REPORT NO.
UCB/EERC-80/01
JANUARY 1980

EARTHQUAKE ENGINEERING RESEARCH CENTER

EARTHQUAKE RESPONSE OF CONCRETE
GRAVITY DAMS INCLUDING HYDRODYNAMIC
AND FOUNDATION INTERACTION EFFECTS

by

ANIL K. CHOPRA
P. CHAKRABARTI
SUNIL GUPTA

A report on research conducted under Contract DACW
73-71-C-0051 with the Office of the Chief of Engineers,
Washington, D.C, and Grants ATA74-20554 and
ENV76-80073 from the National Science Foundation.

" REPRODUCED BY

NATIONAL TECHNICAL ¥
INFORMATION SERVICE

- DEPARTMENT OF GOMMERGE
u.s SDPRINGFIELD, VA, 22160

COLLEGE OF ENGINEERING
UNIVERSITY OF CALIFORNIA - Berkeley, Californio



Any opinions, findings, and conclusions or
recommendations expressed in this publica-
tion are those of the authors and do not
necessarily reflect the. views of the National
Science Foundation,

See back of repori for up to date listing of
EERC reports.



50272101
REPORT DOCUMENTATION 1. REPORT NO. . . 2. 3. Recipient’s Accession No.

PAGE NSF/RA-800190

4. Title and Sublitle

Earthquake Response of Concrete Gravity Damg Tncluding) Resort Date

Hydrodynamic and Foundation Interaction Effects January 1980
‘ 6.

7. Auth . ' i izati
or(s) A.K. Chopra, P. Chakrabarti and S. Cupta 8. Porforming Organization Rept. No.

UCB/EERC— 80/01
10. Projact/Task/Work Unit No.

9. Performing Organization Name and Address
Earthquake Engineering Research Center
University of California, Richmond Field Station
47th and Hoffman Blvd.
Richmeond, California 94804

11. Contract(C) or Grant{G)} Na.
)

(@ ATA74-20554
ENV76-80073
13. Type of Report & Period Covered

12, Sponsoring Organization Name and Address

National Scienc¢e Foundation
1800 G Street, N.W. '
Washington, D. C. = 20550 14.

15. Supplamentary Motes

16. Abstract (Limit: 200 words) ]
A general procedure for analysis of the response of concrete gravity dams, including the
dynamic effects of impounded water and flexible foundation rock, to the transverse .
{(horizontal) and vertical components of earthquake ground motion is presented. The problem
is reduced to one in two dimensions, considering the . transverse vibration of a monolith of

the dam. The system is analyzed under the assumption of linear behavior for the concrete,
foundation rock and water.

The complete system is considered as composed of three substructures -- the dam,
represented as a finite element system, the fluid domain, as a continuum of infinite length
in the upstream direction, and the foundation rock region as a vigscoelastic halfplane, The
structural displacements of the dam are expressed as a linear combination of Ritz vectors,
chosen as normal modes of an associated undamped dam-foundation system. The modal displace-
ments due to earthguake motion are computed by synthesizing their complex frequency responses

using Fast Fourler Transform procedures. The stress responses are calculated from the modal
displacements.

The response of idealized dam cross-sections to harmonic horigzontal or vertical ground
motion is presented for a range of important system parameters characterizing the properties
of the dam, foundation rock and impounded water. Based on these results, the separate
effects of structure-water interaction and structure-foundation interaction, and the combined

effects of the two sources of interaction, on dynamic response of dams are investigated and
conclusions presented.

18, Availability Statemen: 19, Sscurity Class (Ohis Raport) 2. No. of Pages
210
Release Unlimited 20. Security Class (This Page) 22. Price
{Ses ANSI-239.18) Sae instructions on Reverse OPTIONMAL FORM 272 (477

(Formerly MTIS-35)
Department of Commerce






EARTHQUAKE RESPONSE OF CONCRETE GRAVITY DAMS
INCLUDING HYDRODYNAMIC AND FOUNDATION INTERACTION EFFECTS

by
Anil K. Chopra
P. Chakrabarti

Sunil Gupta

A Report on Research Conducted Under
Contract DACW 73~71-C-0051 with the
Office of the Chief of Engineers, Washington, D.C.
and
Grants ATA74-20554 and ENV76-80073
from the National Science Foundation

Report No. UCB/EERC-80/01
Earthguake Engineering Research Center
University of California
Berkeley, California

January 1980






ABSTRACT

A general procedure for analysis of the response of concrete gravity
dams, including the dynamic effects of impounded water and flexible founda-
tion rock, to the transverse (horizontal) and vertical components of earth-
guake ground motion is presented. The problem is reduced to one in two
dimensions, considering the transverse vibration of a monolith of the dam.

The system is analyzed under the assumption of linear behavior for the con-

crete, foundatlon rock and water.

The complete system is considered as composed of three substructures --
the dam, represented as a finite element system, the fluid domain, as a con-
tinuum of infinite length in the upstream direction, and the foundation rock
region as a viscoelastic halfplane. The structural displacements of the dam
are expressed as a linear combination of Ritz vectors, chosen as normal modes
of an associated undamped dam~foundation system. The effectiveness of this
analytical formulation lies in its being able to produce excellent results by
considering only a few Ritz vectors. The modal displacements due to eaxrth-
quake motion are computed by synthesizing their complex frequency responses
using Fast Fourier Transform procedures. The stress responses are calculated

from the modal displacements.

An example analysis is presented to illustrate results obtained from this
analytical procedure. Computation times for several analyses are presented to

illustrate effectiveness of the procedure. v

The response of idealized dam c¢ross-sections to harmonic horizontal or
vertical ground motion is presented for a range of important system para-
meters characterizing the propexties of the dam, foundation rock and impounded
water. Based on these results, the separate effects of structure-water inter-
action and structure~foundation interaction, and the combined effects of the
two sources of interaction, on dynamic response of dams are investigated,

leading to the following conclusions.

Each source of interaction generally has significant effect on the com-
plex frequency response functions for the dam. The fundamental resonant fre-~
quency of the dam decreases and its apparent damping increases because of
structure-foundation interaction., The higher resonant frequencies and asso-

ciated damping are affected similarly but to a lesser degree. These effects



are qualitatively similar whether the reservoir is empty or full, except at
the resonant freguencies of the fluid domain. Because of hydrodynamic effects,
the response curves are complicated in the neighborhocd of the natural fre-
quencies of water in the reservoir; the resonant frequencies of the dam are
reduced -- the fundamental frequency by a significant amount but the higher
resonant frequencies by relatively little; and the fundamental mode exhibits
highly resonant behavior. The hydrodynamic effects in the dam response are
gualitatively similar whether the foundation rock is rigid or flexible. The
fundamental resonant frequency of the dam is reduced by roughly the same de-
gree, independent of the foundation material properties. However, the appar-
ent damping at the fundamental resonant fregquency is dominated by effects of
structure-foundation interaction and varies little with the depth of water.
The fundamental resonant frequency of the dam is reduced by each of the two
sources of interaction, with the influence of water usually being larger.
However, there are no general trends regarding the comparative effects of
water and foundation on the higher resonant frequencies or on the resonant
responses of the dam. The response of the dam, without water, to vertical
ground motion is small relative to that due to horizontal ground motion,

but it becomes relatively significant when the hydrodynamic effects are

included.

The displacement and stress responses of Pine Flat Dam to the S69E com-
ponent of the Taft ground motion only, and to the S69E and vertical components
acting simultaneously, are presented. For each of these excitations, the
response of the dam is analyzed four times corresponding to the following
four sets of assumptions: (1) rigid foundation, hydrodynamic effects excluded;
(2) rigid foundation, hydrodynamic effects included; (3) flexible foundation,
hydrodynamic effects excluded; and (4) flexible foundation, hydrodynamic ef-

fects included. These results lead to the following conclusions.

The displacements and stresses of Pine Flat Dam due to the Taft ground
motion are increased significantly because of hydrodynamic effects. Com-~
pared to the response of the dam including only hydrodynamic effects, the
stresses in the upper parts of the dam are significantly increased due to
structure-foundation interaction. Stresses at the heel of the dam are in-
creased to a lesser extent because of the stress relaxation due to founda-
tion flexibility. The influence of structure-foundation interaction and

structure-water interaction on the response of a dam depends in part on

- ii -



the change in the earthguake response spectrum ordinate associated with
changes in frequency and apparent damping due to these interaction effects.
As such, these effects would depend on the resonant frequencies of the dam
and the shape of the earthquake response spectrum in a neighborhoocd of these
resonant frequencies. Although considerable stresses in Pine Flat Dam are
caused by the vertical component of Taft ground motion, they partially can~
cel the stresses due to the horizontal component, resulting in reduced res-
ponse when both ground motion components are considered simultaneously. The
contribution of the wvertical component of ground motion to the total response
of a dam, including hydrodynamic effects, depends on the relative phasing of
the responses to horizontal and vertical ground motion, which in turn depends
on the phasing of the ground motion components and the vibration properties

of the dam.

- iii -
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1. INTRODUCTION

1.1 Objectives

It is extremely important to design dams which store large quantities
of water to safely withstand earthquakes, particularly in view of the cata-
strophic consequences of dam failure. The damage to Koyna Dam, in India,
which was designed according to standard, widely accepted procedures, shows
that concrete gravity dams are not as immune to earthquake damage as has

commonly been believed [1,2].

Reliable analytical procedures are necessary to design earthquake
resistant dams, and to evaluate the safety of existing dams during future
earthquakes. These procedures should provide the capability of evaluating
the dynamic deformations and stresses in a dam subjected to a given ground
motion. Special attention should be given to the interaction of the dam
with the impounded water and with the foundation rock or soil. These fac-
tors complicate the otherwise routine finite element analysis of concrete

gravity dams.

The objectives of the present study are: (a) to develop reliable and
effective techniques for analyzing the response of concrete gravity dams
to earthquake ground motion, including effects of dam-water interaction and
of dam-foundation interaction, and (b) to examine the significance of these

interaction effects in earthguake response of dams.

1.2 Review of Past Work

During the past 25 years, the finite element method has become the
standard procedure for analysis of all types of c¢ivil engineering struc-
tures. Early in its development, it became apparent that this method had
unique potentialities in the evaluation of stress in dams, and many of '
its earliest civil engineering applications concerned special problems
associated with such structures [3,4]. The earliest dynamic finite element
analyses of civil engineering structures involved the earthquake response
aralysis of earth dams [5]. Using the firite element method and exclud-
ing hydrodynamic effects, a number of questions were studied concerning
the response of concrete gravity dams to earthguakes. These guestions

were prompted by the structural damage, caused by the December 1967 earth-

quake, to Koyna Dam.



The analysis of hydrodynamic pressures, due to horizontal ground motion,
on rigid dams started with Westergaard's pioneering work of 1933 [7]. Con-
tinuing with the assumption of a rigid dam, more comprehensive analyses of
hydrodynamic pressures on the dam face, due to both horizontal and vertical

components of ground motion, have been developed [g,12].

In the finite element analyses mentioned, hydrodynamic effects were not
considered; whereas in the studies of hydrodynamic pressures, the dam was
assumed to be rigid. Additional hydrodynamic pressures will result from
deformations of the upstream face of the dam, and the structural deforma-
tions in turn will be affected by the hydrodynamic pressures on the upstream
face. To break this closed cycle of cause and effect, the problem formula-

tion must recognize the dynamic interaction between the dam and water.

Finite element analysis of the complete dam-water system is one
possible approach to including these interaction effects. Application of
standard analysis procedures with nodal point displacements as the
degrees-of-freedom was only partly successful [13]., A different finite
element formulation of the complete system, in which displacements are
considered as the unknowns at the nodal points for the dam, and pressures
as the unknowns at the nodal points for the water, has been applied to
small problems [14]; but this approach appears to reguire prohibitive

computational effort for practical problems.

The more effective approach is to treat the dam-water system as com-
posed of two substructures -- dam and fluid domain -- coupled through the
interaction forces and appropriate continuity conditions at the face of
the dam. A series of studies [15~18] led to a general analysis procedure
[19] and computer program [20] for dynamic analyses of dams, including
dam-water interaction. This approach conveniently permits different
models tc be used for the dam and water, The dam may be idealized by
the finite element method, which has the ability to handle systems of
arbitrary geometry. At the same time, the fluid domain may be treated
as a continuum, an approach which is ideally suited to the simple geometry
but great upstream extent of the impounded water [19]. The fluid domain
may also be idealized by the finite element method in conjunction with
infinite elements [21]., When the substructure method is employed, along

with transformation of the governing equations to generalized coordinates



associated with vibration medes of the dam alone, the analysis procedure is
very efficient, and little additional computationaleffort is required to in-

clude the hydrodynamic effects [19}.

Utilizing such an analysis procedure, it was shown that the dam-water
interaction and water compressibility have a significant influence on the
dynamic behavior of concrete gravity dams and their responses to earthquake
ground motion [22]. Because of hydrodynamic effects, the vertical component
of ground motion is more important in the resgponse of gravity dams than in
other classes of structures [18,22]. A simplified analysis procedure has
been developed which includes the dam-water interaction effects in the com-

putation of lateral earthquake forces for dam design [23].

The effects of dam~foundation interaction can most simply be included
in dynamic analysis of dams by including, in the finite element idealization,
foundation rock or soil above a rigid horizontal boundary. The response of
such a finite element system to excitation specified at the bottom, rigid
boundary is then analyzed by standard procedures. Such an approach leads to
enormous computational requirements and the reliability of results in some
cases 1ls questionable. For sites where similar materials extend to large
depths and there is no obvious "rigid" boundary such as a soil~rock interface,
the location of the rigid boundary introduced in the analysis is often gquite

arbitrary, and it may significantly distort the response.

These difficulties can be overcome by using the substructure method [24,
25], wherein the dam and the foundation rock or soil region are considered as
two substructures of the complete system. The dam may be idealized as a
finite element system which has the ability to represent arbitrarv geometry
and material properties. The foundation rock or soil region may be idealized
as eilther a continuum (a viscoelastic halfspace for example), or as a finite
element system, whichever is appropriate for the site. The halfspace ideal-
ization permits accurate modelling of sites where similar materials extend to
large depths. For sites where layers of soil or soft rock overlie harder
rock at shallow depths, finite element idealization of the foundation region
would be appropriate. The governing eguations for the two substructures are
combined by imposing equilibrium and compatibility requirements at the base
of the dam. These equations make direct use of free field ground motion
specified at the dam-foundation interface. The resulting equations are trans-

formed to generalized Ritz coordinates; the displacements are expressed as a



linear combination of the first few vibration modes of an associated dam-

foundation system, thus leading to a very efficient solution.

The preceding review discussed the dam-water system and dam-foundation
system separately. In each of these two cases, the impounded water and the
foundation, respectively, modify the vibration properties of the dam and may
significantly affect its response. However, the two problems actually are
coupled and the results cbtained by separate analyses will, in general, be
invalid. There is need, therefore, for developing techniques for analysis
of complete dam-water-foundation systems, and assessing simultanecusly, the
interaction due to both water and foundation. Some work on this problem has
been reported in recent years [26,27]. The substructure methods developed for
separately considering hydrodynamic and foundation interaction effects in the
response of dams appear to be ideally suited for and extendable to complete

analyses which simultanecusly include both types of interaction.

1.3 Scope of this Report

Chapter 2 describes how the dam-water-foundation system and earthguake
ground motion are idealized in this study. Aalso included in this chapter are
the assumptions underlying the procedure, developed in later chapters, for

analysis of earthquake response of concrete gravity dams.

For the reader's convenience, a summary 1s given of the procedures avail-
able for analyzing earthquake response of concrete gravity dams under restric-
tive conditions. Chapter 3 summarizes the standard finite element method for
analysis of dams on rigid foundations with no water stored in their reser-
voirs. Chapter 4 summarizes the substructure method for including the effects
of dam-water interaction in the analysis procedure. (This method treats the
impounded water and dam on rigid foundation as two substructures of the total
system.) Also based on the substructure concept is the procedure for includ-
ing effects of interaction between the dam and its flexible foundation on the

earthquake response of dams without water, summarized in Chapter 5.

Because the substructure concept has proven to be effective in separately
including the effects of dam-water interaction and of dam-foundation inter-
action in the analysis, it is extended in Chapter 6 to develop an analysis
procedure simultaneously including various effects of the water and the

foundation. These include effects arising from interaction between the dam



and foundation, dam and water, water and foundation, and interaction among
all three substructures -- dam, water, and foundation. The computer program
developed to implement the procedure for analysis of dam~water-foundation
systems is briefly described in this chapter; the user's guide and program

listing is included in Appendices A and B.

Using this computer program, results of several preliminary analyses
are presented in Chapter 7 with the aim of defining the important system and
analysis parameters for the subsequent study of dynamic response behavior of

dams. The behavioral study is in two parts, separated into Chapters 8 and 9.

The response of idealized dam cross-sections to harmonic horizontal or
vertical ground motion is presented in Chapter 8 for a range of the important
systems parameters characterizing the properties of the dam, foundation rock,
and impounded water. With the aid of these results, the separate effects of
dam-water interaction and dam-foundation interaction, and the combined effects

of the two sources of interaction on dynamic response of dams are investigated.

Chapter 9 presents the responses of Pine Flat Dam to the S69E component
of the Taft gfound motion only; and to the S69E and vertical components act-
ing simultaneously. For each of these excitations, the response of the dam
is analyzed four times corresponding to the following four sets of assump-
tions: (1) rigid foundation, hydrodynamic effects excluded; (2) rigid
foundation, hydrodynamic effects included; (3) flexible foundation, hydre-
dynanic effect excluded; and (4) flexible foundation, hydrodynamic effects
included. These results provide insight into the effects of dam-water and
dam~foundation interaction, considered separately or together, in the earth-

quake response of dams.

Chapter 10 briefly summarizes the significant conclusicns which may be
drawn from this investigation of dam-water and dam-foundation interaction

effects in eartﬁquake response of concrete gravity dams.
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Perhaps a few words regarding the history of this study would be of
interest to the sponsors and the reader. The study was initiated in 1974.
Dr. P. Charkabarti participated in formulating the essential aspects of the
analysis procedure and developed the computer programs during 1974 and 1975,
at which time he left Berkeley to accept a position in India. Thereafter,
Dr. G. Dasgupta was involved in the study for a short time, incorporating
some improvements in the analysis procedure and computer program. His efforts
were then diverted to developing dynamic stiffness matrices for the foundation
required in obtaining the numerical results for this study [32]. At this junc-
ture, in 1976, Sunil Gupta, a graduate research assistant, became associated
with the project. He produced the large volume of computer results presented
in this report, and assisted in interpretating these results and preparing the
report. Because there was some discontinuity between the times Chakrabarti,
Dasgupta, and Gupta worked on this project; because considerable time was re-
gquired to develop the results on dynamic stiffness matrices for the founda-
tion; and for other reasons beyond our control, our efforts on this study
have been sporadic. This resulted in considerable, unanticipated delay in

completion of the study.



2. SYSTEM AND GROUND MOTION

2.1 Dam-Water-Foundation System

Vibration tests on Pine Flat Dam [28] indicate that at small vibration
amplitudes a concrete gravity dam will behave like a solid even though there
is some slippage between monoliths. Thus, at the beginning of an earthguake,
the behavior of a dam can be best described by a three-dimensional model.
However, at large amplitudes of motion, the inertia forces are much larger
than the shear forces that can be transmitted across joints between monoliths.
The monoliths slip and tend to vibrate independently, as evidenced by the
spalled concrete and increased water leakage at the joints of Koyna Dam during
the Koyna earthquake of December 11, 1967. Consequently, two-dimensional
models of individual monoliths appear to be more appropriate than three-
dimensional models for predicting the response of concrete gravity dams to
the strong phase of intense ground motion. However, a model more complicated
than either of these two models will be necessary to describe the behavior of

a concrete gravity dam through the complete amplitude range.

Because the dimensions and dynamic properties of the various monoliths
differ, the effects of the dam on deformations and stresses in the founda-
tion will wvary along the length of the dam. Thug even with two-dimensional
models for the dam, a three-dimensional model would seem necessary for the
foundation. If the dam were to behave as a solid without slippage between
monoliths, and all of its properties and the ground motion did not vary along
the length, it would be appropriate to assume the dam as well as the founda-
tion to be in plane strain. BA plane stress model which applies to a thin

sheet~like body sesms obviously inappropriate for a continuum foundation.

