave propagation may form a useful framework for future
earthquake studies. Other future research is aimed at investigating in
terface waves of Stonely-type, and surface waves in multilayered solids
with frictionally bonded surfaces.

Equivalent Linearization Techniques for Finite Element Analysis of Nonlinear
Frame Vibrations

The analysis of nonlinear vibration of large structural frames is most
often accomplished by existing nonlinear finite element codes. While such
codes are capable of prov.iding much useful detail, the excessive computa
tional costs involved often prevent their use in design studies. On the
other hand, design studies may often require less detail and accuracy than
that provided by a typical nonlinear finite element code. The goal of this
research, which is in a very preliminary stage, is to develop a simplified
analysis procedure whereby the governing nonlinear equations of motion may
be appropriately linearized by an extension of the method of equivalent
1inearization, in order to facil itate a semi-analytical sol uti6n and there
by reduce computational costs. The aim is to develop a procedure at the
element level which will require relatively minor modification of existing
codes for implementation. This project is not yet funded, and is a joint
effort with Professor L.C. Wellford, Jr. Initial consideration is being
given to the effects of geometrical nonlinearities on the response of beam
column systems.



263

P-T.D. SPANOS

University of Texas at Austin

Research is being conducted in the area of analytical methods for
probabilistic analyses of seismic structural responses. Stationary,
separable modulated, and non-separable evolutionary stochastic models
are used. Research efforts are focused on both linear and nonlinear
structures.

Response of LinearStrtictlires

I. Numerical analysis aspects of the Kolmogorov backward partial differ
ential equation associated with the first-passage problem of the response
amplitude of a lightly damped linear structure are considered. The struc
ture is subjected to seismic excitation which is modeled by a broad-band
stationary random process. A formula has been derived for the analytical
estimation of the eigenvalues of the boundary value problem constructed
by a separation of variables procedure on the Kolmogorov equation. The
analytical estimates have been used as initial values in an iterative
scheme which determines the eigenvalues numerically for several values of
the circular barrier of the first-passage problem. An efficient algorithm
for the numerical computation of the corresponding eigenfunctions has been
developed. This algorithm has been used, as well, to compute the constant
coefficients of a solution of the Kolmogorov equation in the form of an
eigenvalues-eigenfunctions series expansion. The numerical data obtained
have been examined in context with the physics of the problem. Currently,
research efforts are devoted to using these analytical and numerical
results as a basis for studying the first-passage problem of linear struc
tures excited by modulated stochastic seismic models.

II. The probability density function of the response amplitude of a
lightly damped linear structure subjected to a broad-band non-stationary
seismic process with evolutionary spectrum is examined. In connection with
this project, a combination of deterministic and stochastic averaging has
been used to derive a one-dimensional diffusion equation which approximate
ly governs the time evolution of the probability density function of the
response amplitude. Based on the diffusion equation, it has been proved
that the non-stationary probability density of the response amplitude can
be approximated by a Rayleigh distribution with a time dependent scaling
variable. An equation for the analytical determination of the scaling
variable has been obtained. Currently, Monte Carlo studies are contem
plated so that the reliability of this approximate result can be assessed.
Furthermore, its usefulness is explored in addressing the problem of
generating earthquake records which match, with specified probability,
arbitrary response spectra.

Response of Nonlinear Structures

The response of a class of weakly nonlinear and lightly damped struc
tures to a separable non-stationary stochastic seismic excitation is
examined. The seismic excitation is represented as the product of a slowly
varying modulating deterministic function and a broad-band stationary
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process. Using an averaging procedure a first order equation governing the
time evolution of the response amplitude has been derived. The Fokker
Planck equation which describes the diffusion of the probability density
function of the response amplitude has been considered. A particularly
convenient basis of orthonormal functions, as well as necessary formulae
for the determination of an approximate solution of the Fokker-Planck equa
tion by means of the Galerkin technique, have been identified. Furthermore,
based on this solution an equation has been developed for the determination
of the statistical moments of the response amplitude. It is currently
planned to apply this method to specific seismic models and nonlinear
structures so that the significance of several engineering parameters can
be better understood and properly quantified.
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University of Virginia

This paper summarizes current research in the Department of Civil
Engineering at the University of Virginia. sponsored by the National
Science Foundation, in the area of earthquake structural response of
soil-structure systems using Fourier Transform techniques.

