PB 265 795

REPORT NO.

UCB/EERC-77/02 EARTHQUAKE ENGINEERING RESEARCH CENTER
JANUARY 1977

SOIL-STRUCTURE INTERACTION EFFECTS
AT THE HUMBOLDT BAY POWER PLANT
IN THE FERNDALE EARTHQUAKE OF
JUNE 7, 1975

by

JULIO E. VALERA
H. BOLTON SEED
C.F. TSAI

J. LYSMER

A report on research sponsored by

the Natianal Science Foundation

Ill v

5 ” COLLEGE OF ENGINEERING

Il CUNICAL UNIVERSITY OF CALIFORNIA - Berkeley, California
INFORMATION SERVICE

. 8. DEPARTMENT OF COMMERCE
SPRINGFIELD, VA, 22161

I



For sale by the National Technical Informa-
tion Service, National Bureau of Standards,
U.S, Department of Commerce, Springfield,
Virginia 22151, :

See batk of report for up to date listing of
EERC reports



1. Repor o. o s B X
?:Iinélgsmrmc DATA port N UCB/EERC-77/02 2. 3. Recipiont's Accession No.
4. Title and Sut:rirle . 5. Report Date
"Soil-Structure Interaction Effects at the Humboldt January 1977
Bay Power Plant in the Ferndale Earthquake of Z
June 7, 1975" '
7. Author(s) Jylio E. Valera, H. Bolton Seed, C. F. Tsal and 8. Performing Organization Rept.
J. Lysmer No. 77/02
9. Performing Organization Name and Address 10. Project/Task/Work Unit No.
Earthquake Engineering Research Center
University of California, Berkeley 1. Contract/Grant No.
47th Street and Hoffman Boulevard
Richmond, California 94804 GI - 43104
12, Sponsoring Organization Name and Address 13. Type of Report & Petiod
National Science Foundation Covered
1800 G Street, N.W.
Washington, D. C. 20550 14.

15. Supplementary Notes

16. Abstracts
This report presents the results of a study of the distribution of ground

motions and structural response in the Humboldt Bay Nuclear Power Station during the
Ferndale earthquake of June 7, 1975. Based on a knowledge of the motions developed
at the ground surface in the free-field, computations are made using an idealized
complete interaction procedure based on finite element analysis, to determine the
characteristics of the motions likely to develop at the base of the Refueling Building
at a depth of 85 ft below the ground surface and within the Refueling Building at a
depth of 85 ft below the ground surface and within the Refueling Building at the
ground surface level. The computed motions are shown to be in reasonably good agree-
ment with those recorded at these locations in the same earthquake. In addition, the
recorded motions are compared with those computed by an analysis procedure which
generally meets existing requirements of the Nuclear Regulatory Commission and it is
shown that the requlatory requirements lead to an entirely adequate but not exces-
sively conservative margin of safety based on the motions recorded in this event.

17b, Identifiers/Open-Ended Terms

17¢c. COSATI Field/Group

18. Availability Statement 19.. Security Class (This 21. No s
Report}
. UNCLASSIEIED
Release Unlimited 20. %xudurchss(Thb 122. Price
age T 1
UNCILASSIFIED FC NN MEAE

FORM MTIS-38 (REV. 10-73)  ENDORSED BY ANSI AND UNESCO. THIS FORM MAY BE REPRODUCED USCOMM-GC B265-P74



INSTRUCTIONS FOR COMPLETING FORM NTis-35 (Bibliographic Data Sheet based on COSATI
Guidelines to Format Standards for Scientific and Technical Reports Prepared by or for the Federal Government,
PB-180 600).

1. Report Number. Each individually bound report shall carry a unigue alphanumeric designation selected by the performing
organization or provided by the sponsoring organization. Use uppercase letters and Arabic numerals only. Examples
FASEB-NS-73-87 and FAA-RD-73-09,

2. Leave blank,

3. Recipient’s Accession Number. . Reserved for use by each report recipient,

4. Title and Subtitie. Title should indicate clearly and briefly the subject coverage of the report, subordinate subtitle to the
main title, When a report is prepared in more than one volume, repeat the primary title, add volume number and include
subtitle for the specific volume,

5 Report Date. Lach reporr shall carry a date indicating at least month and year. Indicate the basis on which it was selected

{e.g., date of issue, date of approval, date of preparation, date published).

6. Performing Organization Code. Leave blank.

7. Author(s). Give name(s) in conventional order (e.g., John R. Doe, or J.Robert Doe). List author's affiliation if it differs
frem the performing organization,

8. Performing Organization Report Mumber. Insert if performing organization wishes to assign this number.

9. Performing Organization Mame and Mailing Address. Give name, street, city, state, and zip code. List no more than two
levels of an organizational hierarchy. Display the name of the organization exactly as it should appear in Government in-
dexes such as Government Reports Index (GRI),

10. Project/Tosk/Work Unit Number. Use the project, task and work unit numbers under which the report was prepared.
11. Contract/Grant Number. Insert contract or grant number under which report was prepared.

12, Sponsoring Agency Mame and Mailing Address. Ioclude zip code. Cite main sponsors.

13. Type of Repart and Period Covered. State.interim, final, etc., and, if applicable, inclusive dares.

14. Sponsoring Agency Code. Leave blank.

15. Supplementary Notes. Enter information not included elsewhere bur useful, such as: Prepared in cooperation with . . .
Translation of . . . Presented at conference of . . . To be published in . .. Supersedes ... Supplements - - -
Cite availability of related parts, volumes, phases, etc. with report number.

16. Abstract. Include a bricf (200 words or less) factual summary of the most significant information contained in the report.
If the report contains a significant bibliography or literature survey, mention it here,

17. Key Words and Document Analysis. (a). Descriptors. Select from the Thesaurus of Engineering and Scientific Terms the
proper authorized terms that identify the major concept of the research and are sufficiently specific and precise to be used
as index entrics for cataloging.

{b). ldentifiers and Open-Ended Terms. Usc identifiers for project names, code names, equipment designators, etc. Use
open-ended terms written in descriptor form for those subjects for which no descriptor exists.

{c). COSATI Field/Group. Field and Group assignments are to be taken from the 1964 COSATI Subject Category List.
Since the majority of documents are mulridisciplinary in nature, the primary Field/Group assignment(s) will be the specific
discipline, area of human endeavor, or type of physical object. The application(s) will be cross-referenced with secondary
Field/Group assignments that will follow the primary posting(s).

18. Distribution Statement. Denote public releasability, for example ‘*Release unlimited’’, or limitation for reasons other
than security. Cite any availability to the publie, other than NTIS, with address, order number and price, if known.

19 & 20. Security Classification. Do not submit classified reports to the National Technical Information Service.

21. Number of Pages. Insert the total number of pages, including introductory pages, but excluding distribution list, if any.