Although the basic concepts underlying the analysis procedure presented
in this work are applicable under more general conditions, the procedure is
specifically developed for two-dimensional systems; thus its application is
restricted to systems in generalized plane stress or plane strain. Although
neither of the two models are strictly applicable, the former is better for
the dam and the latter for the foundation. However, in order to define the
dam-foundation system on a consistent basis, the same model should be
employed for both substructures. Results from the two models are compared

in Sec. 7.3 to provide a basis for choosing one for parameter studies.



A cross—section of the system considered is shown in Fig. 2.1. The
system consists of a concrete gravity dam supported on the horizontal sur-
face of a viscoelastic half plane and impounding a reservoir of water. The
system is analyzed under the assumption of linear behavior for the concrete,
foundation soil or rock, and water. The dam is idealized as a two-dimen~
sional finite element system, thus making it possible to consider arbitrary
geometry and variation of material properties, However, certain restric-
tions on the geometry are imposed to permit solutions for the foundation and
fluid domains treated as continua. For the purposes of determining hydro-
dynamic effects, and only for this purpose, the upstream face of the dam is
assumed to be vertical. This is reasoconable for an actual concrete gravity
dam, because the upstream face is vertical or almost vertical for most of
its height, and the hydrodynamic pressures on the dam face are insensitive
to small departures of the face slope from the vertical. Por the purpose of
including structure-foundation interaction effects, the foundation surface
is assumed to be horizontal; thus the base ¢f the dam as well as the reser-
voir bottom is assumed to be horizontal. An actual system can usually be

idealized to conform to this assumption.

2.2 Ground Motion

The excitation for the two-dimensional dam-foundation-water system is
defined by the two components of free-~field ground acceleration in the plane
of a cross-section of the dam: the horizontal component transverse to the

dam axis, a;(t), and the vertical component, ag(t).
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3. ANALYSIS OF GRAVITY DAMS

3.1 Introductory Note

The standard finite element method for analysis of gravity dams on rigid
foundations with no water stored in the reservolir is summarized in this
chapter. In later chapters, the analysis will be extended to include effects

of impounded water and foundation flexibility.

3.2 Governing Equations

Consider a monolith of a concrete gravity dam on a rigid foundation,
with no water in the reservoir, subjected to earthguake ground motion which
does not vary across the base of the monelith. The equations of motion for
such a dam monolith idealized as a planar, two-dimensional finite element

system are:
mf + of + kr = -ml” ai(t) - mi¥ al(e) (3.1)

In Eq. 3.1, m, k and ¢ are the mass, stiffness, and viscous damping matrices
for the finite element system; r is the vector of nocdal point displacements,
relative to the free-field displacement:
T Xy X
= ceee E
r <rl r] T, T

Xy
%

X
where v and ry
n n

are the x~ and yv- components of displacement of nodal point
n and the number of nodal points above the base is N; t and ¥ are, respec-

tively, the nodal point velocity and acceleration vectors.

T
{1*}

[

<1 61 0......1Y 0....,.1 0>

T
{1¥}

il

<01 0 1......01......01>

ag(t) and ag(t) are the x (horizontal) and v (vertical} components of the

free-field ground acceleration.

The stiffness and mass matrices of the structure are obtained from the

corresponding matrices for the individual finite elements by direct assembly
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procedures. The element stiffness matrices are derived using quadratic in-
terpolation function for displacements, whereas the element mass matrices

are based on a lumped mass approximation.

Energy dissipation in structures, even in the linear range of vibration,
is due to various complicated phenomena. Because it is not possible to
mathematically describe each of these sources of energy dissipation, it is
customary +to define damping in terms of damping ratics in the natural modes
of vibraﬁion. Damping ratios for similar structures obtained from both the
analysis of harmonic vibration tests, and responses recorded during earth-
quakes, are used as a basis for assigning the modal damping ratios. The
modal damping ratios provide a complete description of damping properties
for purposes of linear analysis and the damping matrix need not be defined

explicitly.

Traditionally, analysis of dynamic repsonse of structures has been
carried out directly in the time domain. For such analyses, viscous damping
is the most convenlent representation of energy dissipation in the struc-
ture. When effects of dam-water interaction and dam-foundation interaction
are included, the analysis is most effectively carried out by a substructure
method {3,4]. As will be seen in Chapters 4.5 and 6, the substructure
method is best formulated in the frequency domain. In such a formulation,
constant hysteretic damping is a preferable representation -- for conceptual
as well as computational reasons =- especially when structure-soil inter-

action effects are included [5].
The Fourier transform of Eg. 2.1 provides the governing eguation in the

frequency domain

X AX

[—w29 + iwe + 5} f{w) = -ml ag(w) - g}y Egcm) (3.2)

in which the Fourier transform of £{t) is denoted by f(w). For constant

hysteretic damping, Eq. 2.2 becomes
[-o’m + (1 + imk] £@ = -m* W - mY &l (3.3)
where n is the constant hysteretic damping factor.

Damping ratios as obtained from forced vibration tests on dams are

- 12 -



essentially independent of the mode number [28], If £ is the damping ratio
appropriate for all the natural modes of vibration of the dam, N = 2& would
be an appropriate value for the constant hysteretic damping factor [29].

With the damping coefficient so related, essentially the same response will

be obtained for a lightly damped system with either damping mechanism.

3.3 Earthguake Response Analysis

3.3.1 Time Domain Analysis

The earthquake response of a dam is obtained by solving the egquations
of motion (Eq. 3.1). These equations of motion in nodal point coordinates
may be solved either directly or after transformation to modal coordinates
{30]. The latter approach, commonly known as the mode superpostion method,
is applicable if the response is within the linear range. This method is
advantageous for calculating the earthquake response of many types of struc~
tures, because the response is essentially due to the first few modes of

vibration.

The first step in the mode superposition analysis procedure is to ob-
tain the lewer few natural frequencies and mode shapes of vibration of the

dam by solving the eigenvalue problem:

kg=wmg¢ (3.4)

The equations of motion (Eg. 3.1) are uncoupled by the transformation

2N
r{t) =  ¢_Y (t) (3.5)
- n n

n=1

provided the damping matrix ¢ satisfies certain restrictions [6}. In Eq.

th
3.5, Yn(t) is the generalized c¢coordinate and én the mode shape for the n
natural mode of vibration. The uncoupled equation for the nth mode of vi-

bration is
MY +cv +xY =-L%a%w - 1Y a¥(e) (3.6)
n n n n nn n g n g
where

T 2
Moo= @n T@n' c_ = £n(2ann), K =0 M, W, and En are the natural
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circular frequency and damping ratio for the nth mode, Lz = ¢§ glx, and

y_ T Y
L) =9, ml.

Equation 3.6 may be solved for Yn(t) by a step-by-step integration
method {30]. After computation has been repeated for all modes, the nodal
displacement vector r(t) can be obtained from Eg. 3.5. In practice, it is
generally sufficient to solve the equations of motion only for the lower few
modes, because the contributions of the higher modes to the total response

are small.

The stresses gp(t) in finite element p at any instant of time are re-

lated to the nodal displacement Ep(t) for that element by

g () =T r (t) (3.7)
P -P ~P
where the stress transformation matrix ?p is based on the interpolation
functions for the element as well as its elastic properties. The stresses
throughout the dam at any instant of time are determined from the nodal point
displacements by application of the sbove transformation to each finite

element.

The initial stresses, before the earthquake, should be added to the
stresses due to earthquake excitation, determined by the procedures pre-
sented in the preceding sections, to obtain the total stresses in the dam.
Excluding the temperature and creep stresses in concrete, only the gravity
loads need to be considered. The equations of static equilibrium are for-

mulated:

Kr=R (3.8)

where R is the vector of static loads due to the weight of the dam and hydro-
static pressures. Solution of these algebraic equations results in the dis-
placement vector r. Static stresses are then determined from the displace-

" ments by applying Eg. 3.7 to each finite element.

Analytical predictions, based on the procedure summarized above, for the
perfomance of XKoyna Dam correlated well with the damage experienced by the
dam during the Koyna earthquake of December 11, 1976 [2].

- 14 -



3.3.2 Frequency Domain Analysis

An alternative approach to solving the modal egquations of motion (Eqg.
3.6) exists in which, instead of step-by-step integration in the time
domain, the complex frequency responses are superposed in the frequency
domain utilizing the Fourier integral [30]. The complex frequency response
function Z{w) for a response gquantity z(t) has the property that, when the

excitation is the real part of elwt, then the response is the real part of

2 (w)y eVt

The response in the nth mode of vibration due to the horizontal ground

motion will be denoted by Yi, and that due to the vertical ground motion by

. . i
Yz. The response to excitation ag(t) = et t can then be expressed as

Yﬂ _ §£ Jlwe  where £L=xo0rvy.

n io3

Substitution in Eg. 3.6 leads to

(—sz + iwC + K) ?ﬂ(w) = - Lﬂ; £ =%,y (3.9)
n n n’ “n n
from which
-2 'Lf
Yn(w) = — 1 £ = x,y (3.10)

~@M + iwC + K
n n n

If the system has constant hysteretic damping instead of viscous damp-

ing, starting from Eq. 3.3, it can be shown that Egs. 3.9 and 3.10 become

2 ) -£ ok,
[-w Mn + (1 + 1n)Kn] Yn(m) = -Ln, L =x,y (3,11)
and
'—LE
£ n
Yn(w) = : £ = X,¥ (3.12)

-0y Mn + (1 + ln)Kn

The response to arbitrary ground motion is the superpostion of
responses to individual harmonic components of the excitation through the

Fourier integral:

2 1 =2 z it

et < 1

Yn(t) = o7 { Yn(w) Ag(w) e dw; £ = x,y (3,13)

(oe]
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in which Af(w) is the Fourier transform of aﬁ(t):

t

d .
£ = [ K(t)e—lw dt; £ = x,v (3.14)

A {w) a
g 0 g

where d is the duration of the ground motion.

. t . . . .
The response in the n h vibration mode due to simultaneous action of the

horizontal and vertical components of ground motion is
Y o(£) = Y(r) + ¥¥ () (3.15)
n n b ¢}

Repeating this procedure for all the necessary values of n, the displacément
responses may be obtained by superpostion of the modal responses {Eg. 3.5)
and the stress responses by calculating the stresses associated with these
displacements {(Eg. 3.7}. The initial stresses are added tc determine the

total stresses.

Until the development of the Fast Fourier Transform (FFT) algorithm
t3l], numerical evaluation of integrals such as those in Egs. 3.13 and 3.14
required prohibitive amounts of computer time and the errors in the results
could not be predicted accurately. As a result, step-by-step integration in
the time domain has conventionally been used for response analysis. With
the FFT algorithm, integrals of Egs. 3.13 and 3.14 can be evaluated accu~-
rately and efficiently. As a result, the frequency domain approach can now
be employed advantageously for analysis of dynamic response of structures.
It provides an alternative approach for analysis of dams without water. As
will be seen in Chapters 4,5, and 6, the analysis is best formulated by the
frequency domain approach when dam-water and dam-foundation interaction

effects are included.
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4. ANALYSIS OF GRAVITY DAMS INCLUDING DAM~WATER INTERACTION

4.1 Introductory Note

Summarized in this chapter is the procedure presented earlier [19], for
including the effects of dam-water interaction in earthquake response anal-
yses of concrete gravity dams. The concept underlying this procedure is to
treat the impounded water and the dam as two substructures of the total
system. With this approach, the dam may be idealized by the finite element
method, which has the ability to represent systems of arbitrary geometry and
material properties (see Chapter 3). At the same time, the impounded water
may be treated as a continuum, an approach which is ideally suited to the
simple idealized geometry but great upstream extent of the impounded water.
The eguations of motion for the two substructures are coupled by including

the forces of interaction between the water and the face of the dam.

4.2 Governing Equations

4.2.1 Substructure 1l: Dam

A gravity dam supported on a rigid foundation and storing water to a
given depth is shown in Fig. 4.1. Including hydiodynamic effects, the equa-
ticns of motion are, for a dam monolith idealized as a planar two-dimensional
finite element system (Chapter 3), subjected to horizontal and vertical com~

ponents of ground motion:

It

m¥+cr+kr=-m"a(t) -m¥a () + R, (£) (4.1)
This is identical to Eg. 3.1 except for the inclugion of the hydrodynamic

loads Bh(t) on the upstream face of the dam.

Whereas Eg. 4.1 is valid for dams of arbitrary geometry, it is assumed
that for the purpose of defining hydrodynamic effects, and only for this pur-
pose, the upstream face of the dam is vertical. Considering that the up-
stream face of concrete gravity dams is vertical or almost wvertical for
most of the height, this is a reasonable assumption. With this assumption
and because the hydrodynamic loads act only on the upstream face, only those
loads in gh(t) that correspond to the x-degrees of freedom of the nodal
points on the upstream face are non-zero. The sub-vector of the non-zero

loads is denoted by gif(t). The superscript "xf" indicates that only the
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RIGID FOUNDATION

FIG. 4.1 CONCRETE GRAVITY DAM WITH IMPOUNDED WATER. THE HYDRODYNAMIC
PRESSURES ON THE UPSTREAM FACE OF THE DAM ARE p_(y,t)
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x-component of the loads acting on the face of the dam are included in the

vector.

The procedure for analyzing the response of dams without including the
effects of water, presented in Chapter 3, utilized the mode-superpostion
concept. Although classical natural modes of vibration do not exist for
the dam when hydrodynamic effects are included, expansion of displacements,
including hydrodynamic effects, in terms of natural modes of vibration with-

out water can still be used advantageously. Thus,
r{t) = L ¢ Y (¢) (4.2)

The vectors @n, n=1,2...2N are linearly independent and span the vector
space of dimension 2N. Thus, the expansion of Eg. 4.2 is exact if the con-
tributions of all the 2N natural modes of vibration are included. However,
even when hydrodynamic effects are included, the contributions of the lower
modes of vibration are expected to be more significant and relatively few

terms, e.¢g. J << 2N, would suffice in Egq. 4.2.

Substituting Eq. 4.2 into Eg. 4.1 and utilizing the orthogonality
property of mode shapes, the equation governing the generalized displace-
ment Yn(t) in the nth mode is

mi +cy +x¥ =-L¥alw - LYale) + R (£) (4.3)
n n nn nn n g n g n
This is the same as Eq. 3.6, except for the additional term Rhn(t) =

T
QTR (t) = {QXf} Rﬁf(t) in which the vactor ¢Xfconsists of the x-components
n~h n - -n

of the displacements of the ncdal points on the upstream face of the dam.

4,2.2 Substructure 2: Fluid Domain

The motion of the dam-water system is considered to be two-dimensional,
i.e., it is the same for any vertical plane perpendicular to the axis of the
dam. Assuming water to be linearly compressible and neglecting its internal
viscosity, the small amplitude, irrotational motion of the fluid is governed

by the two-dimensional wave equation

2 2 2
sz Byz C 8t2
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in which p(x,y,t) is the hydrodynamic pressure (in excess of the hydrostatic
pressure) and C is the velocity of sound in water. The hydrodynamic pres-—

sure acting on the upstream face of the dam is pc(y,t) = plo,y,t).

4.3 Response Analvsis for Harmonic Horizontal Ground Motion

Specializing the equations of motion ¢of the dam in terms of generalized
modal displacements (Eg. 4.3) for the case when the ground motion acts only

in the horizontal (x) direction leads to
X & x X X X
MY + YU+ RY = =L + t 4.5
nn Cn n nn n ag(t) Rhn( ) ( )

where Li =_QE sz and Rin(t) = {Qif?rng(t). The vector §§f(t) consists

of forces, associated with hydrodynamic pressures acting in the horizontal
direction, at the nodal points on the vertical upstream face of the dam.
These hydrodynamic pressures are governed by the two-dimensional wave equa-

tion {Eg. 4.4) and the following boundary conditicons:

«bPressure at the free surface is zero, implying that the effects of

waves at the free surface are ignored;
*Vertical motion at the base of the reservoir is zero; and

*Horizontal component of motion of the £fluid boundary x = 0 is the

same as the horizontal motion of the upstream face of the dam.

The responses to harmonic ground acceleration a;(t) = elMt can be ex-
pressed as follows:
Generalized Displacements, Yz(t) = ?ﬁ(w)elwt (4.6a)
Generalized Accelerations, ?z(t) = Yz(w)elwt (4.6b)
Horizontal accelerations at the upstream face,
n J xf ox iwt
ey = {1+ T ¢ Yo wle (4.6¢)
- - fel - 3
J

in which E is a vector with all elements equal to unity.
Hydrodynamic pressures, pz(y,t) = §§(y,w)elw? {4.64)

Strictly for purposes of notational convenience, the vector @?f is replaced

by its continuous analeg function ¢j(y). The total horizontal acceleration
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of the fluid boundary at x = 0, the upstream face of the dam, may now be

represented by the function

J ,
5(0,y,t) = {1+ I et (4.7)

X
(y) Y (w
; ¢J(y j()

1

With reference to Fig. 4.1, the boundary conditons for the wave equation

are
p(x,H,t) =0
op -
3y 0.8 =0 (4.8)
op w J =x iwt
35 (0.y,8) = - E{l + _Z ¢j(y) Yj (W) te

j=1

Because the governing equation as well as the boundary conditions are
linear, the principal of superpostion applies. The complex frequency re-

sponse function for pZ(y,t) can therefore be expressed as

J = _ .
Boiv,w) = By (v + I L) Byly.w) (4.9)
3=1

where pg(y,t) = ﬁé(y,m)elwt is the solution of the wave equation at x = 0

(Eg. 4.4) for the following boundary conditions:

p(x,H,t) =0
op
5y {(x,0,t) =0 {4.10)
ap _ _w _iwt
ax (O,Y,t) - g e

and pj(y,t) = Ej(y,w)elwt is the solution of the wave equation at x = 0 for

the following boundary condtions:

pix,H,t) =0 )
op
5; {(x,0,t) =0 F (4.11}
op - _w iwt
Sec {0,v,t) g ¢j {yle

Yy

Solutions of Egq. 4.4 for the above two sets of boundary conditons are
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presented in Egs. 4.12 and 4.13

gx(y w) = dw ? (-l)t cos A,y (4.12)
o T o . £ .
giﬂ-&&dh/%-m%@z
o I‘
53. (g,0) = - 22 ) 2 cos Apy (4.13)

gH p24 /;\2 w2 /c2

H
in which kz = (2£-1) W/2H and I. 8 = f ¢ {v)cos sz dy. The complex frequency

response function po(y ) 1s for the hydrodynamlc pressures on the dam when
the excitation to the fluid domain is the horizontal acceleration of the
ground and the dam is rigid. -The corresponding function is 5%(Y,M) when the
excitation is the acceleration of the dam in the jth mode of 3ibration and

there is no motion of the base of the reservoir.

The integrals I, 50 are computed as a summation using the elements of the
vector ¢jf instead of the continucus function ¢ (yv) which was introduced
only for notational convenience. The nodal force vectors are R {(£) =
Eg(w)eiwt and R, (&) = R (e ™, where R (w) and Rj(m) are the static equiv-
alents of the correspondlng pressure functlons po(y w) and p (y,0), respec-—
tively. They may be computed directly by using the pr1n01ple of virtual
work with the displacements between nodal peints defined by the finite
element interpolation functions. The complex frequency response function

£
for the total force vector B; (t) is, from Eq. 4.9,

JooL
B w = Bw + ] Hw kw (4.14)
i=1

The hydrodyvnamic forces on the dam have thus been expressed in terms of the
unknown generalized coordinate responses ?%(w).
With the aid of Eg. 4.14 and substltutlng Y {w) = -w2 §?(m), Eg. 4.5

e
can be written as follows for the excitation a (t) = el :

2 -x' X XE\T{=x 2 g 4 =
[—w M+ iwC + K [Y(w) = -L7 + {4 }{R (w) - w ) Y.(w)R.(m)} (4.158)
n n ny n n -n -0 521 j -3

- 22 =



The set of equations 4.15 for n = 1,2 ... J may be rearranged and expressed

in matrix form as

e £ =3 5 r x
1.
Féll(w) S, ... L8 () ¥ () 1 (@
=x X
SZl(m) Szztm) . e . SZJ(m) Yz(m) Lz(w)
{ v o= { L (4.16)
=x %
.?Jl(m) st(w) e e e - SJJ(w)— LYJ(M)4 kLJ(w).
in which
2/, xf T = . .
Shyf0) =9 fo "} R;(w) for n # j
n=1,2 ...3
_ 2 : 2. xE,T - (4.17)
Spn (@) = [0+ dec + X1+ {8 "V R e,
) = -1F + (6°7T 2w
n n -n —Q

The coefficient matrix S(w) in Eq. 4.17 is a freguency dependent matrix
which relates the generalized displacement vector gx(w) with the correspon-
ding generalized load vector Ex(w). Unlike classical modal analysis, the
matrix S(w) is not diagonal because the vectors @n are not the natural vibra-
tion modes of the dam-fluid system; they simply are the natural vibration

modes of the dam without water. It can be shown that $(@)is a symmetric matrix.