Research~Objectives

The particular concern of this project is with the development
and evaluation of a computational strategy for determining the earth
quake response of a structure including foundation interaction effects.
The frequency dependence of the dynamic properties of the soil leads
to equations of motion for the soil-structure system that cannot be
solved in the time domain. The usual approach is to Fourier transform
the variables and solve the equations of motion in the frequency do
main. The inverse Fourier transform is then used to obtain the tran
sient response. Since the Fourier integrals are generally too compli
cated to evaluate, the Discrete Fourier Transform is used in which
the transforms are evaluated by means of the Fast Fourier Transform
algorithm.

Application of Discrete Fourier Transform techniques using the
Fast Fourier Transform algorithm typically involves determining the
steady state responses for a large number of excitation frequencies.
For structures that have a large number of degrees of freedom, this
process entails, for each frequency, a solution of a set of simul
taneous algebraic equations corresponding to the number of degrees
of freedom. This computational effort can be reduced somewhat by
using modal analysis to reduce the numbers of degrees of freedom to
something within the realm of practicality for earthquake response.
Nevertheless, considerable computational effort is still required to
calculate the frequency response functions.

Current efforts on this project are concerned with the evalua
tion of two specific alternative procedures for more efficient
computation of the structural response. In the first approach,
interaction effects are first determined 'and subsequently applied
as excitation, thus reducing the soil-structure interaction problem
to a fixed-base excitation problem which may be solved by standard
procedures. The second approach utilizes the discrete equations in
the frequency domain, but uses procedures similar to those used in
structural reanalysis to avoid completely resolving -the full equa
tions at each frequency increment.

Research Approach and Results

The first alternative procedure uses modal characteristics of
the fixed-base system to obtain an algebraic expression for the
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steady-state response of the interaction degree of freedom. Using
a multistory building on a rigid foundation as an example and con
sidering only base rotation, the equations of motion may be written
as

[M]{u} + [C]{~} + [K]{u} = -[M] e{l} X + {h}6)
g

(1)

where X is the ground acceleration and e the base rotation.
g

The steady-state response of the base rotation is determined by
equating the base moment exerted by the structure on the foundation,
to the moment resistance of the soil. Once this response is found,
the rotational acceleration e is known and the problem reduces to that
of a base excited system in which a standard modal approach may be
used. The development of this method has been completed and the accu
racy demonstrated. Interaction response curves have been developed for
two types of lateral reinforcing, shear beam and flexure beam. For
both systems, the response is dominated by the first mode. It is an
ticipated that the structural response will behave in a similar manner.
Two structural response terms will be considered; response at the
building top and total base moment. Parameter studies will be per
formed to investigate the effect of relative building height and soil
stiffness.

The second procedure will utilize some of the computational
procedures developed for use in structural reanalysis and optimum
design. Consider, for example, the problem represented by Eq. (1).
The steady-state response in the frequency domain may be expressed as
the product of the frequency response function {H} and the Fourier
transform of the excitation. The frequency response function may be
found from

([A] + i[B]) {H}

where [A] = ([K] - 4n 2f[M])

[B] = 2nf[C]

{D} (2)

Traditional static structural response is governed by

[K]{u} = {F} (3)

and the displacements {u} found by solving Eq. (3). In the reana1ysios
problem, the objective is to find the new displacements {u + ~u} re
sulting from a new design characterized by [K + ~K], where

[K + ~K] {u + ~u} = {F} (4)

without completely resolving Eq. (4). Eq. (2) and Eq. (4) have the
same form. Thus, determining a new frequency response function
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corresponding to a new frequency from Eq. (2) is equivalent to finding
a new displacement resulting from new structural properties in Eq. (4).
The reanalysis scheme currently being evaluated for use in the approxi
mate solution of Eq. (2) is a combination of a Taylor series and
iterative technique.