22. NTIS Price. Leave blank.

FORM NTI15-35 (REV. 10-73} USCOMM-DC 8265-P74




EARTHQUAKE ENGIREERING RESEARCH CENTER

SOIL-STRUCTURE INTERACTION EFFECTS
AT THE HUMBOLDT BAY POWER PLANT
IN THE FERNDALE EARTHQUAKE OF JUNE 7, 1975

by

Julio E. Valera
H. Bolton Seed
C. F. Tsai
J. Lysmer

Report No. UCB/EERC/TT-02

January 1977

A Report on Research Sponsored by
the National Science Foundation

College of Engineering
University of California

Berkeley, California

i






Scil-Structure Interaction Effects at the Humboldt Bay Power Plant

in the Ferndale Earthquake of June 7, 1975

by

. 1 2 .
Julio E. Valera, H, Bolton Seed, C. F. Tsal3 and J. Lysmer4

Introduction

One of the many controversial aspects of nuclear power plant
design in the past several years has been that of evaluating the
seismic soil-structure interaction effects during design levels of
earthquake shaking. Basically two methods of approach are available
for determining these effects: (1) complete imteraction analyseé
which.attempt to make some evaluation of the variations in earth-
quake motions both in the structure and the soil in which it is
embedded; and {2) inertial interaction analyses in which the motions
in the soil surrounding the structure are considered to be séme rep-
resentative average motion having the same characteristics at all
points (Seed et al, 1975b). The former approach has usually been
applied through the use of finite element methods of analysis while
the latter, although it can be performed using finite element tech-
nigues, has usually heen associated with half-space analyses of

elastic or visco-elastic layered systems. It appears to be the
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prevailing opinion "that for near surface structures, good results
can be obtained by a well-performed analysis of either type. However
for embedded structures, the complete interaction analysis approach
comes closest to representing in a rational way ell the important aspects
of the problem" (ASCE Ad-hoc Committee on Soil Structure Interaction for
Design of Nuclear Power Plants, 1976). The principal limitation of this
approach at the present time is usually considered to be the cost of the
analysis and, in some cases, the less expensive inertial interaection
approach mey often provide results with sufficient accuracy for
practical purposes. However as increasingly efficient and versatile
computer programs are developed for finite element analyses and
progressively more sophisticated forms of half space analysis are
developed, which introduce the essential concepts of a complete
interaction approach, it seems that both methods of analysis mey
ultimately develop to the point where they give similar results for
embedded stfuctures.

A major contributing factor to the continuing debate concerning
the merits of any form of analytical approach has been the total
absence of recorded field performance by which the adequacy of such
an approach might be judged--making it necessary for engineers to
adopt one approach or the other on the basis of their personal
appraisals of such factors as the degree of sophistication of the
analysis, the potential savings in design costs, the potential losses
in overall project costs, their degree of understanding of the nature
of the phenomena and principles involved, ete. In the absence of
known field performance, all reasonable suggestions for design

approaches must be considered potentially applicable and considerable



insight, wisdom and intellectual honesty is required to select a
design method which offers the greatest potential for combining
adequate safety for critical structures with reasonable overall
econcmy in the cost of the completed facility. It is for these
reagsons that the motions recorded at the Humboldt Bay Power Plant in
the Ferndale earthquake of June T, 1975 are of major significance.

A general view of the plant i1s shown in Fig. 1. Units 1 and 2 are
fossil fuel units whereas Unit 3 is nuclear. The buried reactor
gstructure within the Refueling Building of Unit 3 consists of a
massive concrete caisson embedded at a depth of about 85 feet below
the ground surface. The various surrounding structures are light-
weight structures and are founded at or close to the ground surface.
The facility was constructed in 1963 and has been operating satisfac-
torily since fhat time.

Strong motion instruments at the plant have been in operation
since September 19T71. These are located at elevation +12 (plant
grade level) and elevation -66 in the Refueling Building, and in a
Storage Building (elevation +12) some 330 feet south of the Refueling
Building.

The June T, 1975 earthquake {magnitude about 5.5) had its
epicenter some 15 miles south of the plant site and triggered strong
motion instruments in the surrounding area including those located
at the Humboldt Bay Plant (Valera and Brady, 1976). The earthquake
records obtained at the Humboldt Plant are shown in Fig. 2. Although
the duration of strong shaking was only about 3 to 5 records, the
baseline-corrected peak accelerations developed in the free field

(Storage Building) were 0.35g and 0.26g in the transverse and
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Fig.| GENERAL VIEW OF HUMBOLDT POWER PLANT

(After Bechte) Corp.)



longitudinal directions, respectively, making these the strongest earth-
gquake motions to which a nuclear power plant has so far been subjected.
However thre was no observable damage to the facility resulting from
these motions.

A fortuitous aspect of the records obtained from the Humboldt Bay
Plant was the fact that the soil conditions at the plant site had been
determined by a comprehensive field investigation only about 12 months
before the earthquake occurred. In fact, extensive soil structure in-
teraction analyses using finite element procedures with éccompanying
determinations of soil characteristics at the site, had been completed
several months prior to the earthquake of June T, 1975. These studies
were carried out by Dames & Moore using analytical techniques developed
at the University of California at Berkeley (Seed et al, 19T5a). In
this respect it is interesting to note that these analyses had pre-
dicted a peak acceleration at the base of the Refueling Building of
0.13g for a free-field ground surface acceleration of 0.25g while the
subsequent earthquake produced én average peak acceleration at the base
of the Refueling Building of 0.1llg for an average free-field ground sur-
face acceleration of 0.30g. This result alone, predicted in advance of
the event and published in design reports, is of considerable interest.

While these facts are of major importance, perhaps the most signi-
ficant feature of the June T event is the opportunity it provides to
check the adequacy of seismic design procedures against the known per-
formance of a prototype structure under known field conditions of
considerable intensity. The results of such an evaluation are presented

in the following pages.
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Site Conditions and Soil Properties

A general description of the subsurface soil conditions at the
plant site has been presented by Valera and Brady (1976). A cross-
section through Unit 3 in the N-S direction is shown in Fig. 2.

Basically the soils around the Refueling Building consist of about 25 ft
of medium to gtiff clay (increasing to about 30 ft at the_Storage
Building), underlain successiyely by about 30 ft of medium dense to
dense sand, 10 £t of wvery stiff clay and then a deep bed of dense sand
containing some clay lenses extending to a depth of about 400 ft. All
of the soils surrounding the Refueling Building are overconsolidated
with an average overconsolidation ratio of at least 6 to 8, indicating
that the coefficient of earth pressure at rest in the sands would be on
the order of one or more. The soil profile and scil properties used in
the pre-ecarthquake soll-structure interaction studies are presented in
Figs. 3(a) and 4, respectively. The soil profiles and soil properties
used in the present study are presented in Figs. 3, 4, and 5. The
profile for the conditions adjacent to the Refueling Building was
identical to that used in the pre-earthquake anaiyses.

At the site of the Storage Building itself where the free—fie}d
records were obtained, there is some uncertainty about the actual strength
of the top 30 £t of clay as the closest boring is at least 100 feet away
and there is considerable scatter in the measured values of shear strength
for undisturbed samples of clay taken from three borings surrounding the
building. This uncertainty is reflected by the ranges of strength values
for these soils indicated in Fig. 3(b). To allow for this uncertainty,
analyses were made for a number Qf soil profiles involving clay strengths
varying considerably in the upper 20 ft, as illustrated by soil profiles
A, Band C in Fig. 5. Results for all profiles investigated fell within

the range represented by profiles A and B.
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The dynamic shear moduli and damping characteristics of the soils
were determined by standard soil testing procedures using resonant
column tests and cyelic triaxial tests on undisturbed samples recon-
gsolidaeted under the in—éitu confining pressures. These are shown in
Fig. 4. It is pertinent to note that these results were determined
and filed with the Nuclear Regulatory Commision bhefore the earthquake
of June T, 1975. At the time the studies were initiated (early 1973)
it was nol considered necessary to make determinations of field shear
wave velocities since it was clear from preliminary studies that shear
moduli at moderate to large strains, such as can be determined by strain-

controlled cyclic loading triaxial tests, were required for the analysis.