With one change, Egs. 4.16 and 4.17 are valid even if damping for the
dam is idealized as constant hysteretic damping instead of viscous damping.

The expression for the diagonal elements of S(w) changes to

2 Xf}T =

s = [-wi + 1+ dn) k] + o (95T R w) (4.18)

Solution of Eg. 4.16 for all values of excitation frequency would give
the complete frequency response functions for all the generalized coordin-
ates §§(w), n=1,2... J. The frequency responses for generalized accel-
erations may be obtained from the generalized displacements as

W) = 02T (W) (4.19)
1 n
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The complex frequency response functions for the vectors of nodal displace-

ments and accelerations relative to the ground motion are obtained by super-

position of the contributions of the variocus modes of vibration (Eg. 4.2):

J
-xX =X
rw o= I ¢ Y (W (4.20)
n=1
- J
P = w? ¢ Y’;(w) (4.21)
n=1

4.4 Response Analysis for Harmonic Vertical Ground Motion

Specializing the equations of motion of the dam in terms of general-

ized modal displacements (Eq. 4.3) for the case when the ground motion acts

only in the vertical (y) direction leads to:

’.y .y y y y Y
+ = -
MY CY +K¥Y L7 a“{t) + Rh (t) (4.22)

, Yy o 4T Yy Y _ . XfyT _x£ xf .
where Ln @n m 17 and Rhn(t) {¢n } R {(t). The vector Bh (g) consists
of forces, associated with hydrodynamic pressures acting in the horizontal
direction, at the nodal points on the vertical upstream face of the dam.
These hydrodynamic pressures are governed by the two-dimensional wave

eguation (Eg. 4.4) together with the following boundary conditions (see Fig.
4.1):

*Pressure at the free surface is zero, implying that the effects

of waves at the free surface are ignored;

*Vertical component of motion of the fluid boundary y = 0, the base

of the reservoir, is prescribed by the vertical component of ground

acceleration; and

*Horizontal component of motion of the fluid boundary x = 0 i's the

same as the horizontal motion of the upstream face of the dam.

. . iwt
The responses to harmonic ground acceleration ay(t) = e can be ex-

pressed as follows:

- LWk
Generalized displacements, Yz(t) = Yi (wye ¢ {4.23a)
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. o iwt
Generalized accelerations, Yi(t) = YZ (w) & (4.23b)

Horizontal accelerations at the upstream face,

J
.r = Jdwt
d(e) = {Z oXE yl.’(w)} 2™ (4.23¢)
- g ]
j=1
Hydrodynamic pressures, pg(y,t) = ﬁi(y,w)elwt (4.234)

. b . . .
Replacing the vector Q? by its continucus analeg function, @j(y), as before,
the horizontal acceleration of the fluid boundary at x = 0, the upstream

face of the dam, is represented by the function:

J .
9(0,y,8) = {z ¢.(y>?¥(w>}e“"t (4.24)
j=1 3 3

Then the boundary conditions for the wave equation are

P(X,H't) = O A

EE-(x,O,t) = = E-eiwt

oy . g ; (4.25)
] w J = it

Loy = -2 {1 ¢ ) Fwile

X 9 4oy i J

Because the governing eguations as well as boundary conditions are linear,

the principle of superpositions applies. The complex freguency response

function for pz(y,t) can therefore be expressed as

J br -
§Y(y,w) = Ey(y.w) + T ¥ (w) p. (y.,0) (4.26)
¢ 0 =1 J J

where p%{y,t) = ﬁg(y,w)elMt is the solution of the wave equation (Eg. 4.4)

for the following boundary conditions

plx,H,t) = 0

ap __w igt

5§(x,0.t) =3 e L (4.27)
dp -

ax(OIYIt) - O )
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and pj(y,t) = 5j(y,w)elwt'is the solution of the wave equation (Eg. 4.4) at

¥ = 0 for the following boundary conditions:

pl(x,H,t) = 0
N 1
oy ! (4.28)
ap _ W iwt
BX(Oly’t) = 3 ij (y)e
Solution of Eq. 4.4 for the boundary conditions of Eg. 4.27 is
(1+0) sin W (H-y)
=Y w C C
po(y,w) = 9w e oh (4.29)
(1+a) cos "5~ + i(l-g) sin ey
In this eguation, the reflection coefficient
{C.w /Cw)} -1 )
a4 = ——= (4.30)

(Crwr/Cw} +1

where W and Cr are the unit weight and P-wave velocity for the rock material
at the bottom of the reservoir. For rigid rock, o = 1 indicating that hydro-
dynamic pressure waves are completely reflected at the bottom of the reservoir.
For deformable rock, & < 1 implying that hydrodynamic pressure waves imping-
ing at the reservoir bottom are partially reflected back in the fluid domain
and partially refracted into rock. The complex frequency response function
ﬁngA@ is for the hydrodynamic pressures on the dam when the excitation to

the fluid domain is the vertical acceleration of the ground and the dam is
rigid.

The solution of Eg. 4.4 for the boundary conditions of Eg. 4.28 has been
presented earlier in Egq. 4.13. As mentioned before,ﬁj(y,m) is the complex
frequency response function for the hydrodynamic pressure when the excitation
is the acceleration of the dam in the jthnwde of vibration and there is no
motion of the base.

The nodal force vectors are {%(t) = Eg (@) ¥ ang gj () = :Rj (w)eimt, where
Eg(w) and Ej(w) are the static equivalents of the corresponding pressure
functions pg(y,w)zuniﬁj(y,w) respectively. The complex fregquency response
function for the total force vector gif(t) is, from Eg. 4.25%,

J

B =KW + ] Hw Ew (4.31)
j=1
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With the aid of Eq. 4.31 and substituting §3J’ W) = -w2§3j’ @), Eq. 4.22 can be

written as follows for the excitation ag(t) = elwt:

J
[-sz + iwc, + K:l‘-fy(w) = -z¥ + {@"f}T{ﬁY(m % §¥(w)ﬁ.(w)} (4.32)
n n nl n n n -0 3=1 J -7

The set of Egs. 4.32 for n = 1,2...J after rearranging may be expressed in

matrix form as

SWY (@ = ¥ (W) (4.33)

in which the coefficient matrix S(w) 1is identical to the case when the ex-

citation was the horizontal component of ground motion (Egs. 4.16-4.18), and
V4 V4 x£,.T =y
w =-fw + 7 rRIw, n=1,2,...7 (4.34)
n n -n -Q

Solution of Eg. 4.33 for all values of excitation fregquency would give
the complex frequency response functions for generalized displacements

§§(w). The frequency responses for generalized accelerations
) = - 0¥ ) (4.35)
n n

The complex frequency response functions for the vectors of nodal displace-~
ments and accelerations relative to the ground motion are given by expres-

sions similar to Egs. 4.20 and 4.21:

J ,

- N Sy

= () Lo ¥ w (4.36)
n=1

- 5 J -

T -0 Id ¥ (4.37)

- n——-l—n n

4.5 Response to Arbitrary Ground Motion

Once the complex frequency response functions §§(m) and §§(m), n=1,
2,...J, have been determined by solving Egs. 4.16 and 4.33 for an appropri-
ate range of excitation frequency W, the responses to arbitrary ground
motion can be obtained as the superposition of responses to individual haxr-

monic compenents of the excitation through the Fourier integral:
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2L 1 ®_t
e =5 Y

2 iwt _
o (w) Ag(w)e dw: £ = x,y (4.38)

in which Aﬁ(w) is the Fourier Transform of aé(t):

£ _ d » -t o,
AW -Of aj(ele ~at; L =x,y (4.39)

where 4 is the duration of ground motion.

The combined response Yn(t) to horizontal and vertical components of

ground motion acting simultaneously is
Y (t) = ¥i(r) + ¥ (t) (4.40)
n n n

Repeating this procedure for all the necessary values of n, the displace-
ment response is obtained by transforming back from generalized to nodal

point coordinates

J .
r{t) = L ¢ ¥ (1) (4.41)
n=1 "

The stresses gp(t) in finite element p at any instant of time are re-

lated to the ncdal displacements Ep(t) for that element by
g (t) =7 r (t) 4.42
—p( ) —p—p( ( )

where Tp is the stress transformation matrix for the finite element p. At
any instant of time, the stresses throughout the dam are determined from
the nodal point displacements by applying the transformation of Eg. 4.42 to

each finite element.

The total stresses are the sum of the dynamic stresses determined above
and the intial static stresses due to the weight of the dam and hydrostatic

pressures (Sec. 3.3).

A digital computer program was developed [20] to implement the analysis
summarized in this chapter. Studies using this computer program have led to
a better understanding of hydrodynamic effects in earthquake regponse of

concrete gravity dams {18].
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5., ANALYSIS OF DAMS INCLUDING DAM-FOUNDATION INTERACTION

5.1 Introductory Note

This chapter summarizes the procedure presented earlier [24,25] for in-
cluding the effects of structure-foundation interaction, i.e., interaction
between the structure and underlying soil or rock, in earthguake response
analvses of concrete gravity dams without water. This procedure to in-
clude the dam-foundation interaction effects is based on the same basic
substructure concept utilized to include the dam-water interaction. The
s0il or rock region and the dam are considered as two substructures of the
combined system. The dam may be idealized by the finite element method,
which has the ability to represent systems of arbitrary geometry and
material properties (see Chapters 3 and 4). The soil or rock region may be
idealized as either a finite element system or as a continuum, for example,
as a wviscoelastic halfspace. The halfspace idealization permits accurate
modelling of sites where essentially similar rocks extend to large depths.
For sites where layers of soil or soft rock are underlain by harder rock at
shallow depth, finite element idealization of the soil region would be ap-
propriate. The governing equations for the two substructures are combined
by imposing equilibrium and compatibility requirements at the base of the

dam, which is the structure-foundation interface.

5.2 Freguency Domain Equations in Nodal Point Coordinates

5.2.1 Substructure 1: Dam

The equations of motion for the dam idealized as a planar, two-dimen-

sional finite element system (Chapter 3) are:

+ecf +kr =-ml-a(t) ~mi1¥ a¥(t) + R_(t) (5.1)
-¢=¢ g -c=¢c 9 ~-C

in which Mr Cor and Ec are the mass, damping, and stiffness matrices for

the finite element system; £, is the vector of nodal point displacements

relative to the free-field earthgquake displacement at the base (Fig. 5.1):
T

x ¥
= <
r. r]ry ¥

[N

ry cee e rx Y x y >
2 n n

rreces Taen Taan
[o) b

in which ri and ri are the x and v components of the displacement ¢f nodal
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point n; N is the number of nodal points above the base, N_ is the number on

b
the base, and the total number is N+Nb;

Wr-a o010 ....10....10

T
i} =<0 101 ....01....00
gc(t), the wvector of forces due to structure-foundation interaction, will
have non zero elements only at the base of the dam; a;(t) and ag(t) are the
x and y components of the specified free-field ground acceleration, assumed
to be identical at all nodal points on the dam base.

For harmonic ground acceleration in the x (horizontal) or y (vertical)

iwt
r’e=

. . L . . .
directions ag(t) = a X or vy, the displacements and interaction forces

can be expressed in terms of their complex frequency responses: gc(t) =

%ﬁ(w) e;wt and gc(t) = Eﬁ(w} elmt and the governing equation as
[~w’m + iwc + k ]Ez(m) =1t + Wi L=xory (5.2)
- -C =C -c’=c ~-c~C =c

If the structure has constant hysteretic damping, Eg. 5.2 becomes

£

C

[—ngc + (1 + in)l_ccjgf(m) =-m 1+ gi(w); L=xory (5.3)

Partitioning r_ into r, the vector of displacements of nodal points

above the base, and r, the vector of interaction displacements at the base

b
{(Fig. 5.1), Eg. 5.3 can be expressed as

m 0 ko Ky o nt 0
2 £ o(L+in) . o f=- ot * 1 (5.4)
° m, Ny B B iy R, @)

5.2.2 Substructure 2: Foundation Rock Region

The dynamics of the foundation soil or rock region are considered sap-
arately. The interaction forces, gf(t), at the foundation surface can be
expressed in terms of the corresponding displacements, Ef(t)' relative to

the free-field earthquake ground displacement [24]:
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2. r W =& W (5.5)

where §f(m) is the complex valued, dynamic stiffness matrix for the founda-
tion soil region. The ij"" element of this matrix, 3, @) is defined in
Fig. 5.2 where displacements as shown have been imposed at nodal points with-

in the base of the dam and tractions outside the base are zero.

The foundation stiffness matrix gf(w) is to be determined by a separate
analysis of the substructure representing the foundation soil or rock region.
For sites where formations of soft rock or soil overlie hard rock, it would
be reasonable to hypothesize that the boundary between the two types of rock
is rigid. Then the foundation region may be idealized as a finite element
system, in which material non-homogeneity and irregular geometry can be con-
veniently handled. Techniques for determining §f(w) for a finite element
idealization of the foundation soil region are discussed elsewhere [29].

For sites where similar rock extends te large depths, it may be more appro-
priate to idealize the foundation as a wviscoelastic half-plane. Assumning
that the dam is supported at the surface of a viscoelastic half-plane with
homogeneous material properties, §f(w) can be determined from the available
data and procedures [32]. These results, in contrast to those from many
earlier studies, are not restricted to a rigid plate at the base of the

structure.

5.2.3 Dam-Foundation System

Equilibrium of interaction forces between the two substructures -- dam
and foundation -- at the base of the dam requires that
B = -R, @) (5.6)

Similarly, compatibility of interaction displacements in the two substruc-

tures at the dam base requires that

-2 -
rb(w) = () (5.7)

Conseguently, Eq. 5.5 becomes

§£(w) = -8 W) gﬁcw) (5.8)
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which is substituted in Eg. 5.4 to obtain

2 = -
l_—w m, ¥ (1 +ink + §f(w)]£ﬁ‘(w) = —IBC:_L_:S (5.9)
where
¢ 9
2 W) = (5.10)
0 2.

For a particular excitation frequency ®w, Eg. 5.9 represents 2(N+Nb) alge-
braic equations with complex-valued coefficients, in the unknown nodal point

displacements gﬁ.

5.2.4 Computational Requirements

Analysis of structural response to earthguake motion via the frequency
domain requires that the complex frequency response functions be determined
for a range of frequencies over which the ground motion and structural re-
sponse have significant components. For each excitation freguency, this
entails solution of Eg. 5.9, a set of as many algebraic equations as the
nunber of degrees of freedom for the dam. Finite element systems with a few
hundred degrees of freedom are typically employed to represent concrete
gravity dams. Enormous computational effort would be required for repeated
solutions of these equations for many values of the excitation frequecy.
Furthermore, the entire displacement vector, gﬁ, at each w has to be stored
for future Fourier synthesis , requiring very large amounts of computer
storage. Fourier synthesis calculations would have to be performed for each
of the few hundred displacements, requiring large computational effort even
when the very efficient FFT procedure is employed. The need for judiciously
reducing the number of degrees of freedom in the analysis is therefore

apparent.

5.3 Reduction of Degrees of Freedom

At any instant of time, the structural displacements in the DOF above
the base may be separated into static displacements due to the interaction

displacements at the base and the remaining dynamic displacements. The
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latter can be expressed as a linear combination of the first few natural
modes of vibration of the structure on a fixed base. This has been demon-~
strated to be effective in reducing the number of DOF for cne-dimensional
structural systems on rigid footing supported on the surface of a halfspace
and also for complex structures on a deformable base. If J vibration modes
are adequate to represent the structural response, the number of unknowns

in Eg. 5.9 would be reduced to J+2Nb' the latter being the number of DOF at
the base. While this approach is conceptually appealing, the number of un-
knowns can not be reduced below 2Nb, the number of DOF at the base, which in

finite element medels of dams might be of the order of 20.

For such systems the number of unknowns in Eg. 5.9 can be most effec-
tively reduced by use of the Ritz concept. The displacements r, are ex-
pressed as linear combinations of the Ritz vectors, chosen as the normal
modes of an assoicated undamped structure-foundation system. The associated
system considered is one in which §f(w) is replaced by a frequency-
independent value, say the static value §f(0). The frequencies kn and mode
shapes gn of the associated system are solutions of the eigenvalue problem

[Ec * §f(O{] Ii)n‘= Ai e t-‘-)n (5.11)

where gf(o) was defined in Eg. 5.10.

If the first J modes ?1' wz, - @J are considered as the Ritz wvectors,

the structural displacements are expressed as
: J
Loy o
r_(t) _E

Z{]'(t) U, £ =x,v (5.12)
3 J |

1
where Zj's are the generalized coordinates. In termg of the complex
frequency response functions, Egq. 5.12 is

£

-2 -
. 5.13
r { gj(m) @j ( )

w) =
-C

il ~10y

j=1
Introducing the transformations of Eg. 5.13 into Eq. 5.9, premultiply-

ing by @i, and utilizing the orthogonality property of modes of the associ-

ated structure-foundation system with respect to the "stiffness” and mass

matrices of Eq. 5.11, results in

S (w) zﬁ(m = L_[‘(w) (5.14)
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In Eq. 5.14, the diagonal elements of S{w) are
S (= -0+ @+ amA2pTm g+ BT F ) - (O] Y (5.15a)
nn nj-n -¢ In n|~£ -f <n .

whereas the off-diagonal elements are

_ T3 - oy @
Sni (w) =¥ [.gf(w (1 + in) §f(0)] I_j:lj (5.15b)

where n and j = 1,2,3,...,J3; g(w) is a column vector of the complex frequency
response functions for the generalized coordinates Zn; é is a column vector

with the nth element

"==y"m_ 17; L= x,y (5.15¢c)

For a particular excitation frequency @, Eg. 5.14 represents J simultaneous

algebraic equations in the generalized coordinates En(w), n=1,2,...,J3.

If all the 2(N+Nb) vibration modes of the associated structure-
foundation system were included in the Ritz method, the results obtained by
solving the simultaneous equations 5.14 would be identical to the "exact™
results from solution of Eg. 5.9. There would, however, be no advantage in
choosing to solve Eg. 5.14 instead of Eg. 5.9 because the number of egqua-
tions is not reduced nor are they uncoupled. ©On the other hand, if suffi-
ciently accurate results can be obtained with J<<2(N+Ny), there would be

profound computational advantages in working with Egq. 5.14.

That this is indeed the case has been demonstrated for one-dimensional
structural systems on rigid footings supported on the surface of a halfspace
[33] and also for concrete gravity dams [24]. The number of generalized
cocrdinates that should be included in analysis depends on the properties of
the structure-foundation system, the res?onse quantities, and the frequency
range of interest. The number necessary in analysis of concrete gravity

dams studied in this report is determined in Section 7.6.

5.4 Response to Arbitrary Ground Motion

The complex frequency response functions Ei(w) and'Ei(w), n=1,
204+ J, are determined by solving BEg. 5.14 for an appropriate range of

excitation frequency w. The response to arbitrary ground motion can be
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computed using the equations of Sec. 4.5 with the following changes in

. £ £
notation: replace Yn by Zn’ r by ch,and Qn by gn,
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6. ANALYSIS OF DAMS INCLUDING HYDRODYNAMIC AND FOUNDATION
INTERACTION EFFECTS

6.1 Introductory Note

The substructure concept was employed to separately include the effects
of dam-water interaction (Chapter 4) and dam-foundation interaction (Chapter
5) in the analysis. Using the same concept the analysis procedure is ex-
tended to analyze earthquake response of dams, simultaneously including
various effects of the water and the foundation. These include effects
arising from interaction between the dam and foundation, dam and water,
water and foundation, and from interaction among all three substructures --

dam, water and foundation.