Results to date indicate that both methods described are feasible
alternatives to the direct solution of Eqs. (1) and (2) and, for cer
tain problems, offer significant savings in computational effort.
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M. P. SINGH

Virginia Polytechnic Institute and State University

This note summarizes the research work being done at Virginia Poly
technic Institute and State University in the area of seismic stability
evaluation of earth structures. This research work is being sponsored by
the National Science Foundation.

To evaluate seismic stability of earth structures like layered founda
tions, slopes, embankments and dams for a prescribed design input like re
sponse spectra curves, currently time history analyses are usually per
formed. In these approaches, the design input is required to be defined
in terms of earthquake time histories. As prescribed design spectra can
only be represented by an ensemble of time histories, a large computational
effort will be required to obtain reliable results by analyses for the en
semble of time histories. To avoid this problem, an approach which can use
a prescribed design spectra directly and can also consider nonlinear strain
dependent properties is required.

Research Objectives:

The objective of this research work is, therefore, to develop a veri
fied analytical approach for evaluating seismic stability of materially
nonlinear earth structures for seismic design inputs defined in the form of
response spectra curves. A preliminary research done earlier by the inves
tigator and his colleague [1] has identified a potentially useful approach.
This approach is based on random vibration theory in which earthquake in
puts could be defined in a stochastic form or by ground response spectra
curveS. To handle nonlinear strain dependent soil properties, the method
of stochastic equivalent linearization [2] is used. In this investiga
tion some of the assumptions made in our earlier work are being reviewed
and improved. Also analytical verification of the proposed theory by simu
lation study is being undertaken now.

Nonproportional Damping Effects

The approach we are investigating is iterative in which in each cycle
of iteration the equivalent linear soil properties are obtained and stiff
ness and damping matrices of the system are revised. Since it is proposed
to use the ground response spectra directly, the system has to be analyzed
by normal mode approach. In the normal mode approach for damped systems it
is usually assumed that damping matrix is proportional. In our earlier in
vestigation we also made the same simplifying assumption. Thus we assumed
that the system damping matrix can be decoupled by the normal modes. Or in
other words, the coupling terms which were obtained in the process of dia
gonalization of the damping matrix by the normal mode matrix were neglected
in the analysis. We want to investigate the magnitude of the error intro~

duced in the response by this assumption.

To ascertain this error, we had to come up with a method of analysis
whereby the effect of nonproportional damping could be considered exactly.
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We have had good luck in our investigation, as finally we have been able
to develop a method in which nonproportional damping effects can be ex
actly included and a prescribed set of response spectra can be directly
used. The approach is similar to the square-root-of-the-sum-of-the-squares
type of approach, which is commonly used to obtain the design response by
response spectrum approach.

We are in the process of applying this method to our problem to
ascertain the magnitude of error due to the proportional damping assump
tion. If the response results by exact and approximate methods of analy
ses are significantly different in any iteration, we may have to adopt the
exact method in final stability calculations. This will no doubt increase
the computer cost, but it will still be cheaper than using the time history
analysis approach.

Validation of Proposed Approach

It is proposed to compare the results obtained by the proposed ap
proach with those obtained by an available truly nonlinear approach [3)
for an equivalent ensemble of time histories. To obtain truly nonlinear
response results, program CHARSOIL [4] developed by Professors Streeter,
Wilie and Richart at the University of Michigan will be used for a layered
soil strata. At this moment we are writing a computer program for our
approach and also putting program CHARSOIL on our computing system 'and
making it compatible with our research requirements. We are addressing
ourselves to the requirement of having compatible soil parameters in
CHARSOIL and our approach. CHARSOIL uses Ramberg-Osgood type of nonlinear
relationship whereas our approach is geared to material properties described
by the strain dependent nonlinear curves as developed by Seed and Idriss [5].

We will compare the results for quantities like cumulative damage po
tential and corresponding factor of safety, maximum stress and strains
and, probably, response spectra curves for a layered soil media. Possi
bility of using a simple earth dam model is also being considered.

We expect to finalize this work during the summer of 1980.
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