Complete Interaction Analysis Procedure

The géneral procedure for making a complete interaction analysis
(Seed et al, 1974) is illustrated schematically in Fig. 6. The known
ground surface motions developed in the free-field are first analyzed
by a deconvolution procedure for the soil deposit alcne to determine
the mections which would have to be developed at a considerable depth
- below the ground surface (say 150 to 200 ft)} in order to produce the
actual ground surface motions by transmission of body waves (vertical
shear waves) through the soil deposit. This can be accomplished
through the use of a computer program such as SHAKE (Schnabel et al,
1972).

These same base motions are then used to analyze the response of
a finite element model of the soil-gtructure system and the results of
this latter analysis are checked by ensuring that the required free-

field motiong are indeed developed in the free field. The basic



64

I300W INFW3T3 JLINIA ONISN SISATYNY NOILOVHILNI IHNLONYLS-TI0S 40 NOILVINISIHdIY OJILVWIHOS 9 by

wajskg BUNjOnLS-|I0S JO [9PON JUBWR(3 Bl (q)

UOMOW PI314 9344

Kouanbauiy

uoliow Plal4 8214

1opow jisodaq 1108

(0)

uoI4DJ313 Y

UOHOW |0Jju0y~————~—~————

Kauanbaiy

Kouanbaig Kouanbauy
nE auwpg T TTTTC ]
r
8
®©
a llll
LT g R
“ g !
| uolo 3sog S 1 UOHOW asog
| wruyosdg uddy “ wn0edg udoy
[}
“ H | !
1 ! i !
| e e TP T e b e e -
[} .
uolop asog 8_62_ asog UOIJOWN 8s0g UOLON asog
_ _ “ R
' ! ! 1o
H 1 1 I
! 1 ! 11
| i ! ] t
. l ! I
| " H
+ + + 1 “
! | L
| e m——— A | . __
| H 84n§onNg I [
! ! Jo asog " ! “
! | | i |
* ) 1y
[] A l
e " % ......... ' =
i
]
1

JONJS JO 8sog
wnuyoads uddy

|
|
Kouanbaiy !

uo01}DJ4a 220y

P14 98.4
winJyoadg uooy

A
)
]
¢

UOIJO |044U0)
wnJoedg uody

U014 D43|P20Y

uoNDIBI3DY

D 3q pInoys



requirements of a suitable analysis and computer program (Seed et al,

1975b) are that it should be capable of considering

(1)
(2)
(3)

(%)

and (5)

The variation of ground motions with depth,
The three-dimensional nature of the problem,

The effects of adjacent structures on each other
where this is appropriate,

The variation of soil characteristics with depth,

The non-linear stress-strain and energy-absorbing
characteristics of the soil.

Results of Pre-Earthquake Analysis

The pre-earthquake studies performed by Dames and Moore were made

using the computer programs SHAKE and LUSH (Lysmer et al, 19T4). Anal-

yses were carried out for cross-sections in the N-S and E-W directions

{Fig. 1) and for various levels of peak ground surface acceleration.

The scil properties shown in Figs. 3(a) and I together with the

structure characteristicsrshown in Tables 1, 2 and 3 were assigned to

the finite element model. Damping values of 4% and 7% were used for

the structures for analyses conducted using peak ground surface

accelerations of 0.25g and 0.hkg, respectively.

Table 1. Structural Properties of Reactor Caisson

Depth Below Shear Mcdulus Density Poisson's
Ground Surface, ft x 10° psf pcf Ratio
0-15 289 0 0.2
15-31 86 0 "
31-kh 8o 0 "
Lh-71 76 0 "
T1-78 83 0 "
78-87 L160 158 "

Table 2. Masses Lumped at Center Line of Reactor Caisson

Depth Below
Ground Surface, ft

--=-0 i5 25 37 51 o7 T1

Weight of Mass (kips) - -82 82 76 Ik L3 Ly 54



Table 3. Structural Properties of Refueling Building

Depth Above Shear %odUlus Density  Poisszon'’s
Ground Surface, ft x 10 psf ~pef Ratio
0-17.5 5 25 0.2
17.5-35 5 10 0.2

From the results of the initial studies it was found that the effects
of the adjacent structures on the response of the buried reactor
cdisson were relatively minor. Thus the adjacent structures were not
included in the finite element model used for the later studies.

Since transmitting boundaries are not included in the computer program
LUSH it was necessary to use an extensive mesh in the horizontal dir-
ection to ensure that the computed response of the Reactor Caisson
and Refueling Building was not influenced by the boundary conditions
of the analytical model, However previous studies (Hwang, 1973) have
shown that it is only necessary to consider the response of the soil
deposit to a depth of about one half the structure width below the
bagse of the structure; consequently the base of the analytical model

was taken at a depth of 150 ft below the ground surface.

Deconvolution Studies

In performing a deconvolution analysis of a ground surface motion
to determine a corresponding base motion for use in a soll-structure
interaction analysis, it is often necessary to filter out the high
frequency components of the ground surface motion in order to obtain
meaningful results. There are two reasons for this requirement:

(1) The specified ground‘surface motion may contain high fre-

quency components which would not, in reality, be developed



for the site conditions under consideration. This is parti-
cularly true for sites consisting of deep (over 250 ft)
bodies of soil or inecluding layers of soft to medium stiff
clay and sand (Seed et al, 19Th).

(2) Deconvolution by a wave propagation analysis using equiva-
lent~linear properties to represent the non-linear stress-
strain characteristics of the soil inevitable leads to an
excessive amplification with defth of high frequency
motions.

In the pre-earth@uake deconvolution analyses the acceleration
time history shown at the top of Fig. T was used as the free-field
grougd surface motion. The spectra for thisltime history closely
match the NRC design spectra stipulated in Regulatory Guide 1.60. In
these studies it was necessary to use a cutoff frequency of 15 to 20
Hz in ordér to énSure that the accelerations at depth did not become
excessive,

Acceleration time histories computed at various depths within the
free-field soil profile are also presented in Fig. 7. It may be séen
that there is both a decrease in the amplitude of the motion and an
increase in the frequency content with an increase in depth within

the profile.

Scil-Structure Interaction Analyses

Using the base motions computed at a depth of 150 ft in the de-
convolution studies, analyses were then made using the program LUSH
and a suitably fine but extensive mesh to compute the response of the

goil-structure system. Computations were made for a variety of soil
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properties and envelope spectra for motions at various levels within
the structures were finally selected for design, based on the range
of computed results supplemented by engineering judgment.