6.2 Frequency Domain Equations

6.2.1 Substructure 1l: Dam

A cross-section of the dam-water-foundation system is shown in Fig. 2.1.
The equations of motion for the dam idealized as a planar, two-dimensional
finite element system are:
mY +cr +kr =-m lxax(t) - m lyay(t) + R (t) (6.1)
-c-C =c=c -c-c -c=c g -c=Cc g -c
in which Myr Cor and Ec are the mass, damping and stiffness matrices for
the finite element system; £, is the vector of nodal point displacements
relative to the free-field earthquake displacement at the base (Fig. 6.1):
T

x ¥y X ¥
= < caeann
r, ry ¥y T, T r

X
n'n """ Ta+N, TN4N

in which rz and ri are the x and y components of the displacement of nodal

point n; N is the number of nodal points above the base, N, 1s the number of

ol
nodal points on the base, and the total number is N+Nb:
9% -<1010......200......10>
W¥F=<o101......01......01>

The force vector gc(t) includes hydrodynamic forces‘gh(t) at the upstream

face of the dam and forces Bb(t) at the base of the dam due to structure-
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foundation interaction; a:(t) and ag(t) are the x and y components of the
specified free-~field ground acceleration, assumed to be identical at all

nodal points on the dam base.

For harmonic ground acceleration in the x (horizontal) or y (vertical)

directions ag(t) = elwt, £ = x or y, the displacements and forces can be
expressed in terms of their complex fredquency responses: gcft) = Ef(w)elwt,
=0 it £ =L iwt 9 =L iwt” B
= = R = i
R (t) R wye™™", R (t) =R {We and Ry (w) = R _(w)e . The governing

equation, Eg. 6.1, then becomes

Eﬂﬁm. + iwe + k.]gz(w) = -m 1£ + ﬁﬁ(w) i £ =xory (6.2)
- =c =c|-c -c-c -~c ‘

If the structure has constant hysteretic damping, Eg. 6.2 becomes

2 . -£ R AR & P
[}w m, + (l+1n)§;]gc(w) =-m il +R W L=xory (6.3)

Partitioning Ec into r, the vector of displacements of nodal points
above the base, and r , the vector of interaction displacements at the base

b
(Fig. 6.1), Eg. 6.3 can be expressed as

n 9 S A nt | B w
2 : = -
—w + (1+in) - ") = 2 + -0 (6.4)
9 m, Tl kpp ) 1Z @ RN % @)

The forces at the base of the dam, Eﬁ(w» are next expressed in terms of
interaction displacements by appropriate analyses of substructure 2, the
foundation (Sec. 6.2.2). Later (Sec. 6.2.5) the hydrodynamic forces Eh(w)
are expressed in terms of displacements or accelerations at the upstream
face of the dam by appropriate analyses of substructure 3, the fluid

region.

6.2.2 Substructure 2: Foundation Rock Region

The forces acting at the surface of the foundation include the forces
Bf at the base of the dam due to structure-foundation interaction and the
hydrodynamic forces Qh at the bottom of the reservoir. Beyond a certain
distance upstream of the dam, the hydrodynamic pressures will become small
enough to be negligible. Only the significant forces are included in Qh.

For unit harmonic ground acceleration these forces can be expressed in
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terms of their complex frequency response functions §f(t) = Ef(w)eIMt and

gh(t) = é%(w)elMt. The corresponding displacements relative to the freo-
field ground dispalcement are Ef(t) = gf(w)elwt and g(t) = é(w)elmt. The
forces and displacements can be related through the complex valued, dynamic

foundation stiffness matrix Z(w):

érr(w) grq(w) Ef Bf
T =14l (6.5)
.'.grq w gqq w g &

The ijth element of this matrix, §ij(w), is defined in Fig. 6.2 where dis-

placements as shown have been imposed at nodal points contained in r. and g
and tractions outside these nodal points are zero.
The second matrix equation from Eg. 6.5 can be expressed as
= ol = T -1
=3 ~(w) -8 W r (6.6)
17 2qq ‘.Qh "rq -
Substituting this expression into the first matrix egquation from Eg. 6.5 leads
to 1 T 3 1
— = R -
Err“”’ 8, @) B W) .grq(mj re =R -8, @ 8 o
or '
- - -1
Bz, =R, - 8 W §qq(w) Q (6.7a)
where
S =8 () -8 (@ 8w 8 (w (6.7b)
-£ -rr -rg -qq -rq

The matrix §f(w) of Eq. 6.7b is the same as the matrix §f(w) in Eq. 55. In
particular, without hydrodynamic forces, Qh = 0 and Eq. 6.6 reduces toEq. 3.5.

The dynamic stiffness matrices for the foundation appearing in Egs. 6.5,
6.7a, and 6.7b are to be determined hy a separate analysis of the substruc-
ture representing the foundation soil or rock region. At many sites of con-
crete gravity dams, similar rocks extend to large depths, and it is therefore
appropriate to idealize the foundation as a viscoelastic half plane. The
surface of the half plane is assumed to be horizontal and its material prop-
erties to be homogenesous. Available data and methods [32] are utilized in

this investigatiocn to determine dynamic stiffness for such idealized foundations.
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6.2.3 Dam-Foundation System

Equilibrium of interaction forces between the two substructures -- dam
and foundation -- at the base of the dam reguires that
-2 -
R, (W) = =R.(w) (6.8)

Similarly, compatibility of interaction displacements at the dam base in the

two substructures requries that

£ -
T, w = r-{w (6.9)
Consegquently, Egq. 6.6 because
=L _ =L -1
R = -8 @ -8 84 % (6.10)

Thus, the forces Eé(w) ét the base of the dam due to structure-foundation
interaction have been expressed in terms of the interaction displacements
Egiw) and hydrodynamic forces Qh through dynamic stiffnesgss matrices for the

foundation region. Substituting Eg. 6.10 intoc Eg. 6.4 leads to

n o] N B R W
-2 + (1+in) o + )
0 m ke Ky 0 .§f<m)_ Eb“’”J
a1t ]r B ()
= - + (6.11)
2 -1
Tpip I-érqéqqgh
or
[—wz m_ + (L+in)k_ + gfcw)]‘gfm) = -@Cgﬁ + §C (w) (6.12)
where
0 0 1
. = (6.13)
0 §f(w)_}

The hydrodynamic forces g and gh will be expressed in terms of acceler-

h
ations of the upstream face of the dam and the bottom of the reservoir by

analyses of the fluid region, to be described later.

6.2.4 Reduction of Degrees of Freedom

For each excitation frequency Eg. 6.11 is a set of 2(N+Nb) algebraic

equations, as many as the number of DOF of the dam, which typically would
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be a few hundred. Enormous computational effort would be required for re-
peated solutions of these equations for many values of the excitation fre-
guency and subsequent Fourier synthesis of the harmonic responses in each

DOF. Thus, it is important to judiciously reduce the number of unknowns in
the analysis. As mentioned in Chapter 5, two approaches have proven to be

effective in reducing the number of DOF.

In the first approach [25, 33], the structural displacements Ez(t) at
some time t in the DOF above the base are separated into two parts: static
displacements due to base displacements Ef(t) at the same time plus the re-
maining "dynamic” displacements; and the latter are expressed as a linear
combination of the first few natural modes of vibration of the structure on
a fixed base. If J vibration modes are adequate to represent the structural
response, the number of unknowns in Eg. 6.11 would reduce to J+2Nb, where
2Nb = the number of DOF at the base. While this approach is conceptually

appealing, the number of uknowns cannot be reduced below 2N

b ! which in finite

element models of dams may be, say, 20.

The second apptroach [24,33], based on the Ritz concept, is more effective
for such systems. The displacements . are expressed as linear combinations
of the Ritz vectors, chosen as the normal modes of an associated undamped
structure~foundation system. The associated system chosen here and in earlier
studies is one in which §f(m) is replaced by a frequency independent value,
say the static value §f(0). The vibration freguencies Rn and mode shapes @n

of the associated system are solutions of the eigenvalue problem

3 _ 32
Efc + §f(0)]g_t_:n = Am Y (6.14)

n-c-n
where éf(o) was defined in Eg. 6.13.

If the first J modes i&, QQ, . e . Ej are considered as the Ritz vectors,

the structural displacements are expressed as

J
L = ) 2Ly, (6.15)
-c j=1 J =3

where Zj‘s are the generalized coordinates. In terms of the complex fregquency

response functicns, Eg. 6.15 is

[

J :
gﬁ @ = § 2w v (6.16)
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Equation 6.16 contains the following equation for the displacements at the

base of the structure:

J
-£ =£
r(@ = ) Z,Wy,, (6.17)
-b . 3 <bj

3=1
where ij is the subvector of @jcorresponding to the bhase DOF. BRecause L=ty
and ?j were determined from Eg. 6.14 involving gf(O),the static foundation
stiffness matrix, g may be expressed in terms of generalized coordinates by

setting w = 0 in Eq. 6.6 and ignoring the hydrodynamic loads Q; thus
g=-810 8% (0 (6.18)
= =qq " Frq -b

Combining Egs. 6.17 and 6.18 leads to

g = 2 7° 5 WXy (6.19)

j=
where

xj = —8 (0) 8 (0)w (6.20)

Introdueing the transformation of Eg. 6.16 into Eg.6.12, premultiplying
by yz and utilizing the orthogonality property of eigenvectors of the associ-
ated structure-foundation system with respect to the stiffness and mass

matrices of Eq. 6.14, results in {

S 75w = ttw - (6.21)

In Eg. 6.21, the diagonal elements of S(w) are

2 21,7 Ty 5
- i . - _ . .
8 (W [w + (l+1n)>\n}yngcgn gnl:gf(w) (1+1n)§f(o)]1£n (6.22a)
whereas the off-diagonal elements are
T ~ ~
W) = - +i Q . 6.22b
Snj( ) Qn[éf(w) (1 1n)§f( )Jyj ( )
where n and j=1,2,3-~-- J;ﬁzlw)is a column vector of the complex freguency
response functions for the generalized coordinates Zﬁ; Eﬂ is a column vector
with the nth element 2 2 P
= -L" + YR (w) (6.23)
n n in-c
where
I S
Ln = gn@c&c . (6.24)
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For a particular excitation fregquency w, Eg. 6.21 represents J simultaneous
algebraic egquations in the generalized coordinates Zﬁ(w), n=1,2---27.
These equations need to be solved for several hundred values of the excita-

tion frequency to determine the complex frequency responses.

Equation 6.21 would contain 2(N+Nb) equations if all the vibration
modes of the associated structure~foundation system where included as Ritz
vectors. Solution of these equaticns would then be identical to the solu-
tion of Eg. 6.11 in nodal point coordinates. There would, however, be no
advantage in choosing to solve Eq. 6.2]1 instead of Eg. 6.11 because the
number of equations is not reduced nor are the equations uncoupled by the
transformation. However, there would be profound computational advantages
in working with Eqg. 6.21 if sufficiently accurate results can be obtained
by including only a few Ritz vectors. The number necessary depends on the
properties of the structure~foundation system, the response guantities, and
the frequency range of interest; for concrete dams this number is determined

in Section 7.6.

6.2.5 sSubstructure 3: Fluid Domain

The motion of the dam-water system is assumed to be two-dimensicnal,
and the same for any vertical plane perpendicular to the axis of the dam
{Chapter 2). Assuming water to be linearly compressible and neglecting its
internal viscosity, the small amplitude irrotational motion of water is

governed by the two-dimensional wave eguation

3%p 3% 1 %
NN N (6.25)
9x Iy ¢ 3t

in which p(x,v,t) is the hydrodynamic pressure (in excess of the hydrostatic
pressure) and the velocity of sound in water C = vgK/w where K and w
are bulk modulus and unit weight of water, respectively, and g = accelera-

iwt
l'e'=

tion of gravity. For harmonic ground motion ag(t) = e X or ¥,

pix,y,t) = §(x,y,w)elwt (6.26)

where p is the complex frequency response function for the pressure and Eg.

6.25 becomes theHelmholtz equation:

p=20 ' (6.27)



Whereas Egs. 6.11 and 6.17 are valid for dams of arbitrary geometry, it is
assumed that for purposes of defining hydrodynamic loads, and only for this
purpose, the upstream face of the dam is vertical. This is a reasonable

assumption, given that the upstream face of concrete gravity dams is verti-

cal or almost vertical for most of the height.

Dynamic water pressures are generated by horizontal motions of the
vertical upstream face of the dam and by vertical motions of the horizontal
bottom of the reserveoir. The vector of horizontal accelerations at the

nodal points on the upstream face of the dam is

J
. f Ve i
Bl = [5 & Lo B L1V (6.28a)
= |G s R
j=1
. . . . . . X iwt
if the excitation is horizontal ground motion ag(t) = e ; and
J .
i(t) = { you*f :'z'.}.'(m)ielwt (6.28b)
- S B |
jm
. . . . . : ¥ _ iwt
if the excitation is wvertical ground motion ag(t)—-e . In Eg. 6.28 the

vector Q?f is a subvector of @j containing only the elements corrésponding
to the x-DOF of the nodal points on the upstream face of the dam. From
Eg. 6.19, the vector of vertical accelerations at the nodal peints at the

bottom of the reservoir is
X7 é?(w)}e (6.29a)
I
if the excitation is horizeontal ground motion; and
& = iwt
V(L) = {1 + ) g?(w)}e (6.29b)

j=1

if the excitation is vertical ground motion, where X? is a subvector of Xj
containing only the elements corresponding tc the y-DOF of the nodal points

at the bottom of the reservoir.

. . . b
Strictly for purposes of notational convenience, the vectors y§ and
X? are replaced by their continuous analogue functions wj(y) and Xj(x), re-

spectively in Eg. 6.28 to obtain
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J . .
G0,y.t) = [1 + ) vy () .‘z';f(w)]el‘”t (6.30a)
j=1
g = iwt
Mmy¢)=[z 1%uﬂz§mﬂe (6.30b)
j=1
and in Eg. 6.29 to obtain
< ox iwt
V(x,0,t) = [ ) X5 (%) Zj(mi}e (6.31a)
j=1
J = iwt
vi{x,0,t) = [l + Z Xj(X) 'Z':;(m)]e {6.31b)
i=1

. . . : iwt
When the excitation is horizontal ground motion a;(t) = el ; heglect-
ing effects of the waves at the free surface of water [11], the boundary

conditions for Eg. 6.27 governing B are (with reference to Fig. 6.1)

;.-’(XIHIUJ) =0
3D w J ITh:4
0,00 = - = ] xfx W
Y 941 7 . (6.32)
- J
2 . w ox
é-E(O P = - = [l + 7 Uy Z.(.w)]
X g a=1 I 3
J= J
For the case of vertical ground motion ag (t) = e:"mt the boundary conditions
are
ﬁ(XlHrw’) =0 3
- J -
iz, 0,0) = - % [1 + 7 X () El.r(m)]
Jy g j 3

j=1

J .
[Z by E;.’(w):]
3=1

Because the governing equation as well as the boundary conditions are

( (6.33)

3P
ax (OlYiw) =

|
]
Q=

J

linear, the principle of superposition applies. The complex frequency re-
sponse functions px(x,y,w) and py(x,y,w), associated respectively with x and

v components of ground motion, can therefore be expressed as
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J —
.ﬁz(xry:w) = Eg(XrY:w) + Z Zj (W) [§§ (XIYIM) + Pljj (X,Y,U.))] {6.34)
3=1

In Eg. 6.34, §g(x,y,w) is the solution of Eg. 6.27 for the following bound-

ary conditions:

B(x,H,W) =

|
(o]

3p _
aY (x,0,W)

|
)
—

{6.35)

9B
&(O 'Y Iw)

Eg(x,y,w) is the solution of Eg. 6.27 for the following boundary conditions:

-

B(x,BE,w} =0

Bix,omw = - L} (6.36)
Yy g

¥ -

ax(Oerm) = 0 r

§§(x,y,w) is the solution of Eg. 6.27 for the following boundary conditions:

B(x,H,w) = 0 )

_‘3_5 _ .

By(errw) =0 | (6-37)
Bo,y,m = - Xy, @)

SX L4 r’ g j r J

and E?(x,y,m) is the solution of Egq. 6.27 for the following boundary condi-

tions:

]
(@]

p{x,H,w)

Eg(xrorm) = -

W
dy g3 > (6.38)

-t

9p
?;(—(O IYIm) =0




The complex fregquency response functions 52 and EY are for the hydrodynamic
presgures due to accelerations of the ground in the horizontal and vertical
directions, respectively, and the dam ig rigid; §§(x,y,w) is the correspond-
ing function when the excitation is the horizontal acceleration Y. (y)} of the
dam in the jth vibration mode of the associated dam—-foundation syitem, with
no motion of the reservoir bottom; E?(x,y,m) is due to wvertical acceleration
xj(x) of the reservoir bottom, associated with the jth vibration mode of the

associated dam-foundation system, and with no motion of the dam.

Solution of Eg. 6.27 in fluid domains of infinite extent in the up-
stream direction (Fig. 6.1) and the boundary conditions of Eqs. 6.35, 6.37
and 6.36 have been reported earlier and are presented in Egs. 6.39, 6.40 and

6.41, respectively:

£ 2
o]
P,y ,W0) = el ) (_l?_ expl x Ai - % )eos Xzy (6.39)
0 g £=l 2 (1}2 C2
(.’L@-—l) A‘E = T a
2
C
@ I. 2
-f 2w 54 2w
pLx,y,@) = -~ — Z ———— gXp f//i - == Jcos A,y (6.40)
J gt t=1/2 _ w? . 2 £
£ C2
H
in which Aﬂ = (24-1) T/2H and Ijﬂ = Jo @j(y) cos sz dy.
. o () sin 2L
(X, y,0) = — {6.41)
0 Ely (1+0) cos Wit
C
where the reflection coefficient
(Crwr/Cw) -1
& = (6.42)
(Crwr/Cw) + 1

where LS and Cr are the unit weight and P-wave velocity for the foundation
rock at the bottom of the reservocir; o = 1 for rigid rock indicating that
hydrodynamic pressure waves are completely reflected at the reservoir bottom;
and o<l for deformable rock implying that hydrodynamic pressure waves im-

pinging at the reservoir bottom are partially reflected back in the fluid
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domain and partially refracted into rock.

Solution of Eg. 6.27 in fluid domains of infinite extent in the up-
stream direction (Fig. 6.1) and the boundary conditions of Eg. 6.38 may be
obtained by procedures similar to those used in obtaining the above solu~
tions of Egs. 6.39 and 6.41 [34] and by employing the Fourier transform with
respect to the spatial coordinate X. Such a general'solution is not neces-
sary, however, because the resulting pressures have little influence on the

résponse of the dam (see discussion preceeding Egs. 6.52).

The complex freguency response function for E;(t), the vector of total

hydrodynamic forces at the upstream face of the dam, is, from Eg. 6.34,
=F 4 g =L =£ -b
R-(W) = Ryw) + ] 2/ [R,(w) + R.(w)] (6.43)
= - j=l J =] =]

in which Eg(w), Eg(w), and g?(m) are the nodal forces statically equivalent
to the corresponding pressure functions at the dam face: ﬁO(O,y,w),
§§(O,y,w), and 5?(0, v,W), respectively. They are computed by using the
principle of virtual work with the displacements between nodal points
defined by the interpolation functions used in the finite element ideali-
zation of the dam. Because the pressures act in the horizontal direction
on a vertical upstream face, elements of gf

h
will be zero. Similarly, from Eq. 6.34, the complex frequency response

that correspond to the y-DOF

function for gh(t), the vector of hydrodynamic forces at the reservoir

bottom, is

- - gog =f, -b
9, (W) = Q w) + POET @) |0L ) + 0, (w) (6.44)
h = icy I =3 =]
J.—

. . -£ ~f -b . .
in which go(w), gj(w), and Qj(w) are the nodal forces statically equivalent
to the corresponding pressure functions at the reservoir bottom: ﬁg(x,o,w),
Eg(x,ﬁ,m) and §b(x,o,m), respectively. Because the pressures act in the

J -
vertical direction on a horizontal bottom of the reservoir, elements of Qh

that correspond to the x~DOF will be zero.

Thus, by analyses of the fluid domain for appropriate conditions, the
hydradynamic forces in Egq. 6.21 have been expressed in terms of the unknown

generalized accelerations i?(w) and by substituting
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éj W = -0° 7° (W) (6.45)

in terms of the unknown generalized displacements.

6.2.6 Dam-Water-Foundation System

The nth equation contained in Eg. 6.21 is

=L v -2
S, WZ_ W) + .§1 snj(w) Zj(m)

1= (6.46)
j#n

T 4 £iT £ T ~1=
==L+ b R -ly d I Mo O

£
in which Snj(w) were defined in Egq. 6.22, Lﬁ in Eq. 6.24, and ?n is the sub-
vector of yn containing only the elements corresponding to the face (£} DOF.
Expressing hydrodynamic forces gﬁ(m) and éh(w) in terms of generalized dis-

placements from Egs. 6.43 - 6.45 leads to

J
s ztw + } s (@) Z° (W)
nn n 3=1 nj J
jpn
J
_— {nyf}T[Rg @ -w® 7 2w & w + ' w }} (6.47)
n n’ |0 s R -3

3=1

J
T -1 - 2 —L ~f =b
{y, 1 $rq(w)§qq(w){ég(w) W j£1 zj(w){gj(w)+gj(w)%]

The set of eguations 6.47 for n = 1,2 ... J may be rearranged and expressed

in matrix form as

- - 7 N

~ - ~ £ (L2 ) .
Sll(w) Slz(m) cearene SlJ(w) Zl(m) l(UJ)
o A -~ —/e ~’e
szl(w) Szz(w) ceanras SzJ(m) zg(m) 2(w)
: {r o b=d4 Y (6.48)
~ = ~ =L =L
—SJl(m) SJZ(w) ....... SJJ(m)_ LZj(w)J L J(w)J
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in which

3 _ 2 | EIT|=F =b
snj (W) = Shi (W) + w {I_Qn} {1_@!_.' tw) + R, (m)}

-

2 T -1, {=f b
- {lkbn} é}_rq (w)-§qq (w)lgj (w) + 2y (w)} (6.49)

valid for diagonal as well as off-diagonal elements of S{(w)

and

i A flT =2 T -1, =&
L (w) = —Ln +{t_pn} Ry(w) = {'J—an} §rq(w)§qq(w)go(w) (6.50)

Equation 6.49, after substitution of Egq. 6.22, becomes

~

nn

2 .2 T T [ 3
w) = ':_w +(l+mnn] Lm g, ¥y l_§f(w)-(l+ n)éf(O):l@n

+w2{yi}'r{§:(w) +§ﬁ (w)}

-

2 1T -1 _f ~b
- {‘an ST §qq(w){§_gn (w)-@n(w)} (6.51a)
and
~ _ . Tls T e 2f flrf=f ~b
Snj (w) = lgnl:é_if(w)-(l+1n)§_f(0)‘ll_{gj + w {xyn} {_f_{j (w)+§j (w)}
2f T -1 —f ~b
- (6.51b)
W {gbn}gr(&u) ,§qq(m){gj (w)+g_3j (w)}

Equations 6.48 and 6.49 contain effects of the foundation and water in vari-
ous forms:
+ Dam-foundation interaction effects appear in eigenvalues An and
eigenvectors of the associated dam-foundation system and through the

foundation stiffness matrix §f(m) {Egs. 6.7b and 6.13).

* Additional hydrodynamic loads §§

ground motions computed on the assumption of a rigid dam.

on the dam due to the free-field

* Dam-water interaction effects appear through the hydrodynamic forces
B§ on the face of the dam and g§ on the resexvoir bottom due to

deformational motions of the dam.

* Water—-foundation interaction effects appear through the hydrodynamic
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forces g? on the face of the dam and g? on the reservoir bottom due

to deformational motions of the reservoir bhottom.

* Dam-water-foundation interaction effects appear through the hydro-
dynamic forces gﬁ, gg, and g? at the bottom of the reservoir which

influences the forces at the dam—foundation interface.

It can be argued and shown through numerical examples that several terms
in Egs. 6.49 - 6.51 are relatively small and can be dropped without intro-
ducing any significant errors. One group of such terms arises from the hydro-
dynamic forces Qg} g§ and g? at the reservoir bottem which are due ;o the var-
ious excitations mentioned earlier. The other such term involves Ej' the
hydrodynamic forces at the upstream face of the dam due to deformational
motions of the reservoir bottom.

Dropping these terms from Egs. 6.49 - 6.51 leads to their simplified

version:
Swiztw = B, tex, v (6.52)
in which
~ [ 2 2 2], PR S
S (W = [—w +(l+1n)?xn]1£ngzcyn + tl_}n[?f(w) (1+1n).§f(0)J1£n
+w2{¢f}T 25 (w) ' {6.53a)
-n -
3 = 3T1F () ~(14im) 3 2[ ElT =f 6.53b
N (w) @nE_?f(w) (1+1n)§f(0)]1£j + W {Lgnj R (w) (6.53b)
~L _ T L £iT =L
Ln(w) = @n@clc + {yn} Bo(w) (6.53c)

These are the final equations governing the response of the dam to horizon-
tal or wvertical ground motions, applied separately. Included in these equa-
tions are the hydrodynamic effects and dam-foundation interaction effects
that are significant in the response of the dam. Equation 6.52 represents
J algebraic equations in the unkown complex frequency response functioens in
the generalized coordinates %g(w), j=1,2, --- J, corresponding to the

J Ritz vectors included in the analysis. The coefficient matrix é}w) is to
be determined for each excitation frequency and simultaneous solution of the
equations leads to the values of zﬁ at that excitation frequency. Repeated
solution for several hundred excitation fregquencies, covering the freguency
range over which the ground motion and structural response have significant

. oy 2
components, leads to the complete functions g_j(m)°
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The number of Ritz vectors that need be included in the analysis
depends on the system properties, the response quantities, and frequency
range of interest. The number necessary in analysis of concrete gravity
dams is determined in Sec. 7.6. As will be seen later, a few generalized
coordinates (ten to twenty) are sufficient in the analysis of dams ideal-
ized as finite element gystems with say 200 DOF, thus leading to very

efficient procedures.

6.2.7 Singularitiesgs of Response

Elements of matrix E(w) and load vector'ﬁ%w) are to be computed for a
frequency W by using Eg. 6.53 together with the pressure functions Py and
‘Ej of Egs. 6.39 and 6L§O. The pressure functions, and hence the corres-
ponding nodal forces R

0
is the mth resonant frequency of the fluid domain. Consequently, the

and Ej,are unkbounded at W = w; where Q;==(2m~l)WC/2H,

elements of g(w) and‘ix(w) are unbounded at these frequencies.

When J = 1, i.e. when only one vibration mode of the dam is considered
in the analysis, the J equations of Eg. 6.53 reduce to one equation and the
response at W = m; can be obtained through a limiting process. However,
when J > 1, i.e. when more than one mode is considereed in the analysis,
the limiting process yields a system of equations such that‘E(w) is singular
at w = w;. In particular, all the M equations become identical to each

other and no solution can be obtained.

This degeneracy of the equations may be considered as a limitation of
the substructure method of analysis. However, this limitation is of no
practical consequence in obtaining earthquake responses. Numerical values
for the frequency responses may be obtained for values of W arbitrarily
close to w;. The singularities at w; constitute a discrete set and will
therefore not affect the values of the Fourier integrals which will lead to

earthquake responses (Sec. 6.3).

6.3 Response to Arbitrary Ground Motion

Once the complex frequency response functions Ei(w) and Ez(w), n=1,2,
...s J, have been determined by solving Eq. 6.52 for an appropriate range of
excitation frequency w, the responses to arbitrary ground motion can be ob-
tained as the superposition of responses to individual harmonic components

of the excitation through the Fourier integral:
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-2 N
Zn(t) = o7 J Zn(m) Ag(m)elwtdw; £ = X,y _ (6.54)

-—C3

in which Ag(w) is the Fourier transform of ag(t):

a
Aﬁ(m) = J ag(t)e"lwtdt; L= x,y (6.55)

(o]

where d is the duration of ground motion.

The combined regponse Zn(t) to horizontal and wvertical components of

ground motions acting simultaneously is

= ¥ Y
Zn(t) = Zn(t) + Zn(t) (6.586)

Repeating this procedure for all the necessary values of n, the displacement
response is obtained by transforming back from generalized to nodal point

coordinates

J
£ (6) = [ Z () (6.57)
n=1

The stresses gp(t) in finite element p at any instant of time are re-

lated to the nodal point displacements Ep(t) for that element by

oty =T _ r (t 6.58
0, (&) =Tz (t) (6.58)
where T is the stress transformation matrix for the finite element p. At
any instant of time, the stresses throughout the dam are determined from the
nodal point displacements by applying the transformations of Eg. 6.58 to

each finite element.

6.4 Static Stress BRnalysis

The standard procedure for analysis of stresses due to static loads
(Chapter 3) applies to structures on rigid base. Including foundation flex-
ibility, the equilibrium eguations for a dam subjected only to hydrostatic

pressures and forces associated with its own weight can be obtained as a
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special case of the equations of dynamics (Eg. 6.11)

[I_c K, z)

T
tkb) Yoo T 80| (%

15

I

(6.59)

1O

The vector of static loads is denoted by R and the effects of foundation
deformations are represented by the foundation stiffness matrix at zero

frequency.

In principle, Eg. 6.592 may be directly scolved for the desired nodal
point displacements resulting from the gravity loads. In practice, this
direct approach may be unsatisfactory because the displacements ¥ and Eb
include large rigid body components which have no effect on the stresses
in the dam. To avoid this difficulty, the total displacements are expressed
as the sum of rigid body displacments plus an increment due to deformations,

i.e.,

iR
H
15

= -+ (6.60)

~

Zp Zob Iy
in which the subscript "O" refers to rigid body displacements, and the
"tilde" identifies the relative displacement components. The rigid body

and relative displacements at the base of the dam are shown in Fig. 6.3.

Introducing Eg. 6.60 into Eg. 6.59 yields:

[ x k uzo k Ky f%l 51

+ t—
T T
() Ty * B0V |z )" Ky * 200 EbJ o).

(6.61)

But since the rigid body displacements produce no forces in the structure,

this may be written as

R

mn
A

k kp, ¥ ﬂ

Bel0)) Iz () K+ (@) |E 0

(6.62)

10
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Designating the foundation forces associated with rigid body displacements

by R,..r Where

=0b

= 0
Ry B0 o (6.63)

Eq. 6.62 may be written as follows:

=Y
kK NN
i R (6.64)
By g * 30 |E 2on

Equation 6.64 thus provides a means to solve directly for the relative
displacements; the rigid body digplacements enter only in the evaluation of
the rigid body foundation forces EOb' To evaluate these forces, it 1s con-

venient to express the rigid body displacements ¥ in terms of

Ob

the three components of displacement of the center of gravity (c.g) of the
base (Fig. 6.4):

=Dr (6.65)

EOb cg

where the transformation matrix D involves only the geometry of the

location of the base nodal points and the c¢.g of the base.

Similarly, the resultant base forces Bcg corresponding with the dis-

placements Ecg can be expressed in terms of the nodal forces R as follows:

Qb
R = DT R (6.66)
“cg = =0b :
wherxe
u
R =
M
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RIGID BODY
DISPLACEMENT

NOTE: HORIZONTAL
COMPONENTS NOT SHOWN

RELATIVE DISPLACEMENT

FIG. 6.3 RIGID BODY AND RELATIVE DISPLACEMENTS AT BASE OF THE DAM

FIG. 6.4 RIGID BODY DISPLACEMENTS AT THE CENTER OF GRAVITY OF THE
DAM BASE
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in which

U = rzresultant horizontal force
= vresultant vertical force
M = resultant moment about the center of gravity

Introducing Egs. 6.63 and 6.65 into Eq. 6.66 yields

Ry = D" Ry =D 8.(0) 1 =D 80Dz
from which
Bcg = §f0 Ieg (6.67)
if the symbol
8. =D" 8.(0) D (6.68)
-f0 = =z -

is used to represent the rigid body foundation stiffness matrix.

Solving Eg. 6.67 for the rigid body displacements:

_ o1
I—:cg - éfo Bcg

and making use of Egs. 6.65 and 6.63, the nodal forces BOb associated with
rigid body displacements are expressed in terms of Bcg' the resultant forces

at the base due to all applied locads R:

R (6.69)
cg

With this result the right hand side of Eg. 6.64 is known. This equation
can be solved for the relative nodal displacements, from which all desired
stresses in the dam can be found, without any specific consideration of -the

rigid body displacements.
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6.5 BSpecial Casesg

€.5.1 Dam-Foundation System, No Water

The frequency-domain equations for the dam, without any impounded
water and including dam-foundation interaction effects, can be obtained
from the general Egs. 6.52 and 6.33 by simply dropping the hydrodynamic

£ £
terms Bo(w) and Bj(w). The resulting egquations are

§(w)zz(w) = Qz(w); £=x,y (6.70)
in which
_l.2 4 2] T T3 v rae o ® ro ]
snn(m) = [1» +(l+lﬂ)l%]yn9cyn + Qn[éf(m) (l+ln)§f(O{J@n {6.71a)
T -~ . -~

Snj (w) = yn'i'gf((n) - (l+ln)§f(0)jl1£j {(6.71b)
rf = T 2t (6.71c)

n -n-=c=c

Equations 6.70 and 6.71 are the same as those pregented in Chapter 5 for

dynamic response of dams including structure-foundation interaction.

6.5.2 Dam on Rigid PFoundation, with Water

In this case, the base DOF can be eliminated from the analysis; the
associated structure-foundation system defined in Sec. 6.2.4 is simply the
dam on rigid foundation. Denoting the mass and stiffness matrices of the
dam on rigid base by m and k, the natural vibration frequencies wn and
corresponding mode shapes gn of this system are solutions of the eigen-
value problem

2
kg = wng@n (6.72)

The structural displacements are expressed as a linear combination of the

first J mode shapes:

J Jd
gz(t) = ) yf(t)@j and gz(w) = )

§€(w)@j (6.73)
i=1 3 ’

1

Thus, the frequency domain equations for the dam on a rigid foundation,
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including hydredynamic effects, can be obtained by appropriately speciali-

zing Egs. 6.52 and 6.53. The resulting equations are

S (w) ?@(m) = gﬂ(m) i £ =x,y (6.74)
in which
- . 21T 2, £,T=F
s_ (@) = [w +<1+m)wn]@ng@n+w {p 1R (W (6.75a)
(W) = w2{¢f}T§.,f(m) (6.75b)
nj -n =3
£ T £ £,7=L
L ==-¢ml + {¢ }7R (w) (6.75c)

These equaticns are equivalent to those in Chapter 4 (Egs. 4.16-4.18
and 4.34-4.35) developed directly for dams with water on rigid foundation.

6.5.3 Dam on Rigid Foundation, No Water

Equations governing complex freguency responses of a dam without water
are obtained by further specializing Egs. 6.74 and 6.75, simply by setting to
zero the hydrodynamic forces E%(w) and gj(w). The coefficients of Eq. 6.74

are then given by:

2., . 2]
Snn(m) = [}w +(1+1n)wnJQng@n (6.76a)
S . (®) =0 (6.76b)
nj
Lﬁ(w) =-¢m 1t (6.76¢)

The matrix S(w) is now diagonal since the chosen Ritz vectors are the natural

modes of vibration of the system considered.

Comparing Egs. 6.76 and 6.75, it is apparent that S(w) and L(w) are
modified due to the presence of water. The diagonal terms of $(w) are modi-
fied by an additional frequency-dependent mags. Off-diagonal mass terms
appear because the Ritz vectors, the natural modes of vibration of the dam
(without water), are not the vibration modes of the c¢ombined dam~-water system,

and they become coupled due to hydrodynamic interaction effects. An additiocnal

. £
term appears in L7 (w) due to hydrodynamic loads.
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These equations are equivalent to those in Chapter 3 (Eq. 3.11) derived

directly for the dam without water on rigid foundation.

6.6 Computer Program

Based on the analytical procedures developed in this chapter, a com-
puter program has been written in FORTRAN IV to numerically evaluate the
responses of concrete gravity dams, including various effects of both the
water and the foundation. These include effects arising from interaction
between the dam and foundation, dam and water, water and foundation, and
from interaction among all three substructures--dam, water, and foundation.
The dynamic stiffness matrix for the foundation is not computed within the
computer program. Thus it should be computed externally and supplied to
the computer program. Available data and methods ([32] may be utilized to
determine the dynamic stiffness matrix for a foundation region idealized as

a viscoelastic half plane.

The computer program is capable of analyzing the response of a dam for
four conditions: Dam on rigid foundation excluding hydrodynamic effecté,
dam on rigid foundation including hydrodynamic effects, dam on flexible
foundation excluding hydrodynamic effects, and dam on flexible foundation’

inciuding hydrodynamic effects.

The response of dam-water-foundation systems, idealized as described
in Chapter 2, to horizontal and vertical components of ground motion can be
analyzed. The dam is treated as an assemblage of two~dimensional finite

elements; the impounded water and foundation are treated as continua.

The output from the computer program includes the complex freguency
response functions describing the response to harmonic ground motions and
the complete time-history of displacements and stresses throughout the dam.
Because the program is capable of including any number of Ritz shape vectors,

results can ke obtained to any desired degree of accuracy.

The users guide and listing of the program are included in Appendices

A and B.
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7. PRELIMINARY RESULTS FOR PARAMETER SELECTION

7.1 Scope of the Chapter

Several preliminary analvses were carried out to assist in the selection
of parameters defining the system and also those necessary to carry out the
analyses for the dynamic response study presented in Chapter 8. Results
from two analyses of a dam foundation system, assuming the system to be in
plane stress in cone and in plane strain in the other, are presented to pro-~
vide a basis for selecting one of the two assumptions. 8Similarly, response
of the dam is presented and compared for two damping models, viscous damping
and constant hysteretic damping. With the aid of response results, the
minimum number of parameters -- those that have the most important influence
on the dam response —- defining the elastic modulii of the dam and founda-
tion are identified. The number of generalized coordinates necessary to
obtain accurate responses over the desired range of excitation frequency is
determined with the aid of response results obtained with varying numbers of

these coordinates.

7.2 Systems, Ground Motions, and'Response Quantities

7.2.1 Systems

The dam is idealized as having a triangular cross section with a ver-
tical upstream face and a downstream face with a slope of 0.8:1. The dam
is assumed to be homogeneous with linearly elastic and isotropic proper-
ties for mass concrete: Young's modulus Es = 2 or 4 million psi; Pois-
son's ratio = 0.2; and unit weight = 155 1bs/ftl. Representative values
for the latter two parameters have been chosen. The possible small varia-
tion around the chosen values will have little influence on the dam res-
ponse. Two damping assumptions are considered: Viscous damping with
damping ratio Es = 0.05 in each natural mode of vibration of the dam
alone (without water) on a fixed base, and constant hysteretic damping

with the energy loss coefficient ns = 0.1.

The finite element idealization for a monolith of the dam (Fig. 7.1)
consists of 20 guadrilateral elements and 26 nodal points which provide

42 degrees of freedom on a fixed base and 52 on a flexible base.

The dam monolith is supported on the surface of a homogeneous, isotro-
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pic, linearly viscoelastic half space. The following properties are assumed
for the foundation materials: Ef = ZES; Poisson's ratio = 1/3; and unit
£ = 165 lbs/ ft?. The latter two parameter values are not varied

weight, w
because the response is insensitive to the small variations in those
parameter values that can occur in practical problems. The foundation
soil or rock is idealized as a constant hysteretic solid with several
values of energy loss coefficient nf = 0.1, 0.25, and 0.5, or as a Voigt
solid with enexrgy loss coefficient Ef = 0.1, Impounded water in the
reservoir has a constant depth H and is idealized as extending to infinity
in the upstream direction. The unit weight of water w = 62.5 lbs/ft3 and
the velocity of sound in water = 4720 ft/sec. Two values of the depth of
water H, relative to the height of the dam Hs’ are considered: H/Hs = 0
(no water) and 1 (full water).

The dam and foundation both are assumed to be in a state of generalized

plane stress or plane strain.

7.2.2 Ground Motions

The excitation for the dam~water~foundation system is defined by the
two components of free-field ground motion in the plane of a2 monolith of
the dam: the horizontal component transverse to the dam axis; and the
vertical component. Each component of ground acceleration is assumed to
be harmonic, az(t) = ag(t) = eiwt, with the excitation frequency to be

varied over a relevant range.