In the course of these studies, analyses were made for ground
surface motions having peak accelerations of 0.4g and 0.25g. Since
these are in the range of peak accelerations developed in the trans-
verse and longitudinal directions during the June T earthquake, it is
of interest to comparé the values of computed and recorded peak
accelerations at instrument locations in the structure. Such a com-
parison is shown in Table L. It may be seen that the values show a
remarkably high degree of agreement although there is some indicqtion
that the actual stiffness of the structure waé somewhat less than that used
in the analysis. Nevertheless the good agreément in these wvalues
is an encouraging aspect of the analytical procedure used in the

studies.

Table 4. Cogparison of Recorded and Computed Accelerations

Max, Accelerations Max.'
for Recorded Motions Accelerations
for Computed

TLocation Elevation Transverse Long. ‘Motions
Free-field +12 0.35g 0.26g 0.40g 0.25¢
(storage Building)
Refueling Building +12 0.25g 0.20g 0.23z 0.1l5g
Reactor Caisson ~-66 0.16g 0.12g 0.22g 0.13g

Results of Post Farthquake Analyses Using Recorded Motions

Post earthquake studies of soil-structure interaction effects

were performed following the same basic procedure as that described
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above but using the computer programs SHAKE and FLUSH (Lysmer et al,
1975} since the latter provides a more versatile capability than LUSH
and is also more economical. Advantage was taken of the results ob-
tained in the earlier studies and the effects of the adjscent struc-
tures were therefore neglected in the analyses. Because the program
FLUSH uses transmitting boundaries, it was only necessary to use the
finite element mesh shown in Fig. 8 for the soil-structure interaction

analyses.

Deconvolution Studies

As stated previously there are valid reasons why some filtering
of a gi%en ground surface motion is required in performing & deconvol-
ution analysis to determine motions at various depths. To determine
the significance of such effects for the recorded mol .ong at the
Humboldt Bay site, deconvolution analyses were made for Soil Profile A
in Fig. 5 at the Storage Building site and the recorded surface mo-
tions, using filtering or cut-off frequencies of 20, 15 and 12.5 Hz.
The results of these studies, in terms of the computed variation of
maximum acceleration with depth in the soil profile, are shown in
Fig. 9. It may be seen that the cut-off frequency, within the range
investigated, had 1ittle influence on the results of the analysis,
all of the studies for both the longitudinal and transverse recorded
motions showing a marked decrease in magnitude of the peak accelera-
tion from the ground surface to a depth of about 30 £t and below. In
fact the peak accelerations computed to develop in the free-field at
the level of the base of the Refueling Building (about 85 ft) is in
the range of 0.10g to 0.1bg or less than 60 percent of the maximum

acceleration at the ground surface.
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It may also be seen from Fig. 10 that generally similar results
are obtained whether Soil Profile A or B is used for the analysis.
Although they are not shown, results for S0il Profile C fell within
the range shown for Soil Profiles A and B. Thus it would seem reason-
abhle to conclude from these resulls that:

(1) The recorded ground surface motions have no significant
content of very high frequencies as might be expected for a
deep soil condition such as that at the.Hhmboldt Bay Plant
site,

(2) The results of soil-structure interaction analyses made with

a cut-off frequency of 12.5 Hz will be comparable to those

made using higher cut-off frequencies. Since there is a
marked reduction in computer costs associated with the use
of a lower cut-off frequency, the scil-structure interaction
studies described in the following section were made for

these conditions.

Soil~Structure Interaction Studies

Having determined the base motions required in the soil profile

at a depth of 150 ft to produce the recorded motions at the ground
surface under free field conditions, the same motions were used as
excitation at the basé of the soil-structure model shown in Fig. 8 to
compute the motions developed (1) at the base of the structure and

(2) in the structure at the level of the ground surface, where motions
were recorded during the earthquake of June T. Separate analyses were
made for the longitudinal and transverse records of free-field motion

and for the various soil profiles. The ranges of analytical results
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are presented in Fig. 11 in the form of response spectra, where they
are also compared with the spectra for the recorded motions.

It may be seen that for both longitudinal aﬁd transverse motions,
the recorded motlons at the base of the structure are in reasonably
goed agreement with those computed using the finite element procedure
for implementation of an 'idealized' complete interaction analysis.
For both components of motion the analysis procedure indicates a
higher peak in the response spectrum at a frequency of about 3 Hz
than actually developed, but consideréd overall, the agreement between
computed and recorded base motion spectra is both gratifying and
encouraging.

Similarily the recorded motions in the structure at ground level
fall essentially within the range computed by the interaction analysis
procedure, providing further confirmation of the abiiity of a complete
interaction analysis tc compute the structural response with an ade-
guate degree of accuracy in this case.

It is recognized, of course, that one such test of the applica-
bility of any analytical procedure dces not necessarily provide proof
that it will always lead to good evaluations of field performance.
Never theless in the current absence of any other opportunity to
check analytical methods for computing response under strong shaking
of prototype structures, the results obtained in even this single
case can give designers increased confidence in the usefulness of the

analytical tools at their disposal.

Applicability of NRC Design Procedure

In addition to their use for checking the adequacy of procedures
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for analyzing soil-structure interaction, the records obtained at the
Humboldt Bay Power Plant can also be used to investigate the adequacy
of required design practice. At the present time, regulatory require-
ments for determining soil-structure interaction effects for embedded
structures such as the Refueling Building require the specification

of a design or control motion at the ground surface having a designated
maximum acceleration and a time-history whose spectrum closély'matches
a standard design spectrum shape specified by'thé Nuclear Regulatory
Commission. Since the average peak acceleration recorded in the free-
field at the Humboldt Bay plant was 0.3g, it would seem réasonable to
compare the motions recorded at the base of the Refueling Building with
those computed following an approved design procedure consistent with

a peak free-field ground surface acceleration of 0.3g and the standard
design spectrum shape. This is, in fact, the motion 1 ©5e gpectral
shape is shown in the upper left corner of Fig. 12. An acceleration
time history having this spectrum and having a duration of ahout 16
seconds was used in the following analyses.

Regulatory practice permits the deconvolution of this motion and
the analysis of soil-structure interaction effects using finite element
methods as previously described hut it also reguires:

1. that analyses be madé for the most likely values of scoil

moduli and for values of goil moduli which are increaséd
and reduced by a factor of 1.5 to allow for possible un-
certainties in soll property determinations;

2. that the envelope of the resulting spectra for motions

computed for a point in the free-field at the level of the

base of the structure should be nct less than 60 percent
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of the spectral accelerations feor the ground surface control
motion;
and 3. that the structural response be evaluated for motions having
a gpectral shape enveloping those computed at the base of the
structure for free field motions meeting the requirements of
(1) and (2) above.
A typical set of calculations for the same ground surface control
motion but for the three different values of soil moduli are shown in
Fig, 12. In this figure the control motion is shown in the upper left
" hand corner, the spectra for the computed motions in the free field at
-the level of the bhase of the structure are shown in the lower left hand
corner and the gpectra for the computed motiong at the base of the
structure are shown on the lowér right hand cornér. For the analysis
conducted with the most likely valuegs of soil modull and the reduced
soil moduli, the control motion was filtered at 10 Hz while for the
analysis with increased soil moduli, the control motion was filtered
at 20 Hz. The énvelope of the computed spectra for the motions at the
base of the structure is compared with the motions recorded at the
base of the structure in Fig. 13.