7.2.3 Response Quantities

The response of the dam to harmonic free field ground motion was de-
termined by the analytical procedures presented in Chapter 6., Five mode
shapes on fixed base or generalized coordinates, as appropriate, were
included in the analysis. Although the analysis led to response at all
nodal points, only the results for a few selected degrees-of-freedom are
presented. For dams on rigid foundations, the complex fregquency response
functions for horizontal acceleration at the crest of the dam are presented.
In addition, the complex frequency response functions for the horizontal
acceleration at the center of the base of the dam and for vertical acceler-
ations at the upstream and downstream edges of the base are presented when

the interaction between the structure and flexible foundation material is

included.
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The absolute value (or modulus) of the complex-valued acceleration
response 1s plotted against normalized excitation frequency parameter

w/wl, where wl = fundamental fixed base natural frequency of the dam alone.

7.3 Comparison of Plane Strain and Plane Stress Assumption

Because, at the present time, the analysis procedure presented in
Chapter 6 has been implemented only for two-~dimensional systems, its appli-
cation is restricted to systems in plane stress or plane strain. Although,
as mentioned in Chapter 2, neithér of the two models are strictly wvalid,
the former is better for the dam and the latter for the foundation. However,
in order to define the dam-foundaticon system on a consistent basis, the

same model should be employed for both substructures.

The results of two analyses of the dam-~foundation system described in
Section 7.2.1, assuming the system to be in plane stress in one and in plane
strain in the other, are presented in Fig. 7.2. Constant hysteretic damping
with enerqgy loss coefficient n = 0.1 was assumed for the dam and foundation
materials. The results presented are for systems with Ef/Es = 2, indepen-
dent of the Ef and Es value separately. It is obwvious from Fig. 7.2 that
the response of the dam, including effects of dam-foundation interaction,
is essentially the same under two assumptions -- plane stress or plane

strain.

The dam-foundation system is assumed to be in plane stress for all
the results in this and later chapters. As discussed in Chapter 2, based
on physical behavior, this assumption is appropriate for describing the
behavior of a concrete gravity dam vibrating at large amplitudes of motion,
but not for the foundation. However, based on the above results, the same
assumption may be made for the foundation behavior without significant loss

in accuracy.

7.4 Elastic Moduli Parameters

The complex frequency acceleration response functions describe the
steady-state acceleration response of dams to harmonic excitations. These
functions for a dam on a rigid foundation and no water, plotted against
normalized excitation frequency parameter w/wl, apply to dams of all heights
provided they all have the same cross-sectional shape. Furthermore, they

are independent of the unit weight W, and Young's modulus Es for the dam
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concrete. It can be concluded from the equations of motion for the dam,
including the dam-foundation interaction but excluding hydrodynamic effects,
that the complex fregquency response functions plotted against normalized

exciltation frequency do not depend separately on Es and E_ but only the

ratio Ef/Es' These functions for dams on rigid foundatiois vary signi-
ficantly with Es when hydrodynamic effects are considered [22]. They vary
even for dams on flexible foundations: for a fixed value of Ef/ES, the
value of Es has influence on the response of the dam including dam-water
interaction effects. Figqure 7.3 demonstrates that this influence is minor
in the response to horizontal ground motion but significant in the response

to vertical ground motion.

7.5 Damping Models and Parameters

7.5.1 Dam

The analytical procedures presented in Chapters 3-6 included two
models -~ viscous damping and constant hysteretic damping -- for energy
dissipation in the dam. Viscous damping had been selected earlier {22},
in studying hydrodynamic effects in earthguake response of dams. Constant
hysteretic damping is preferable for conceptual as well as computational
reasons, especially when structure-soil interaction is included in the
analysis [29]. Therefore, all numerical results presented in Chapters 8
and 9 are for dams with constant hysteretic damping. In order to provide
az basis for comparing these results with those presented earlier [22],
response results using both damping models are presented in this section

and compared.

Using the analysis procedure in Chapter 6, the steady-state response
of the idealized dam monolith (Fig. 7.1) to harmonic ground acceleraticn
in the horizontal direction is determined for several cases. Assuming
the concrete properties listed in Section 7.2.1, with Young's modulus =
4 x 10° psi, and considering the foundation to be rigid, the complex
frequency response functions for the dam were determined for the following

four cases. (The first five vibration modes were included in the analysis.)

1. Viscous damping, § 0.05 for all vibration modes; no water

s,
2. Constant hysteretic damping, ng= 0.10; no water
3. Viscous damping, £s= 0.05 for all vibration modes; full water

4. Constant hysteretic damping, n_.= 0.10; full water

=
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FIG. 7.3 INFLUENCE OF YOUNG'S MODULUS E; OF DAM CONCRETE ON RESPONSE
OF A DAM, INCLUDING EFFECTS OF WATER AND FOUNDATION, TO
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The selected values of damping factor nsin constant hysteretic damping
and viscous damping ratio Esfor all modes of vibration are related by Ny =
2£.. As a result, the energy dissipated per vibration cycle in each natural
mode of wvibration at the resonant excitation frequency would be the same for
the two damping models. The energy dissipated per cycle in constant hystere-
tic damping is independent of excitation frequency, but varies linearly with

frequency for viscous damping.

Because the energy dissipated at the fundamental resonant frequency of
the dam alone is the same for the two damping models and the selected para-
meters, the dam response is independent of the type of damping (Fig. 7.4).
At the fundamental resonant frequency of the dam, including hydrocdynamic
effects, the energy dissipated in constant hysteretic damping will be the
same but reduced in viscous damping, compared to the energy dissipated at
the natural frequency of the dam alone. BAs a result, the resonant response
is significantly smaller for the dam with constant hysteretic damping, com-
pared to the results for viscous damping (Fig. 7.4). The differences in
resonant responses for the two damping models are directly related to the
reduction in resonant frequencies due to dam-water interaction effects.
Because such reduction is relatively small for higher resonant frequencies,
the corresponding resonant responses are affected less by the damping model
(Fig. 7.4). At excitation fregquencies not close to rescnant frequencies,
damping has little effect on the response and it is essentially the same with

the two damping models.

Constant hysteretic damping with hs = 0.1 is assumed for the dam in ob-

taining all subsequent results in Chapters 7, 8, and 9.
7.5.2 Foundation

Numerical results and analvtical procedures have been presented to
determine dynamic stiffness matrices for a viscoelastic half-plane of Voigt
or constant hysteretic materials [32]. 1In this section, computed responses of
the dam including structure-soil interaction effects are presented to aid in

selecting the damping model and parameters for the foundation material.

The response of 'the idealized dam monolith (Fig. 7.1) without water but
including dam-foundation interaction effeéts is computed by the procedures of
Chapter 6. The following properties are selected for the dam in addition to
those listed in Section 7.2.1: Young’'s modulus E, = 4 x 10% psi, constant
hysteretic damping factor ng = 0.1. The foundation meodulus Ef is twice that

of the dam and, in addition to the properties of the foundation material listed
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in Section 7.2.1, the following are selected: Ef/Es = 2, energy loss coef-

ficients Ef = 0.1 for the Voigt solid; and nf = 0.1 for the constant hystere-

tic solid. The two dam-foundation systems analyzed have identical properties
with one exception: the foundation is of Voigt material in one case, and con-
stant hysteretic material in the other case. Including five generalized co-
ordinates in the analysis, the complex frequency response functions for the

dam were obtained for the two systems. The results presented in Fig. 7.5a
demonstrate that the damping model for the foundation has little effect on

the resonant frequencies of the dam or on the response except at the fundamental
resonant frequency. The fundamental resonant response of the dam is somewhat

larger with Voigt foundation material.

For a Voigt solid, the energy loss per cycle of harmonic vibration is
proportional to the excitation frequency. However, over a considerable range
of frequencies, rocks and soils exhibit energy loss essentially independent
of the frequency of vibration. Such materials are better idealized as con-
stant hysteretic solids. This is the model adeopted for the foundation mater-
ial for the dam responses presented in Chapters 8 and 9. Based on the above
discussion, however, those results are also indicative of the response of

dams on Voigt foundation materials.

Using the properties mentioned above for the dam and foundation, the
analysis was repeated for two other values of damping coefficient for a con-
stant hysteretic foundation: nf = 0.25 and 0.50. The complex frequency
response functions for the dam with constant hysteretic damping, ns =0.1,
on a constant hysteretic foundation are presented in Fig. 7.5b for three

values of the damping factor n_ = 0.1, 0.25, and 0.50. The responses are

£
insensitive to the foundation damping except in a neighborhood of the fun-
damental rescnant frequency. Even this resonant response is not influenced

greatly by damping; increasing n_ = 0.1 to 0.25 reduces the resonant response

by only 13%. Damping in the fouidation is modeled as a constant hysteretic
sclid with nf = 0.1 in obtaining all subseguent results in Chapters 7, 8,
and 9. The assumed value of damping factor is appropriate for sound rocks
at sites of major concrete dams. Because the dam response is not very sen-
sitive to foundation damping, however, those results are approXimately indi-

cative of the dam response with other levels of foundation damping.
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7.6 Number of Generalized Coordinates

The governing equations in the frequency domain were transformed from
the physical nodal point displacement coordinates to generalized coordinates
(Chapters 3-6). As many of these generalized coordinates should be included
in the analysis as necessary to obtain accurate responses over a desired
range of excitation frequencies. The required number of generalized coor-
dinates will generally be a small fraction of the number of degrees~of-

freedom in the finite element idealization of the dam.

The natural modes of vibration of the dam alone were selected as the
generalized coordinates for analysis of the dam on rigid foundation, with
or without water (Chapters 3 and 4). 1In order to accurately obtain the
response of the dam without water on a rigid base, all the modes of vibra-
tion should be included which have natural frequencies within and close to
the range of excitation frequenices of interest, and contribute signifi-
cantly to the response in this frequency range. Accelerograph records
accurately reproduce ground motion components with frequencies up to approx-
imately 25 cps., The first few, say five, natural vibration modes, would
generally be sufficient to obtain accurate responses of concrete gravity
dams -- they have relatively high natural frequencies =- in this frequency
range. Dam-water interaction significantly reduces the fundamental reso-
nant frequency but has little influence on the higher resonant frequencies.
Thus, usually, the same number of natural vibration modes would be sufficient

for analysis of the response of the dam, with or without water.

The eigenvectors (vibration mode shapes) of an associated dam-foundation
system, the dam with the foundation characterized by the stiffness matrix
§f(0) equal to the dynamic stiffness matrix §f(w) at w = 0, were selected
as the generalized coordinates for response analysis of the dam including
dam~foundation interaction effects (Chapter 5). Unlike the natural modes
of vibration of the dam on a rigid base, these generalized coordinates are
not physically meaningful. Thus the number of these generalized coordinates
that need to be included in the analysis is not as obvious. The complex
frequency response functions for the dam with horizontal ground accelera-
tion as the excitation was obtained from four analyses using the procedure
of Chapters 5 and 6, including 5, 7, 19, and 15 generalized ccordinates,

respectively. The results presented in Fig. 7.6 are for the idealized dam
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monolith, without water, but including dam~foundation interaction effects.
The first 8 eigenvalues Qn (vibration freguenices) of the assoicated dam-
foundation system are identified along the frequency axis. It is apparent
that, in order to obtain satisfactory results for responses over some fre-
quency range, all the generalized coordinates associated with eigenvalues
within the freguency range plus a few, say three, more should be included

in the analysis. Based on this criterion, the frequency-range represented
in earthquake ground motion, and the fact that complex frequency response
functions decrease at larger excitation frequencies, ten generalized coordi-
nates were considered sufficient for the results presented in Chapters 8

and 9.
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8. COMPLEX FREQUENCY RESPONSES

8.1 Scope of Chapter

The analysis procedure developed in Chapter 6 can be used to evaluate
the response of concrete gravity dams subjected to earthquake ground motion.
In this procedure, the complex frequency response functions describing the
response to harmonic ground motion are determined, followed by the Fourier
transform procedures to compute responses to arbitrary ground motion. In
this chapter, the complex frequency response functions for an idealized
cross section representative of concrete gravity dams are determined for a
range of the important system parameters characterizing the properties of
the dam, foundation soil or rock, and impounded water. The effects of dam-
water interaction and of dam~foundation interaction on the dynamic response

of the dam are studied.

8.2 Systems, Ground Motions, Cases Analyzed and Response Quantities

8.2.1 Systems

The idealized cross section considered as representative of concrete
gravity dams is a triangle with a vertical upstream face and a downstream
face with a slope of 0.8:1. The dam is assumed to be homogeneous with
linearly elastic and isotropic properties for mass concrete: Young's
modulus ES = 3, 4 or 5 million psi; Poisson’s ratio = 0.2; and unit weight
= 155 1bs/cu.ft. Energy dissipation in the structure is represented by
constant hysteretic damping, with the energy loss coefficient ns selected as
0.1. This is equivalent to a damping ratio of 0.05 in all the natural modes

of vibration of the dam alone (without water) on a fixed base.

The finite element idealization for a monolith of the dam is shown in
Fig. 8.1, consisting of 20 gquadrilateral elements and 26 nodal points, which

provide 42 degrees of freedom on a fixed base and 52 on a flexible base.

The dam is supported on the surface of a homogeneous, isotropic,
linearly viscoelastic half space. For the foundation material, several
values for the Young's modulus Ef are considered, Poisson's ratio = 1/3, and

unit welght = w,. = 165 lbs/cu.ft. The foundation soil or rock is idealized

£
as a constant hysteretic solid with snergy loss coefficient nf = 0.1.
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Impounded water in the reservoir has constant depth H and is idealized
as extending to infinity in the upstream direction. Several different values
for H; the depth of water, relative to HS, the height of dam, are considered:
H/Hs = 0 {empty reservoir), 0.8 (partially filled reservoir), and 1 (full
reservoir). The unit weight of water w = 62.5 lbs/cu.ft. and the velocity

of sound in water = 4720 ft/sec.

The dam and foundation are assumed to be in a state of generalized plane
stress. This assumption, although not most appropriate for the foundation
material, is dictated by the expected behavior of the dam (see Chapter

2).

8.2.2 Ground Motions

The excitation for the dam-water-foundation system is defined by the
two components of free-field ground motion in the plane of a monolith of
the dam: the horizontal component transverse to the dam axis, and the
vertical component. FEach component of ground acceleration is assumed to be
harmonic, az(t) = ag(t) = eiwt, with the excitation fregquency to be varied

over a relevant range.

8.2.3 (Cases Analyzed

As concluded in Chapter 7, the most important parameters influencing
the complex frequency response functions for dams on rigid foundations are
Es' the Young's modulus of elasticity for mass concrete in the structure,
and H/HS, the ratio of water depth to dam height. When dam-foundation inter-
action is considered, an additional parameter is important: Ef/Es, the ratio
of Young's moduli for the foundation and dam materials. For a fixed wvalue
of Ef/Es’ the value of Es influences the response of the structure to a
minor extent for horizeontal ground motion and significantly for vertical
ground motion. However, to keep the number of cases analyzed to a minimum,
the Es value is not varied. Several dam—water-foundation systems were
defined by values for parameters shown in Table 8.1. The complex fregquency
response functions for each case were determined. The following figures are
presented in a manner to facilitate study of: the effects of structure-water
interaction and structure- foundation interaction, considered separately; and
combined effects of these two sources of interaction, on the response of the

dam.
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The hydrodynamic pressures due to vertical ground motion depend on,
among other parameters, the reflection coefficient at the zeservoir bottom
o = {(Crwr/Cw) - l]/E(Crwr/Cwi + 1] where L and Cr are the unit weight and
P-wave velocity for the rock, w and C are the unit weight and sound velocity
in water. It can be easily seen that o < 1 with the maximum value correspond-
ing to rigid rock. For Es =4 x lO6 psi and Ef/Es =, 4, 2, 1, and the values
of w and W menticoned earlier, the values of o are 1, 0.85, 0.80 and 0.72,

respectively.

8.2.4 Response Quantities

The response of the dam to harmonic free-field ground motion was deter-

mined by the analytical procedures presented in Chapter 6. Ten generalized
coordinates were included in the analysis, Based on Sec. 7.6, the resulting
complex frequency response functions should be accurate for excitation fre-
gquencies up to approximately 25 c¢ps. Although the analysis led to response
at all nodal points, only the results for a few selected degrees-of-freedom
are presented. For dams on rigid foundations, the complex fregquency re-
sponsé functions for horizontal and wvertical accelerations at the crest of
the dam are presented. 1In addition, the complex fregquency response functions
for horizontal acceleration at the center of the base of the dam and for the
vertical accelerations at the upstream edge of the base are presented when

interaction between the dam and flexible foundation material is included.

All the complex frequency response functions presented are for accel-
erations relative to the prescribed free-field ground acceleration. They
are not direct measures of deformations within the dam. The absolute value
{or modulus) of the complex valued acceleration response is plotted against
the normalized excitation frequency parameter w/wl, where wl = fundamental
fixed-base natural frequency of the dam alone. When presented in this form,
the results apply to dams of all heights with the idealized triangular cross

section and chosen Es value. Furthermore, if the reservoir is empty, the

plotted results are also independent of the Es value.

8.3 Complex Freguency Responses

8.3.1 Dam-Water Interaction Effects

In order to identify the effects of water on the dynamic response of
the dam, the results of analysis cases 1, 2, and 3 (Table 8.l1) to horizontal

and vertical ground motion, separately, are presented in Figs. 8.2 and 8.3,
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respectively. The response curve for the dam without water (H/Hg = 0) is
representative of a multi-degree-of-freedom system with constant mass, stiff-
ness, and damping parameters. However, dam-water interaction introduces
frequency dependent terms in the equations of motion of the dam, resulting
in complicated shapes of the response curves. The response behavior is
especially complicated at excitation frequencies in the neighborhood of the
natural frequencies of water in the reservoir. In particular, the response
curve has a double resonant peak near W, and wf, which is especially pro-
nounced for the case of vertical ground motion. At these frequencies the
hydrodynamic terms in the equations of motion become unhounded but the re-
sponse has finite limits (see Section 6.2.7). Based on the results of Figs.

8.2 and 8.3, the following observations can be made.

Presence of water results in a significant decrease in the fundamental
resonant frequency of the dam but relatively little decrease in the higher
resonant frequencies. At an excitation frequency w smaller than wi, the
fundamental resonant frequency of water in the reservoir, the effect of dam-
water interaction is equivalent to an added mass and real-valued lcad; their
magnitude depends on the excitation frequency. This added mass, in addition
to reducing the fundamental resonant frequency of the dam, has the indirect
effect of reducing the apparent damping ratio for the fundamental mode, re-
sulting in narrower band width at resonance and larger rescnant response.
Some of the reduction in the resonant band width is, however, a consequence
of the double resonant peak. At w > m{, the effect of dam-water interaction
is equivalent to frequency dependent additional mass, damping and load; the
load is complex valued for horizontal and vertical ground motion except that
it is real valued for vertical ground motion with @ = 1. The added mass is
relatively small, which has relatively little effect on the higher rescnant
frequencies, but the added damping is significant, resulting in decrease in
the response at the higher resonant frequencies. The fundamental resonant
frequency of the dam, including hydrodynamic effects, is less than both the
fundamental natural frequency of the dam with no water w;, and of water in

. r
the reservoir, wy.

Comparing the results for cases 1 {(H/Hg = 0}, 2 (H/Hs = 0.8), and
3 (H/I-Is = 1), it is seen that the fundamental resonant frequency is affected
most by water in the upper parts of the dam height. At higher excitation

frequencies, there is little difference in the responses for H/Hg = 0.8 and 1,
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except that the response to vertical ground motion in the neighborhood of the
gecond resonant frequency is strongly affected by increasing H/Hs from 0.8

to 1.

The vertical and horizontal motions at the crest of the dam are cbvi-
ously related by the horizontal and wvertical components of the vibration
mode shapes. Vertical motion at the crest of the dam, while smaller than
the horizontal motion, as expected, is not negligible for either horizontal

or vertical ground motions.

-Comparing the responses of the dam to horizontal and vertical ground
motions (Figs. 8.2 and 8.3), it is apparent, consistent with common view,
that without water the response to vertical ground motion is relatively
small. However, with a full reservoir the response to vertical ground motion
is almost as large as that due to horizontal ground motionwhen o < 1 and
it is even larger when a .= l. The response to vertical ground motion is
large because the hydrodynamic forces act in the horizontal direction on the
vertical upstream face of the dam, causing significant lateral response of
the dam. Hydrodynamic effects are seen to have especially large influence

on the response to wvertical ground motion.

The response of the dam alone without water (H/Hg = 0), when presented
in the form of Figs. 8.2 and 8.3, is independent of the modulus of elastic-
ity Eg of the concrete. Similarly, the response curves including hydro-
dynamic effects, do not vary with Eg if water compressibility is neglected [22].
However, results from analysis of cases 3, 4, and 5 (Table 8.l1) presented
in Pigs. 8.4 and 8.5 demonstrate that the Es value affects the response
functions when compressibility of water is included. This effect is
primarily on the fundamental resonant fregquency and on the response in
the neighborhood of this frequency. The fundamental rescnant frequency of
the dam decreases due to hydrodynamic effects to a greater degree for the
larger values of Eg. Increase in E; causes larger amplification of response
but over a narrower freguency band. The resonant response to horizontal
ground motion is affected little by variations in Eg but is influenced sub-
stantially for vertical ground motion. At higher excitation frequencies,
the response functicns for beth components of ground motion are insensitive
to Eg. With decreasiné Ey the effects of water compressibility on response

become smaller and the response approaches the incompressible case.
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8.3.2 Dam-Foundation Interaction Effects

Complex frequency response functions for the dam, including effects of
dam- foundation interaction, are presented in Figs. 8.6 and 8.7 for varying
foundation stiffness (cases 1, 6, 8 and 11 in Table 8.1). When presented in
this form, these functions do not depend separately on Eg and Ef but only on
the ratio Ef/Eg. Results are presented for four values; E¢/Eg = @, 4, 2 and
1. The first represents rigid foundation material, thus reducing the system
to dam on fixed base, and the smallest value represents the same elastic

moduli for the foundation material and dam concrete.

Unlike water in the reservoir, the half plane does not have any resonant
frequencies; the foundation impedances are smooth, slowly varving functions
of the frequency [32]. As a result, structure~foundation interaction affects
the response of the dam in a simpler manner than does structure-water inter-
action. BAs the Eg/Eg ratio decreases, which for a fixed Ey implies decrease
of foundation modulus, the fundamental rescnant frequency of the dam
decreases; the response at the crest of the dam at this frequency decreases
and the freguency band width at resonance increases, implying an increase in
the apparent damping of the structure (Figs. 8.6 and 8.7). Accompanying
this decrease in the resonant response at the crest of the dam is an in-
cregsing response at the base of the dam--which is, however a small fraction
of ﬁhe response at the crest —- with increasingly flexible soils (Figs. 8.6 and
8.7). similar influences of decreasing the Eg/Eg ratio is observed at higher
resonant frequencies, resulting in reduced response at the crest of the dam
and increased response at the base over a wide range of excitation frequen-
cies; however, the higher resonant frequencies are decreased to a lesser
degree by structure-foundation interaction. The above mentioned effects of
structure-foundation interaction are similar in response to horizontal and

to vertical ground motions.

8.3.3 Dam~-Water and Dam-Foundation Interaction Effects

In order to understand the effects of structure-water interaction and
of structure-foundation interaction on the complex fregquency response
functions for the dam, the results of several cases in Table 8.1 are pre-

sented in different ways.

The results of analysis cases 8, 9, and 10 for horizontal and vertical
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ground motion are presented in Figs. 8.8 and 8.9. These results, for a
fixed Ef/Eg = 2, indicate the influence of varying depths of water in the
reservoir, Whereas the response function for the dam without water

(H/HS = 0) is influenced by structure-foundation interaction effects, for
the other two cases (H/Hg = 0.8, 1) dam-water interaction is also inveolved.
Qualitatively, the effects of water on the response at the crest of the dam
are generally similar whether the foundation material is rigid or flexible.
However, some of the effects are relatively small. Whereas the fundamental
resonant frequency is decreased by roughly the same degree as before, the
apparent damping for the fundamental vibration mode is now dominated by
effects of structure-foundation interaction and varies little with the depth
of water. The effects of dam-water interaction on the response of a dam on
flexible foundation are significant primarily at excitation frequencies in

a neighborhood of the fundamental resonant frequency. At higher frequencies,
dam~water interaction has little influence on the response of the dam on
flexible foundation medium, except locally near the resonant frequencies of
the reservoir. The principal effect of dam-water interaction on the
response at the base of the dam permitted by flexible foundation medium is
to decrease the fundamental resonant frequency and to increase the amplitude
of response in the neighborhood of this resonant frequency. At higher fre-
quencies the response at the base of the dam is not affected strongly by the
water, except locally at the resonant frequencies of the water contained in

the reservoir.

The conclusion presented in Sec. 8.3.1 is also confirmed by the results
of Figs. 8.8 and 8.9. Without water the response of the dam to vertical
ground motion is a small fraction of the response to horizontal ground
motion, but with water the two responses at the fundamental resonant fre-
quency are similar; at some higher frequencies the response to vertical
ground motion exceeds that due to heorizeontal ground motion. Because of the
hydrodynamic effects, the vertical ground motion is especially significant

in the response of concrete gravity dams to earthguakes.

Complex frequency response functions for the dam with the reservoir
full of water and varying modulus for foundation rock (cases 3, 7, 10, and
12 in Table 8.1) are presented in Figs. 8.10 and 8.11 for horizontal and
vertical ground motion, respectively. Results are presented for a fixed

value of Eg = 4 x 106 psi and four values of Ef/Bg = «©, 4, 2, and 1. By
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comparing the results with those presented in Figs. 8.6 and 8.7, it is
apparent that the effects of dam-foundation interaction are generally sim-

ilar, independent of the effects of dam-~water interaction.

As the Ef/Eg ratio decreases, which for a fixed Eg implies an increas-
ingly flexible foundation, the fundamental resonant frequency decreases.
The response at the crest of the dam at this frequenoy decreases and the
frequency bandwidth at resonance increases, implyving an increase in the
apparent damping of the structure. The response behavior near the funda-
mental resonant frequency is complicated, especially for wertical ground
motion, because of the double resonant peak created by hydrodynamic effects.
The response at the base of the dam, although only a small fraction of the
response at the crest of the dam, is also affected by Ef/Es. In the case of
horizontal ground motion, the base accelerations at and near the fundamental
resonant frequency increase with decreasing Eg/Eg, but there is no clear
trend in the case of vertical ground motion. Similar influence of increas-
ingly flexible soils is observed at higher resonant frequencies, resul#ing
in reduced response at the crest of the dam and increased response at the
base over a wide range of execitation frequencies. Structure-foundation
interaction has little influence on the higher resonant frequencies and

tends to suppress the response at the dam crest at these frequencies.

At excitation fregquencies w = wﬁ, the resonant frequencies of the water
in the reservoir, the response at the crest of the dam is controlled by dam-—
water interaction and is essentially independent of the properties of the

foundation rock (Figs. 8.10C and 8.11).

In order to compare the effects of structure-water interaction and
structure-foundation interaction on the complex frequency response functions
for the dam, results from analyses of four systems are presented together:
dam on rigid foundation with no water, dam on rigid foundation with full
reservoir, dam on flexible foundation with no water, dam on flexible founda-
tion with full reservoir. The results for the first two systems (cases 1
and 3 in Table 8.1) along with those for the latter two systems for Ef/Eg= 4
(cases 6 and 7), Ef/Eg = 2 (cases 8 and 10), and Ef/Eg = 1 (cases ll-and 12)
are presented in Figs. 8.12 to 8.14 for horizontal ground motion and Figs.

B.15 to 8.17 for vertical ground motion.
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The fundamental resonant frequency of the dam decreases because of dam-
water interaction and dam—-foundation interaction, with the influence of the
water being larger. For the most flexible foundations considered (Ef = Es),
the decrease in the fundamental frequency due to dam-foundation interaction
is about the same as that due to dam-water interaction. This trend may or

may not exist for higher resonant frequencies,

As mentioned earlier, the response at the crest of the dam is increased
at the fundamental rescnant frequency, but, in many cases, decreased at higher
resonant frequencies because of dam-water interaction. These effects of
dam-water interaction are similar whether the foundation is rigid or flexible

for all values of Ef/ES considered.

As mentioned earlier, the response at the crest of the dam is reduced and
motions at the base of the dam, relative to the free-field motion, are pos-
sible due to flexibility of the soil. These effects of dam~foundation inter-
action are similar whether the reservoir is empty or full. The above mentioned
effects of dam~-foundation interaction tend to increase as Ef/Es decreases, i.e.,

for a fixed Es' as the foundation rock becomes increasingly flexible.

Comparing the effects of dam-water interaction and dam—-foundation interac-
tion on the resonant responses at the crest of the dam to horizontal ground
motion (Figs. 8.12 to 8.14), it is apparent that the effects of the stiff
rock (Ef/ES = 4) are similar to those of the water, but for softer rocks
{Ef/Es = 2 and 1) the effects of dam-foundation interaction are relatively
more significant. Whereas the amplitude of the response at the crest of the
dam at the fundamental rescnant frequency is increased by dam-water inter-
action but reduced due to dam—-foundation interaction, both socurces of inter-~
action contribute towards a decrease in the response at higher resonant fre-

quencies.

Because, as mentioned earlier, dam-water interaction influences the dam
response to vertical ground motion to a much greater degree than it influences
the response to horizontal ground motion, the relative effect of dam-water
interaction and dam-foundation interaction on dam response to vertical ground
motion (Figs. 8.15 to 8.17) is different than the above observations from res-
ponges to horizontal ground motion (Figs. 8.12 to 8.14). At the fundamental
resonant frequency, the response of the dam is affected by dam~water interaction
to a greater degree than it is.affected by dam-foundation interaction. However,
at higher resonant frequencies, the influence of dam-foundation interaction

is greater. Whereas the amplitude of the response at the crest of the dam
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at the fundamental resonant frequency is increased by dam-water interaction
but reduced due to dam—-foundation interaction, both sources of interaction
contribute towards a decrease in the response at higher resonant frequencies,
but with one exception: Vertical acceleration response at the crest of the
dam is increased by dam~water interaction even at the second resonant fre-

guency.

The effects of water on- the response at the base of the dam, permitted
by a flexible foundation, are closely tied to the corresponding effects on
the responses at the crest of the dam. Dam-water interaction has the effect
of decreasing the resonant frequencies for the base response and modifyving the
response amplitudes. These effects are relatively large in the responses to

vertical ground motion.
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9. EARTHQUAKE RESPONSE OF PINE FLAT DAM

9.1 Scope of the Chapter

Chapter 8 presented the effects of dam water interaction and of dam-
foundation interaction, separately or together, on the complex freguency
response functions of idealized gravity dams with triangular cross-section.
This chapter presents the responses of Pine Flat Dam to a selected earth-
gquake ground motion, analyzed using the procedures of Chapter 6 under
various assumptions. The objective of this chapter is to identify the
effects of dam~water interaction and dam-~foundation interaction on the

response of the dam.

9.2 Pine Flat Dam, Ground Motion, Cases Analyzed and Respconse Results

9.2.1 Pine Flat Dam

Located on the King's River near Fresno, California, Pine Flat Dam
consists of thirtv-six 50 ft and one 40 ft wide monoliths. The crest
length is 1840 £t and the height of the tallest monolith is 400 f£t. The

dam is shown in Fig. 9.1 and its downstream elevation is shown in Fig. 9.2.

The tallest, non-overflow monolith of the dam with water at El1. 951.00
is selected for purposes of this study. The two-dimensional finite element
idealization for this monolith in plane stress is shown in Fig. 9.3, con-
sisting of 136 quadrilateral elements with 162 nodal points. The nine nodal
points at the base of the dam are equally spaced, as required for developing
the dynamic stiffness matrix for the foundation ([321. This finite element
system has 306 degrees of freedom analysis of the dam on rigid base. In
analyses considering the foundation flexibility and the resulting motion at
the dam-foundation intexrface, the system has 324 degrees of freedom. The
mass concrete in the dam is assumed to be a homogeneous, isotropic, elastic
s0lid with the following properties: Young's modulus of elasticity = 3.25
million psi, unit weight = 155 pcf, and Poisson's ratioc = 0.2. The selected
elastic modulus, determined by forced vibration tests on the dam [28], is
different from that used in earlier analyses [22]. The damping factors
associated with the modes of vibration of the dam, determined from the
above mentioned forced vibration tests, were in the range of 2 to 3.5 per-

cent of critical damping. A constant hysteretic damping coefficient of 0.1,
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FIG. 9.1 PINE FLAT DAM
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which corresponds to a 5 percent damping factor in all modes of vibration
of the dam, has been selected. This 1s considered appropriate for the much
larger motions and stress levels expected during strong earthaquake ground

shaking.

The foundation rock is idealized as a homogenous, isotropic, visco-
elastic half plane (in plane stress) of constant hysteretic solid with the
following properties: Young's modulus of elasticity = 10 million psi, a value
which is appropriate for the granites and basalts at the site; Poisson's ratio
= 1/3, unit weight = 165 pcf, and damping coefficient for constant hysteretic

solid = 0,05. The P-wave velocity for this rock = 10,266 ft/sec.

The following properties are assumed for water: unit weight = 62.5 pcf,
wave velocity = 4720 f£t/sec. For these properties of water and rock, the

wave reflection coefficient at the bottom of the reservoir is o = 0.817.

9.2.2 Ground Motion

The ground motion recorded at the Taft Lincoln School Tunnel during
the Kern County, California, ecarthguake of July 21, 1952, is selected as
the excitatior for analyses of Pine Flat Dam. The ground motion acting
transverse to the axis of the dam and in the vertical direction is defined
by the S69E and vertical components of the recorded motion, respectively.
These two components of the recorded ground motion and the maximum values

of acceleration are shown in Fig. 9.4.

2.2.3 Cases Analvyzed

Using the computer program described in Appendix A based on the anal-
ysis procedure presented in Chapter 6, respdnses of the tallest monolith of
Pine Flat Dam to the selected ground motion are analyzed. The dam monclith

and the foundation are assumed to be in plane stress.

Responses of the dam to the S69E component of the Taft ground motion
only and to the S69E and wvertical components acting simultanecusly are
analyzed. For each of these excitations the response of the dam is sep-
arately analyzed four times, corresponding to the following four sets of

assumptions for the foundation and hydrodynamic effects.
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Case Foundation Hydrodynamic Effects

1 Rigid Excluded
2 Rigid Included
3 Flexible Excluded
4 Flexible Included

In order to consider hydrodynamic effects realistically, compressibil-
ity of water is included. The displacements and stresses due to the weight
of the dam and to hydrostatic pressures are included in all analyses. As
mentioned in Chapter 6, the rigid body displacements of the dam due to a

deformable foundation have been excluded.

All the vibration modes or generalized cooxrdinates, as appropriate,
necessary to obtain accurate results for complex frequency response up to
excitation frequencies of approximately 20 c¢ps were included in the analysis.
The first five natural modes of vibration of the dam were included in the
analyses assuming a rigid base. The first ten generalized coordinates,

were included in analyses considering dam-foundation interaction effects

(see Sec. 6.2.6).

9.2.4 Response Results

The complex frequency response functions for the horizontal accelera-
tion at the crest of Pine Flat Dam, with horizontal ground motion as the
excitation, for the four sets of assumptions for foundation and hydrodynamic
effects {Sec. 9.2.3) are presented in Fig. 9.5, From these results, the
fundamental resonant period of vibration and the effective damping, deter-

mined by the half-power band width method, are as follows:

Hydrod ) Fundamental Resonance
Case | Foundation yarodynamic Vibration Period Damping Factor
Effects —_— =
sec. %

1 Rigid Excluded 0.317 5.0
2 Rigid Included 0.397 .2
3 Flexible Excluded 0.341 6.7
4 Flexible Included 0.429 5.2
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These vibration periods are identified on the response spectrum of the
S69E component of the Taft ground motion (Fig. 9.6), The spectrum ordinates
at these vibration periods corresponding to damping ratio of 5 percent can

be observed in the same figure.

The response of Pine Flat Dam was determined for each of the two exci-
tations listed in Se¢. 9.2.2 and the four sets of assumptions in Sec. 9.2.3.
In each case, the computer results of dynamic analysis represent the total
response, including the effects of the weight of the dam and hydrostatic
pressures. These results consisted of the complete time-history of the
horizontal and vertical components of displacement of all the nodal points
and of three components of stress in all the finite elements. For each of
the cases analyzed only a small part of the total result is presented. The
maximum crest displacement and maximum tensile stresses in three critical
parts of the monolith are summarized in Table 9.1. Presented in Figs. 9.7
to 9.17 are the time-history of displacements at nodal points 1, 73, and
118, located at different levels on the upstream face, and at nodal points
154, 158, and 162 at the base when foundation flexibility is considered;
and the distribution of envelope values of maximum principal stress (maxi-

mum tensile stress or minimum compressive stress) during the earthguake.

9,3 DamWater Interaction Effects

Without hydrodynamic effects, the response of the dam is typical of a
multi-degree-of-freedom system with mass, stiffness, and damping properties
independent of excitation frequency. Dam-water interaction introduces
frequency dependent terms in the eguations of motion, resulting in compli-
cated response curves, especially in the neighborhood of the resonant
frequencies for the impounded water (Fig. 9.5). A decrease in the funda-
mental rescnant frequency of the dam is apparent from a comparison of the

responses with and without hydrodynamic effects.

When the excitation is the S69E component of Taft ground motion, the
inclusion of hydrodynamic effects increases the maximum displacement at the
crest of the dam from 1.38"to 1.83" (Fig. 9.7). The maximum tensile stresses
in the dam are increased at the upstream face from 153 to 223 psi, from 208
to 254 psi at the downstream face, and from 257 to 366 psi at the heel
(Fig. 92.8). The area eﬁclosed by a particular stress contour increases

due to hydrodynamic effects, indicating that stresses exceed the value
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corresponding to that stress contour over a larger portion of the monolith.

Consistent with the observations ig Sec. 8.3.1, when hydrodynamic
effects are excluded, the response of the dam is only slightly increased by
the contribution of the vertical component of ground motion {compare Figs.
9.7-9.8 with 9,9-9.10). But, contrary to the observaticns in Sec. 8.3.1
and earlier results for Pine Flat Dam (18), the displacements and stresses
in the dam with hydrodynamic effects included are slightly decreased by
the contributions of the vertical component of ground motion (compare Figs.

9.7-9.8 with 9.9-9.10).

Earlier results (18) for the response of Pine Flat Dam subjected to
the same Taft ground motion but assuming a different value of Young's
modulus, demonstrated that the vertical component of ground motion causes
considerable increase in the response of the dam. The vertical ground
motion causes lateral hydrodynamic forces resulting in significant lateral
displacements and associated stresses. Because the principal change in the
system properties and ground motion from the earlier results to those pre-
‘sented here is in the value of assumed Young's modulus for the dam (the
other change is the damping model discussed in Sec. 7.5.1); it is surpris-
ing that the results presented here are not consistent with the earlier
conclusions. In order to resolve what appears to be an anomaly, the earth-
guake stresses (excluding initial static stresses) due to horizontal and
vertical ground motions, separately, and including hydrodynamic effects, for
selected finite elements (Nos. 40, 41, 129 in Fig. 9.3), are presented in
Fig. 9.11. Although considerable stresses are caused by vertical ground
motion, they partially cancel the stresses due to horizontal ground motion,
resulting in reduced response when both ground motion components are con-
sidered simultanecusly. The contribution of the vertical component of
ground motion to the total response of a dam, including hydrodynamic
effects, therefore depends on the relative phasing of the responses to
horizontal and vertical ground motion, which in turn, depends on the
phasing of the ground motion components and the vibration properties of the

dam.

9.4 Dam~Foundation Interaction Effects

The foundation impedances for a half plane are smooth, slowly varying

functions of the excitation frequency. However, the hydrodynamic terms are
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unbounded at the natural frequencies of water in the reservoir. As a
result, structure-foundation interaction influences the response of the dam
in a simpler manner than the hydrodynamic effects do (Fig. 9.5). The funda-
mental resonant frequency is decreased and the corresponding damping ratio
is increased due to structure-foundation interaction (Fig. 9.3). This de-
crease in frequency is, however, smaller than the frequency reduction due
to hydrodynamic effects. The ordinate of the pseudo-~acceleration response
spectrum for the S69E component of Taft ground motion is essentially unaf-
fected by the increase in vibration pericd but would be reduced due to the
increased damping (Fig. 2.6). This leads to increase in displacements
(compare Figs. 5.7a and 5.12) and reduction in stresses {compare Figs. 9.8a
and 9.13a). The displacements increase due to lengthening of the vibration
period (Figs. 9.7a and 9.12). Flexibility of the soil permits motions at
the base of the dam (Fig. 9.12) but these are much smaller than the motions
at the crest of the dam. Comparison of Figs. 9.8a and 9.13a indicates that
the stresses near the base of the dam are relaxed because of soil flexibil-

ity. .