It may be seen that although the free-field motions fail to meet
the NRC design spectral acceleration requirements in the frequency
range from about 2 to 5 Hz, the envelope spectrum for the computed
motions at the base of the structure is nevertheless higher than the
gpectra for the recorded base motions at all frequencies. In fact only
at frequencies of about 4.5 to 5.5 Hz does the spectrum for the recor-
ded motions come close to that for the computed base motion envelope

spectrum.
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One means of increasing the free field spectra to meet the 60%
of surface control motion requirement, is to increase the ground sur-
face acceleration for the control motion for one or more of the analyses
so that after deconvolution it meets the free field requirements, 1In
the present case, this could be achieved by inecreasing the control
motion for the analysis performed using the reduced values of soil modulil
by 30 percent. With a satisfactory degree of accuracy, this leads to
corresponding inecreases of 30 percent in both the free field spectrum
at a depth of 85 ft and the spectrum for motions at the base of the.
structure.

The superimposed spectra for the three analyses with this modifi-
cation are showm in Fig. 1k and the envelope of the spectra for computed
motions at the base of the structure is compared with the spectra for
the motions recorded at the base of the structure in #ig. 15. It may
be seen from Fig. 14 that the envelope of free-field spectrs now comes
very close to meeting the design spectrel requirements at this location;
thus the enveiope of spectra for motions developed at the base of the
structure as shown in Fig. 15 would he essentially acceptable for design
purposes. This envelope provides a comfortable margin of safety above
the spectra for the recorded base motions and would seem to indicate
that, at least for these strong motion records, the current design
requirements provide an adequate but not excessively conservative margin
of safety for analyses conducted in thé manner described ahove,

Similar studies for other methods of evaluating soil-structure
interaction effects would presumably throw some light on the degree of
conservatism or unconservatism which they introduce into the design

procedure.
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Conclusions

The preceding pages present the results of a study of the distri-
bution of ground motions and structural response in the Humboldt Bay
Nuclear Power Station during the Ferndale'earthquake of June T, 1975.
Based on a knowledge of the motions develcoped at the ground surface in
the free-field, computations are made using an idealized complete inter-
action procedure based on finite element analysis, to determine the
characteristics of the moticns likely to develop at the base of the
Refueling Building at a depth of 85 ft below the ground surface and
within the Refueling Building at the ground surface level. The
computed motions are shown to be in reasonably good agreement with
those recorded at these locations in the same earthquake. In addition,
the recorded motions are compared with those computed by an analysis
procedure which generally meets existing regulatory requirements and it
is shown that the regulatory requirements lead to an entirely adequate
but nct excessively conservative margin of safety based on the motions
recorded in this event.

It is of interest to note that Lambe (1973) has recently made a
study of the accuracy of engineering predictions of soil behavior under
static loading conditions. For this purpose he classified predictions
into five groups as follows:

Type A Prediction made before the event

'Type B Prediction made during the event but before the resulis

are known

Type Bl Prediction made during the event but with results known
at the time

Type C Prediction made after the event but before the results

are known
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Type C1 Prediction made after the event but with results known
at the time.

He concluded that "Type C predictions are autopsiés....Our professional
literature contains the results of more Type Cl predictions than any
other type. Autopsies can of courgse bhe very helpful in contributing

to our knowledge. However one must be suspicious when an author uses

a Type C1 prediction to "prove" that any prediction technique is cor-
rect". TLambe also concluded that predicted results within a factor of
two of observed field performance constitute wvery good predictions.

It would secem optimistic to expect any better success in predicting
dynamic behavior of so0il or soil-structure systems.

However the prediction of the base motion peak accelerations shown
in Table 4, based on the assumption that the ground surface motions
with peak accelerations of 0.25g and 0.40g in the free field, was
clearly a class A prediction using Lambe's terminology, in that the
report deseribing this study by means of an idealized complete inter-
action analysis using finite element techniques was submitted to the
Nuclear Regulatory Commission before the event of June 7, 1975 occurred;
nevertheless the degree of similarity between peak acceleration values
assumed and developed in the free field and those predicted and devel-
oped at the base of the Reaclor €Caisson would seem to show that the
prediction was highly satisfactory.

Similarly although the more detailed analyses described in the
preceding pages using the same general procedure were made after the
event, it might reascnably be claimed that they represent a class A
prediction since they permitted virtually no latitude for manipulation

of the results in that they were based on:
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1. A method of analysis developed prior to the event.

2. ©Scil properties established and filed with the Nuclear

Regulatory Commission prior to the event.
and 3., Fixed surface motions established by the event.

Nevertheless the authors would be the first to agree that the good
agreement in this one case between predicted and developed motions at
the base of the structure does not necessarily prove the adequacy of
the method of analysis used for all cases., Clearly compensating errors
might be involved whose effects have not been fully appreciated. On
the other hand, it is an encouraging start and the results obtained
clearly give some degree of support to the method used. They might also
in due course give an egual degree of support to other methods which
might be used for analyzing soil-structure interaction effects. These
are significant facts in a field where no other data exists by which
the adequacy of analytical procedures can be checked. At the same
time it is clear that any method of analysis which provides a poor
prediction of the results obtained, based on the known values of soil
end structural properties and the motions recorded at the ground sur-
face must be considered of dubious validity for future predictions of

probable building response.
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(PB 191 023)

"Damping Capacity of a Model Steel Structure," by
D. Rea, R. W. Clough and J. G. Bouwkamp - 1969
(PB 190 663)

"Influence of Local So0il Conditions on Building
Damage Potential during Earthquakes,”™ by H. B. Seed
and I. M. Idriss - 1969 (PB 191 03¢6)

“"The Behavior of Sands under Seismic Loading
Conditions,™ by M. L. Silver and H. B. Seed - 1969
(AD 714 9282)

"Earthquake Response of Concrete Gravity Dams," by
A. K. Chopra - 1970 (aD 709 640)

"Relationships between Soil Conditions and Building
Damage in the Caracas Earthquake of July 29, 1967," by
H. B. Seed, I. M. Idriss and H. Dezfulian - 1870

(PB 195 762)
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"Cyclic Loading of Full Size Steel Connections," by
E. P. Popov and R. M. Stephen - 1970 (PB 213 545}

"Seigmic Analysis of the Charaima Building,
Caraballeda, Venezuela," by Subcommittee of the
SEAONC Research Committee: V. V. Bertero, P. F.
Fratessa, S. A. Mahin, J. H. Sexton, A. C. Scorxdelis,
E. L. Wilson, L. A. Wyllie, H. B. Seed and J. Penzien,
Chairman - 1970 (PB 201 455}

"A Computer Program for Earthquake Analysis of Dams,"
by A. X. Chopra and P. Chakrabarti - 1970 (AD 723 994)

"The Propagation of Love Waves across Non~Horizontally
Layered Structures," by J. Lysmer and L. A. Drake -
1970 (PB 197 896) ’

"Influence of Rase Rock Characteristics on Ground
Response," by J. Lysmer, H. B. Seed and P. B.
Schnabel -~ 1970 (PB 197 897}

"Applicability of Laboratory Test Procedures for
Measuring Soil Liguefaction Characteristics undex
Cyclic Loading,”" by H. B. Seed and W. H. Peacock -
1270 (PB 198 0186)

"A Simplified Procedure for Evaluating Soijl
Ligquefaction Potential,"” by H. B. Seed and I. M.
Idriss - 1970 (PB 198 009)

"Soil Moduli and Damping Factors for Dynamic Response
Analysis,”™ by H. B. Seed and I. M. Idriss - 1970
(PB 197 869)

"Koyna Earthquake and the Performance of Koyna Dam,"
by A. K. Chopra and P. Chakrabarti - 1971 (AD 731 496)

"Preliminary In-Situ Measurements of Anelastic
Absorption in Soils Using a Prototype Earthguake
Sirmulator," by R. D. Borcherdt and P. W. Rodgers -
1971 (PB 201 454)

"Static and Dynamic Analysis of Inelastic Frame
Structures," by F. L. Porter and G. H., Powell - 1971
(PB 210 135)

"Regearch Needs in Limit Design of Reinforced Concrete
Structures," by V. V. Bertero - 1971 (PB 202 943)

"Dynamic Behavior of a High-Rise Diagonally Braced
Steel Building," by D. Rea, A. A. Shah and J. G.
Bouwkamp -~ 1971 (PB 203 584)
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"Dynamic Stress Analysis of Porous Elastic Solids
Saturated with Compressible Fluids,™ by J. Ghaboussi
and E. L. Wilson = 1971 (PB 211 396)

"Tnelastic Behavior of Steel Beam-to-Column
Subassemblages,” by H. Krawinkler, V. V. Bertero
and E. P. Popov - 1971 (PB 211 335)

"Modification of Seismograph Records for Effects of
Local Soil Conditions," by P. Schnabel, H. B. Seed
and J. Lysmer - 1871 (PB 214 450}

"Static and Earthquake Analysis of Three Dimensional
Frame and Shear Wall Buildings," by E. L. Wilson and
H. H. Dovey ~ 1972 (PB 212 904}

"Accelerations in Rock for Earthgquakes in the Western
United States,”™ by P. B. Schnabel and H. B. Seed -
1972 (PB 213 100)

"Elastic-Plastic Earthguake Response of Soil-Building
Systems," by T. Minami - 1972 (PB 214 868)

"Stochastic Inelastic Response of Offshore Towers to
Strong Motion Earthquakes," by M. K. Kaul ~ 1972
(PB 215 713)

"Cyclic Behavior of Three Reinforced Concrete
Flexural Members with High Shear," by E. P. Popov,
V. V. Bertero and H. Krawinkler - 1972 (PB 214 555)

“Earthquake Response of Gravity Dams Including
Reservoir Interaction Effects," by P. Chakrabarti and
A. K. Chopra - 1972 (AD 762 330}

"Dynamic Properties on Pine Flat Dam," by D. Rea,
C. Y. Liaw and A. K. Chopra - 1972 (AD 763 928)

"Three Dimensional Analysis of Building Systems," by
E. L. Wilson and H. H. Dovey - 1972 (PB 222 438)

"Rate of Loading Effects on Uncracked and Repaired
Reinforced Concrete Members," by . Mahin, V. V.
Bertero, D. Rea and M. Atalay - 1972 (PR 224 520)

“Computer Program for Static and Dynamic Analysis of
Linear Structural Systems," by E. L. Wilson,

K.-J. Bathe, J. E. Peterson and H., H. Dovey - 1972
(PB 220 437)
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"Literature Survey - Seismic Effects on Highway
Bridges," by T. Iwasaki, J. Penzien and R. W. Clough -
1972 (PB 215 613)

"SHAKE-A Computer Program for Earthguake Response
Analysis of Horizontally Layered Sites," by P. B.
Schnabel and J. Lysmer - 1972 (PB 220 207}

"Optimal Seismic Design of Multistory Frames," by
V. V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams
during the Earthquake of February 9, 1971," by

H. B. Seed, K. L. Lee, IT. M. Idriss and F. Makdisi -
1973 (PB 223 402)

"Computer Aided Ultimate Load Design of Unbraced
Multistory Steel Frames,"™ by M. B. El-Hafez and
G. H. Powell - 1973

"Experimental Investigation into the Seismic
Behavior of Critical Regions of Reinforced Concrete
Components as Influenced by Moment and Shear," by
M. Celebi and J. Penzien - 1973 (PB 215 884)

"Hysteretic Behavior of Epoxy-Repaired Reinforced
Concrete Beams," by M. Celebi and J. Penzien - 1973

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

"2A Computer Program for Earthquake Analysis of
Gravity Dams Including Reservoir Interaction," by
P. Chakrabarti and A. K. Chopra - 1973 (aD 766 271)

"Behavior of Reinforced Concrete Deep Beam—Column
Subassemblages under Cyclic Loads," by 0. Kustu and
J. G. Bouwkamp - 1973

"Earthquake Analysis of Structure-Foundation Systems,"”
by A. K. Vaish and A. K. Chopra - 1973 (AD 766 272}

"Deconvolution of Seismic Response for Linear
Systems," by R. B. Reimer - 1973 (PB 227 179}

"SAP IV: A Structural BAnalysis Program for Static and
Dynamic Response of Linear Systems," by K.-J. Bathe,
E. L. Wilson and F, E. Peterson - 1973 (PB 221 967)

"Analytical Investigations of the Seismic Response of
Long, Multiple Span Highway Bridges,"” by W. S. Tseng
and J. Penzien - 1973 (PB 227 816)
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"Earthquake Analysis of Multi-Story Buildings
Including Foundation Interaction," by A. K. Chopra
and J. A. Gutierrez - 1973 (PB 222 970)

"ADAP: A Computer Program for Static and Dynamic
Analysis of Arch bams," by R. W. Clough, J. M.
Raphael and S. Majtahedi -~ 1973 (PB 223 763)

"Cyclic Plastic Analysis of Structural Steel Joints,”
by R. B. Pinkney and R. W. Clough - 1973 (PB 226 B843)

"QUAD-4: A Computer Program for Evaluating the

Seismic Response of Scoil Structures by Variable
Damping Finite Element Procedures," by I. M. Idriss,
J. Lysmer, R. Hwang and H. B. Seed - 1973 (PB 229 424)

"Dynamic Behavior of a Multi-Story Pyramid Shaped
Building," by R. M. Stephen and J. G. Bouwkamp - 1973

"Effect of Different Types of Reinforcing on Seismic
Behavior of Short Concrete Columns,” by V. V.
Bertero, J. Hollings, 0. Kustu, R. M., Stephen and

J. G. Bouwkamp - 1873

"Olive View Medical Center Material Studies,
Phase I," by B. Bresler and V. V. Bertero - 1973
(PB 235 986}

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

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

“DRAIN - 2D User's Guide," by G. H. Powell - 1973
(PB 227 016)

"BEarthquake Engineering at Berkeley - 1973" - 1973
(PB 226 033)

Unassigned

"Earthguake Response of Axisymmetric Tower Structures
Surrcunded by Water," by C. Y. Liaw and A. K. Chopra -
1973 (AD 773 052)

"Investigation of the Failures of the Olive View
Stairtowers during the San Fernando Earthguake and
Their Implications in Seismic Design," by V. V.
Bertero and R. G. Collins -~ 1973 (PB 235 106)
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"Further Studies on Seismic Behavior of Steel Beam-
Column Subassemblages," by V. V. Bertero,
H. Krawinkler and E. P. Popov -~ 1973 (PB 234 172)

“Seismic Risk Analysis," by C. S. Oliveira - 1974
(PB 235 920)

"Settlement and Liquefaction of Sands under
Multi-Directicnal shaking,"” by R. Pyke, C. K. Chan
and H. B. Seed - 1974

"Optimum Design of Earthquake Resistant Shear
Buildings," by D. Ray, K. S. Pister and A. K. Chopra -
1974 (PB 231 172)

"LUSH ~ A Computer Program for Complex Response
Analysis of Soil-Structure Systems," by J. Lysmer,
T. Udaka, H. B. Seed and R. Hwang - 1974 (PB 236 796)

"Sensitivity Analysis for Hysteretic Dynamic Systems:
Applications to Earthguake Engineering," by D. Ray -
1374 (PB 233 213)

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

Unassigned

"Shaking Table Tests of a Steel Frame - A Progress
Report,”™ by R. W. Clough and D. Tang - 1974

"Hysteretic Behavior of Reinforced Concrete Flexural
Members with Special Web Reinforcement," by V. V.
Bertero, E. P. Popov and T. Y. Wang - 1974

(PB 236 797)

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

"Liquefaction of Gravelly Soils under Cyclic Leoading
Conditions," by R. T. Wong, H. B. Seed and C. K. Chan -
1974

"Site-Dependent Spectra for Earthquake-Resistant
Design," by H. B. Seed, C. Ugas and J. Lysmer - 1974
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"Earthquake Simulator Study of a Reinforced Concrete
Frame," by P. Hidalgo and R. W. Clough - 1974
(PB 241 944)

"Nonlinear Earthquake Response of Concrete Gravity Dams,"
by N. Pal - 1974 {(AD/AQ06583)

*Modeling and Identification in Nonlinear Structural
Dynamics, I - One Degree of Freedom Models," by
N. Distefano and A. Rath - 1974 (PB 241 548)

"Determination of Seismic Design Criteria for the
Dumbarton Bridge Replacement Structure, Vol. I:
Description, Theory and Analytical Modeling of Bridge
and Parameters," by F. Baron and S.-H. Pang - 1975

"Determination of Seismic Design Criteria for the
Dumbarton Bridge Replacement Structure, Vol. 2:
Numerical Studies and Establishment of Seismic
Design Criteria,” by F. Baron and S.-H. Pang - 1975

"Seismic Risk Analysis for a Site and a Metropolitan
Area," by C. S. Oliveira - 1975

"Analytical Investigations of Seismic Response of
Short, Single or Multiple-Span Highway Bridges," by
Ma-chi Chen and J. Penzien - 1975 (PB 241 454)

"An Evaluation of Some Methods for Predicting Seismic
Behavior of Reinforced Concrete Buildings," by Stephen

A. Mahin and V. V. Bertero - 1975

"Earthquake Simulator Study of a Steel Frame Structure,
Vol. I: Experimental Results,”™ by R. W. Clough and
David T. Tang - 1975 (PB 243 981)

"Dynamic Properties of San Bernardino Intake Tower," by
Dixon Rea, C.-Y. Liaw, and Anil K. Chopra - 1975
{AD/A0DB406)

"Seismic Studies of the Articulation for the Dumbarton
Bridge Replacement Structure, Veol. I: Description,
Theory and Analytical Modeling of Bridge Components,”
by F. Baron and R. E. Hamati - 1975

"Seismic Studies of the Articulation for the Dumbarton
Bridge Replacement Structure, Vol. 2: Numerical Studies
of Steel and Concrete Girder Alternates," by F. Baron and
R. E. Hamati - 1975
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"Static and Dynamic Analysis of Nonlinear Structures,”
by Digambar P. Mondkar and Graham H. Powell - 1975
{PB 242 434)

"Hysteretic Behavior of Steel Columns," by E. P. Popov,
V. V. Bertero and S. Chandramouli - 1975

"Farthquake Engineering Research Center Library Printed
Catalog" -~ 1975 (PB 243 711)

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

"Determination of Soil Liquefaction Characteristics by
Large-Scale Laboratory Tests," by Pedro De Alba, Clarence
K. Chan and H. Bolton Seed - 1975

"A Literature Survey - Compressive, Tensile, Bond and
Shear Strength of Masonry," by Ronald L. Mayes and
Ray W. Clough - 1975

"Hysteretic Behavior of Ductile Moment Resisting Reinforced
Concrete Frame Components," by V. V. Bertero and
E. P. Popov - 1975 '

"Relationships Between Maximum Acceleration, Maximum
Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes," by H. Bolton Seeqd,
Ramesh Murarka, John Lysmer and I. M. Idriss -~ 1975

"The Effects of Method of Sample Preparation on the Cyclic
Stress~Strain Behavior of Sands," by J. Paul Mulilis,
Clarence XK. Chan and H. Bolton Seed - 1975

"The Seismic Behavior of Critical Regions of Reinforced
Concrete Components as Influenced by Moment, Shear and
Axial Force," by B. Atalay and J. Penzien - 1975

"Dynamic Propertiés of an Eleven Story Masonry Building,"”
by R. M. Stephen, J. P. Hollings, J. G. Bouwkamp and
D. Jurukovski - 1975

"State-of-the-Art in Seismic Shear Strength of Masonry -
An Evaluation and Review," by Ronald L. Mayes and
Ray W. Clough -~ 1975

"Frequency Dependencies Stiffness Matrices for Viscoelastic
Half-Plane Foundations," by Anil K. Chopra, P. Chakrabarti
and Gautam Dasgupta - 1975

"Hysteretic Behavior of Reinforced Concrete Framed Walls,"
by T. Y. Wong, V. V. Bertero and E. P. Popov - 1975



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

75-24

75-25

75-26

75-27

75-28

75-29

75=-30

75-31

75-32

75-33

75-34

75-35

75-36

75-37

30

"Testing Facility for Subassemblages of Frame-Wall
Structural Systems,” by V. V. Bertero, E. P. Popov and
T. Endo - 1975

"Influence of Seismic History of the Liquefaction
Characteristics of Sands," by H. Bolton Seed, Keniji Mori
and Clarence K. Chan - 1975

"The Generation and Dissipation of Pore Water Pressures
during Soil Liquefaction," by H. Bolton Seed, Phillippe
P, Martin and John Lysmer - 1975

"Identification of Research Needs for Improving a Seismic
Design of Building Structures," by V. V. Bertero - 1975

"Evaluation of Soil Liquefaction Potential during Earth-
gquakes," by H. Bolton Seed, I. Arango and Clarence K. Chan
1975

"Representation of Irregular Stress Time Histories by
Equivalent Uniform Stress Series in Liquefaction Analyses,”
by H. Bolton Seed, I. M. Idriss, F. Makdisi and N. Banerjee
1975

"FLUSH - A Computer Program for Approximate 3-D Analysis
of Soil-Structure Interaction Problems," by J. Lysmer,

T. Udaka, C.-F. Tsai and H. B. Seed = 1975

"ALUSH - A Computer Program for Seismi¢ X [onse Analysis
of Axisymmetric Soil-Structure Systems," L, E. Berger,
J. Lysmer and H. B. Seed - 1975

"TRIP and TRAVEL - Computer Programs for Scil-Structure
Interaction Analysis with Horizontally Travelling Waves,"
by T. Udaka, J. Lysmer and H. B. Seed = 1975

"Predicting the Performance of Structures in Regions of
High Seismicity," by Joseph Penzien - 1975

"Efficient Finite Element Analysis of Seismic Structure -
Soil - Dixection," by J. Lysmer, H. Bolton Seed, T. Udaka,
R. N. Hwang and C.-F. Tsai - 1975

"The Dynamic Behavior of a First Story Girder of a Three-
Story Steel Frame Subjected to Earthquake Loading," by
Ray W, Clough and Lap-Yan Li - 1975

"Barthguake Simulator Study of a Steel Frame Structure,
Volume II - Analytical Results," by David T. Tang - 1975

"ANSR~I General Purpose Computer Program for Analysis of
Non-Linear Structure Response," by Digambar P. Mondkar
and Graham H. Powell - 1975



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

75-38

75-39

75-40

75-41

76-1

76-2

76-3

76~4

76~5

76-6

76~7

76-8

76-10

31

"Nonlinear Response Spectra for Probabilistic Seismic
Design and Damage Assessment of Reinforced Concrete
Structures," by Masava Murakami and Joseph Penzien - 1875

"Study of a Method of Peasible Directions for Optimal
Elastic Design of Framed Structures Subjected to Earthquake
Loading," by N. D. Walker and K. 8. Pister - 1975

"An Alternative Representation of the Elastic-Viscoelastic
Analogy,"” by Gautam Dasqupta and Jerome L. Sackman - 1975

"Effect of Multi-Directional Shaking on Liquefaction of
Sands," by H. Bolton Seed, Robert Pyke and Geoffrey R.
Martin ~ 1975

"Strength and Ductility Evaluation of Existing Low-Rise
Reinforced Concrete Buildings - Screening Method," by
Tsuneo Okada and Boris Bresler - 1976

"Experimental and Analytical Studies on the Hysteretic
Behavior of Reinforced Concrete Rectangular and T-Beams,"
by Shao-Yeh Marshall Ma, Egor P. Popov and Vitelmo V.
Bertero -~ 1976

"Dynamic Behavior of a Multistory Triangular-Shaped
Building," by J. Petrovski, R. M. Stephen, E. Gartenbaum
and J. G. Bouwkamp - 1976

"Earthquake Induced Deformations of Earth Dams," by Norman
Serff and H. Bolton Seed - 1976

"Analysis and Design of Tube-Type Tall Building Structures,”

by H. de Clercqg and G. H. Powell - 1976

"Time and Frequency Domain Analysis of Three-Dimensional
Ground Motions, San Fernando Earthquake," by Tetsuc Kubo
and Joseph Penzien - 1976

"Expected Performance of Uniform Building Code Design Masonry
Structures," by R. L. Mayes, Y. Omote, S. W. Chen and
R. W. Clough - 1976

"Cyclic Shear Tests on Concrete Masonry Piers, Part I -
Test Resultg,™ by R. L. Mayes, Y. Omote and R. W. Clough
1976

"A Substructure Method for Earthquake Analysis of Structure -
So0il Interaction," by Jorge Alberto Gutierrez and Anil K.
Chopra - 1976

"Stabilization of Potentially Liquefiable Sand Deposits
using Gravel Drain Systems," by H. Bolton Seed and John R.
Booker - 1976
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"Influence of Design and Analysis Assumptions on Computed
Inelastic Response of Moderately Tall Frames," by
G. H. Powell and D. G. Row ~ 1976

"Sensitivity Analysis for Hysteretic Dynamic Systems:
Theory and Applications," by D. Ray, K. S. Pister and
E. Polak - 1976

"Coupled Lateral Torsional Response of Buildings to Ground
Shaking," by Christopher L. Xan and Anil K. Chopra - 1976

"Seismic Analyses of the Banco.de America,"” by V. V. Bertero,
S. A. Mahin and J, A, Hollings - 1976

"Reinforced Concrete Frame 2: Seismic Testing and
Analytical Correlation," by Ray W. Clough and Jawahar Gidwani
1976 (PB 261 323)

"Cyclic Shear Tests on Masonry Piers, Part II - Analyses of
Test Results," by R. L. Mayes, Y. Omote and R. W. Clough-
1976

"Structural Steel Bracing Systems: Behavior Under Cyclic'
loading,"” by E. P. Popov, K. Takanashi and C. W. Roeder
1976 (PB 260 715)

"Experimental Model Studies on Seismic Re djonse of High
Curved Overcrossings," by David Williams ad William G.
Godden ~ 1976

"Effects of Non-Uniform Seismic Disturhances on the Dumbarton
Bridge Replacement Structure," by Frank Baron and Raymcnd E.
Hamati - 1976

"Investigation of the Inelastic Characteristics of a Single
Story Steel Structure using System Identification and Shaking
Table Experiments," by Vernon €. Matzen and Hugh D. McNiven
1976 (PB 258 453)

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

"Response of the Olive View Hospital Main Building during the
San Fernando Earthquake,™ by Stephen A. Mahin, Robert Colllns,
Anil K. Chopra and Vitelmo V. Bertero ~ 1976

"A Study on the Major Factors Influencing the Strength of
Masonry Prisms," by N. M. Mostaghel, R. L. Mayes, R. W. Clough
and S. W. Chen ~ 1976

"GADFLEA — A Computer Program for the Analysis of Pore

Pressure Generation and Dissipation during Cyclic or Earthguake
Loading," by J. R. Booker, M. S. Rahman and H. Bolton Seed
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"Rehabilitation of an Existing Building: A Case Study.,"
by B. Bresler and J. Axley - 1976

“"Correlative Investigations on Theoretical and Experimental
Dynamic Behavior of a Model Bridge Structure,” by
Kazuhiko Kawashima and Joseph Penzien -~ 1976

"Earthquake Response of Coupled Shear Wall Buildings," by
Thirawat Srichatrapimuk - 1976

"Tensile Capacity of Partial Penetration Welds," by Egor P.
Popov and Roy M. Stephen - 1976

"Analysis and Design of Numerical Integration Methods in
Structural Dynamics," by Hans M. Hilber - 1976

"Contribution of a Floor System to the Dynamic Characteristics
of Reinforced Concrete Buildings," by L. J. Edgar and
V. V. Bertero - 1976

"The Effects of Seismic Disturbances on the Golden Gate
Bridge," by Frank Baron, Metin Arikan and Raymond E, Hamati
1976

"Infilled Frames in Earthquake Resistant Construction,"” by
R. E. Klinger and V, V. Bertero - 1976

"PLUSH - A Computer Program for Probabilistic Finite Element
Analysis of Seismic Soil-Structure Interaction,"™ by Miguel
P. Romo-Organista, John Lysmer and H. Balton Seed - 1977

"Soil-Structure Interaction Effects at the Humboldt Bay
Power Plant in the Ferndale Earthquake of June 7, 1975,"
by Julio E. Valera, H. Bolten Seed, C. F. Tsal and

J. Lysmer - 1977