The effects of structure-foundation interaction on the response of the
dam to horizontal and vertical components of ground motion acting simulta-
neously can be observed by comparing Figs. 9.9a and 9.14 with Figs. 9.10a
and 9.15a, respectively. These effects are generally similar to those
observed above in the responses to horizontal ground motion alone. The
contributions of the vertical component of ground motion to the total

response of the dam are rather small (compare Fig. 9.13a and 9.153a).

9.5 Dam=Water and Dam-Foundation Interacticn Effects

Structure-foundation interaction affects the response of the dam in a
similar manner, reducing the fundamental resonant frequency and increasing
the effective damping, whether hydrodynamic effects are included or not
(Fig. 9.5). The fundamental resonant frequency is reduced by dam—foundatibn
interaction and by dam-water interactlion. The two reductions are additive,
resulting in further reduction in frequency when both interaction effects
are considered (Fig. 9.5), and in considerably smaller resonant response as
compared with either the response of the dam alone or the response includ-

ing hydrodynamic effects.
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However, the displacements and stresses due to either excitation=-~
horizontal ground motion only or horizontal and vertical ground motions
simultaneocusly~~are considerably increased due to structurs-foundation
interaction, (compare Figs. 9.7b and 92.16, 9.8b and 9.13b, 9.9 and 9.17,
92.10b and 9.19b). Compared to the response of the dam including only
hydrodynamic effects, the stresses in upper parts of the dam are increased
due to structure-foundation interaction when the excitation is only the
horizontal component of ground motion (Figs. 9.8b and 9.13b):; also, when
the excitation included the vertical component of ground motion (Figs. 9.10b
and 9.15b). Stresses at the heel of the dam are increased to a much lesser
extent because of the stress~relaxation due to foundation flexibility. The
area enclosed by a particular stress contour increases due to dam-foundation
interaction, indicating that the dam is stressed beycnd that contour value over
a larger portion. This increase in earthquake response occurs in spite of
the decreased response indicated by conplex freguency responses, because
structure-foundation interaction shifts the fundamental resonant period to
correspond with a peak of the response spectrum {(Fig. 9.6)., Thus, the
effects of dam—foundation interaction and dam-water interaction on earth-
quake response of the dam depend partly on the relative ordinates of the
response spectrum akt resonant periods of the dam with and without these

interaction effects.

The effects of structure-foundation interaction on the response of the
dam are generally similar with or without the vertical component of éround
motion. For reasons mentioned in Sec. 9.3, the contributions of the vert-
ical component of ground motion to the response of the dam, including both

sources of interaction, are rather small.
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10. CONCLUSIONS

The method presented for two-dimensional linear analysis of earthguake
response of gravity dam monoliths is effective for practical problems.
Included in this analysis are the effects of dynamic interaction among dam,
impounded water, and foundation rock on the dam response. The dam, impounded
water, and foundation rock are considered as three substructures of the com-
plete system. Displacements of the dam are expressed as linear combinations
of generalized coordinates, which are selected as the normal modes of an
associated dam-foundation system. Results can be obtained to any desired
degree of accuracy by including the necessary number of generalized coordi-
nates. The substructure approach, combined with transformation of displace-

ments to generalized coordinates, leads to an efficient analysis procedure.

The analysis procedure. is developed specifically for two-dimensional
analyses of gravity dam monoliths supported on the surface of a viscoelastic
halfplane and impounding water in the reservoir with horizontal bottom. The
dam is discretized as a two-dimensional finite element system, but the founda-
tion and fluid domains aré treated as continua. The general approach and
concepts embodied in the substructure method are also applicable to more com-
plex systems where, because of irregular geometry and/or nonhomogeneous mate-~

rial properties, the foundation and/or fluid domains must also be discretized.

In general, dam-water interaction, including water compressibility and
dam-foundation interaction, have significant influence on the response of the
dam and should be considered in the analysis. Because the foundation impedances
are smooth, slowly varying functions of excitation frequency, but the hydro-
dynamic terms are unbounded at the rescnant frequencies of the fluid domain,
structure-foundation interaction affects the response of the dam in a simpler

manner than does structure-water interaction.

Dam-foundation interaction effects in the response of dams depend on several
factors, the most important of which is the ratio Ef/Es of the elastic modulii
of the foundation and dam materials. As the Ef/Es ratio decreases (which for
a fixed Es implies a decrease of the foundation modulus), the fundamental res-
onant frequency of the dam decreases; the response at the crest of the dam at
this frequency decreases; and the frequency bandwidth at resonance increases,
implying an increase in the apparent damping of the structure. The influence

of decreasing the Ef/ES ratio is similar at higher resonant frequencies; however,
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the higher resonant frequencies are decreased to a lesser degree by structure-
foundation interaction. The effects of structure-foundation interaction are
essentially independent of the effects of dam-water interaction, except at

the resonant fréquencies of the fluid domain. The dam response at these
frequencies is controlled by dam-water interaction and is essentially inde-

pendent of the properties of the foundation rock.

The influence of structure-foundation interaction on the earthguake
response of a dam depends in part on the change in the earthquake response
spectrum cordinate due to the decrease in frequency and increase in damping.
In addition, the stresses near the base of the dam are relaxed because of

foundation flexibility.

The frequency response curves are complicated in the neighborhood of the
natural frequencies of water in the reservoir. 1In particﬁlar, the response
curves have a double resonant peak near the fundamental frequencies of the
dam and fluid doﬁain, considered separately. In comparison with the response
behavior of a dam without water, the response in the fundamental mode exhibits
highly rescnant behavior when the reservoir is full; the peak response at the
fundamental frequency is especially large compared to that at higher resonant
frequencies. Because of dam-water interaction, the fundamental resonant fre-
quency of the dam is decreased by an amount depending on the depth of water --
with water in the upper parts of the dam having the most influence -- and
modulus of elasticity of the dam. The higher resonant frequencies of the dam
are reduced relatively little by dam-water interaction. Qualitatively, the
effects of water on the dam response are generally similar whether the founda-
tion rock is rigid or flexible. Hydrodynamic effects reduce the fundamental
resonant frequency of the dam, including dam~foundation interaCtion, by rough-
ly the same degree, independent of the foundation material properties., How-
ever,the apparent damping for the fundamental vibration mode is dominated by
effects of structure-foundation interaction and varies little with the depth

of water,

The displacements and stresses of Pine Flat Dam due to the Taft ground

motion are increased significantly because of hydrodynamic effects.

The fundamental resonant frequency of the dam is reduced by dam-water
interaction and by dam-foundation interaction. The two reductions are addi-

tive with the influence of the water usually being larger. ' This trend may
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or may not exist at higher resonant frequencies, Similarly there are no
general trends regarding the comparative effects of the water and foundation
on the resonant responses of the dam. Which effect is more significant de-
pends on the Ef/Es ratio, the depth of water, the order of the resonant fre-
quency {fundamental or higher), and the ground motion component (horizontal or

vertical).

Compared to the response of Pine Flat Dam including only hydrodynamic
effects, the stresses in the upper parts of the dam are significantly increased
due to structure-foundation interaction. Stresses at the heel of the dam
are increased to a much lesser extent because of the stress relaxation due to

foundation flexibility.

The response of the dam, without water, to vertical groﬁn&'motion is small
relative to that due to horizontal ground motion, but it becomes relatively
signficant when hydrodynamic effects are included. However, the contribution
of the wvertical component of ground motion to the total response, including
hydrodynamic effects, depends on the relative phasing of the responses to
horizontal and vertical ground motion, which in turn depends on the phasing

of the grocund motion components and the vibration properties of the dam.
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APPENDIX A - USERS GUIDE TO CCMPUTER PROGRAM

IDENTIFICATION

EAGD Earthguake Analysis of Gravity Dams

Programmed: P. Chakrabarti, Sunil Gupta, G. Dasgupta

PURPOSE

This computer program has been developed to determine the elastic dynamic
response of monoliths of concrete gravity dams to earthquake ground motion.
The effects of dam-water interaction and dam-foundation interaction on the
response of a dam are included. The computer program is based on the sub-
structure analysis procedure developed in Chapter 6, in which the dam is
treated as a finite element system, the impounded water as continum, and the
foundation rock or soil region as a finite element system or a viscoelastic
halfspace, as appropriate for the site conditions.

The computer program is applicable to two-dimensional structural systems.
Thus, the dam monolith and foundation must be idealized as a system in plane
stress or plane strain. Compressiblity of water is recognized in the anal-
ysis. The excitation includes the transverse (to dam axis) and vertical
components of free-field ground motion, assumed to be the same across the
base of the dam.

In order to define the input to the computer program, a cross-section or
monolith of the dam must be idealized as an assemblage of planar, guadri-
lateral finite elements as shown by the example later in this appendix.
Elements in the idealization are identified by a sequence of numbers start-
ing with one. BAll nodal points are identified by a separate numbering
sequence starting with one.

Because of dam~-foundation interaction, a dynamic stiffness matrix for the
foundation appears in the equation of moticn. This matrix depends on the
excitation frequency and is defined with respect to the degrees-of-freedom
of nodal points at the dam-foundation interface, This matrix must be deter-
mined by a separate analysis and provided to the computer program as an
input.

The computer program is written in FORTRAN IV and was develped on the CDC
6400 Computer at the University of California, Berkeley. It can be executed
on other computers with minimal changes. However, the Fast Fourier Transform
package included is partly written in COMPASS, developed specifically for the
CDC 6400 computer. In using this computer program on other computer systems,
a comparable subroutine package for FFT computations should be provided.
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INPUT DATA

The following sequence of punched cards and data on a tape numerically
define the dam-water-foundation system, the ground motion and control para-
meters for the anlaysis.

A. TITLE CARD (8SA W)

Columns 1-80: Contain title or any information to be printed with
results.

B. CONTROL CARD (5I5, Fl0.0, 215, F5.0, 5I5)
Colunns 1 - 5 NUMNP: Number of ncdal points.
6 ~ 10 NUMEL: Number of elements.
11 - 15 ©NUMMAT: ©Number of different materials.
16 - 20 NBASE: Number of nodal points at base of the dam.
21 - 25 NEV: Number of eigenvalues (NEV < MBAND + 1).

If NEV = 0 and IGRAV # 0 only static analysis
is performed.

26 - 35 WL: Water level in the reservoir, in feet.

36 - 40 NPP: Number of nodal points on the upstream face
of the dam affected by the water pressure
{see G).

41 - 45 IGRAV: # 0, to perform static analysis.

46 - 50 PSP:

il

0., if plane stress problem,
l., if plane strain problem.

1]

51 - 55 IRES:

0, to perform dynamic response analysis,
otherwise, only static analysis and mode
shapes are computed.

56 - 60 ICPR: # 0, to skip calculation of frequencies and
mode shapes. They are read from cards in
this case.

61 - 65 IoPP: # 0, to punch fregquencies and mode shapes on
cards.,
66 - 70 IRIG: # 0, if the foundation is rigid.

¢, FOUNDATION CARD (3F10.0)

Omit this card if IRIG # 0, (i.e. for zigid foundation).
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Columns 1 - 10

11 - 20

21 - 30

E: Modulus of elasticity of foundation, in Xsf.
RHO: Mass density of foundation, in K-secz/ft 4,

RBASE: Spacing between equally-spaced nodal points
at base of the dam.

D. DAM MATERIAL PROPERTY CARD (I5,3F10.0)

The following cards must be supplied for each different material
(NUMMAT cards).

Columns 1

6

le

26

E. NODAL POINT CARDS

Columns 1

6

11

21

31

5

15

25

35

5

- 10

20

30

- B0

Material identification number.
Modulus of elasticity, in Ksf.
Posson's ratio.

Mass density of material, in K—secz/ft 4.

(I5,F5.0,2F10.0,21I5,2F10.0)
Nodal Point Number.

Boundary condition code "p".
X-ordinate, in ft.
Y-ordinate, in ft.

Used for layer generation, otherwise leave blank.

Specification for Code "p":

P

P

i

0.

1.

3.

Both displacements unknown,

Zero displacement in the X-direction.
Unknown displacement in the Y-direction.

Unknown displacement in the Z~direction.
Zero displacement in the Y-direction.

Zero displacement in the X-direction.
Zero displacement in the Y-direction.

Nodal point cards must be in numerical seguence. If cards are omitted
and Cols. 31 - 60 are left blank, the omitted nodal peints are generated
along a straight line between the defined nodal points (see Note 1).

Or, if Cols. 31 - 60 are used they are generzted in lavers (sece Note 2).
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Note 1: Straight line generation.

If the (I~1) cards for nodal points N+1, N+2....N+L-1 are omitted and
Cols, 31-60 of the card for nodal point N are left blank, the omitted
nodal points are generated at egual intervals on the straight line
joining nodes N and (N+L).

Note 2: Laver generation.

layer generation may be used after two rows of nodal points are com-
pletely defined. If on the card for node N the following data is
specified:

Columns 31 - 35 MOD: Module, m (> 0).

36 - 40 NLIM: Limit of generation (> N).

41 - 50 PACX: BAmplification factor fy.
{if left blank, assumed to be 1)

51 - 60 FACY: Amplification factor fy.
(1f£ left blank, assumed to be 1)

the X-Y coordinates of points N+1, N+2 ....NLIM are generated by the
formulas

e = Zpem O fx Byl T Epon)

e T Ykem Vo fy e 7o Yyeon!

for k=N+1, .... NLIM, If NLIM = NUMNP no more nodal cards are needed.
If NLIM < NUMNP, the card for point (NLIM+1l) must follow.

The boundary condition code for generated nodal points is set equal to
Zero.

ELEMENT CARDS (615)

Columns 1 -~ 5 Element number
6 - 10 Nodal Point I The maximum difference "b" hetween
11 - 15 Nodal Point J these numbers is an indication of
the band width of the Stiffness
‘Matrix. "b" may be minimized by a
21 - 25 ©Nodal Point L judicious numbering of nodal points.

16 - 20 Nodal Point K

26 = 30 Material identification

For a right-hand coordinate system the nodal point number I, J, K, and L
must be in seguence in a counter-clockwise direction around the element
{see Fig. A.1l). Element cards must be in element number sequence. If
element cards are omitted the program automatically generated the
omitted information by incrementing by one the preceeding I, J, X, and
L. The material identification for the generated card is set equal

to the corresponding value on the last card. The last element card
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must always be supplied. Triangular elements are also permissible;
they are identified by repeating the last nodal number {(i.e. I, J, K,
K).

WATER PRESSURE CARDS (16I5)

These cards are necessary only if NPP > 0.

Columns 1 - 5=20, if the reservoir is to the left of the dam.
1, if the reservoir is to the right of the dam.

11 - 15 L Nodal point numbers affected by the
water starting from the top as shown
16 - 20 in Pig. A.2.

ete.

BASE CONNECTION NODE CARDS (16I5)

Omit if IRIG # 0 (i.e. for a rigid foundation).

Columns é : lg Nodal point numbers at the base of the dam which
11 - 15 are connected to the foundation rock, starting

from left to right; a total of NBPASE numbers, as
shown in Fig. A.3.

FREQUENCY CARDS (I12,F15.8)

This array is necessary only if the control variable (Card B} IOPR # 0.

- Columns 1l - 12 mnmode number.

13 - 22 fregquency in rad/sec.

MODE SHAPE CARDS (I12,2E15.6)

This array is also necessary only if the control variable (Card B)

IOPR # 0. The mode shapes of the associated dam-foundation system have
to be normalized in the sense YT mYy = I, where ¥ is the mode shape
matrix, m is the mass matrix, and Eﬁthe*identity matrix. If the array
is the output of a previous run of this program on puched cards, then
the mode shapes are already normalized. This array is as follows:
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One card for each nodal point

Columns 1 - 12 Nodal point number
13 - 27 X-ordinate one set for each
mode shape.

28 -~ 42 X-ordinate

RESPONSE CONTROL CARD (3I5,2F10.0)

Colunns i1- 5 IHV: Code for ground motion component

= 0, if only horizontal ground accelerations
are to be included.

= 1, if only vertical ground accelerations
are to be included.

= 2, if both the horizontal and wvertical
ground accelerations are to be included.

6 - 10 NEXP: Defines the number of values of excitation
frequency for which complex frequency
response is to be evaluated. The number of
excitation frequency values is 2NEXP,

11 - 15 IHYD: Code for hydrodynamic interaction. IHYD # O
if hydrodynamic interaction is to be
neglected. 1In this case only hydrostatic
effects are included. (If NPP = 0 and
WL = 0 in card B then this must be non-zero).

16 - 25 DT: Time interval at which dynamic response is
generated. The frequency increment for
computing complex freguency response is
determined from DT and NEXP. (See note 3.)

26

t

35 ALPHA: Coefficient of reflection between water and
ground rock below reservoir. This may be
computed as ALPHA = (k-1}/(k+l), where
k = Cr wr/Cyw with wr and w being the unit
welghts of rock and water respectively, Cr
the P-wave velocity in rock and C the
velocity of sound in water (4720 ft/sec).
ALPHA < 1.

Note 3: Choice of DT and NEXP,.

For using the FFT algorithm any earthquake ground motion input data
{see Card Group M) is interpolated at equal intervals of time At = DT.
The total number of ordinates is detexmined by NEXP, and is given by
§-= 2NEXP .,  Thus, the total duration of ground excitation used in the
computations is g-= At o g-(See Fig. A.4.) A "grace band" of %
additicnal zeros are appended to the record to minimize the aliasing

errors in the FFT computations. The uniform frequency increment Af
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and the frequency range %‘for which the complex frequency response
function has to be computed is given by the following relationships

Af =

=

F N
2’2Af

After the Fourier transform computations, which include the forward
transform of the ground motion and the inverse transforms of the re-
sponses are obtained at the first = points spaced at equal intervals
of time At. By specifying TD less than T (see Card Group M), response
may be obtained for a shorter duration. As is shown in Fig. A.4 the
second part of the response contains free vibration response of the.
structure after the ground excitation has ceased.

It has been stated earlier that At(i.e., DT) and N (or NEXP) determine

the values of T, Af and F. It is crucial to choose these appropriately

so that maximum accuracy in the results is ensured. The following con-

siderations govern the selection of the time step At and total number

of points g:

l. The frequency increment is small enough to permit an accurate
description, especially near the resonant frequencies, of the
frequency responses in the generalized coordinates. It is
recommended that

£
1l
Af < 55

where £. 1s the fundamental frequency of vibration of the dam in
cps. BAnh estimate of this may be obtained from a preliminary mode
shape analysis of the structure using this computer program.

2. The frequency range should be large enough to include the signifi-
cant portion of the frequency response function for generalized
displacement in the highest mode of vibration included in the
analysis. 1f £p is the frequency of vibration of the highest mode
included in the analysis, it is recommended that

F
5 > 2 fg

3. The fregquency range should include all the significant frequencies
contained in typical earthquake records. Earthguake data processed
by modern technigues accurately reproduces fregquencies up to about
25 cps. Based on these considerations, in general, it is recom-
mended that

> 25 cps.

N
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For good resolution of the time-variation of response, it is recom-
mended that

T
2
A1:<8

where T£ =~§; is the period of vibration of the highest mode of
the £  Qam~foundation system included in the analysis. (If
this criterion is satisfied then the one in (2) is automatically

satisfied).

In order to reduce errors due to aliasing, inherent in the discrete
Fourier transform computations, below acceptable limits,

1.57
T > E
n
where Ty = vibration period for first mode of

associated dam-foundation system.

n = constant hysteretic damping coeffi-
cient, same for all modes.

£ = the highest mode number included in
the analysis.

DAMPING CARD (F10.0)

Columns 1 - 10 n: Constant hysteretic damping coefficient.

GROUND ACCELERATION INFORMATION CARDS.

1.

CONTROL CARD (2I5,F10.0)

Columns 1- 5 NXUGH: Number of ordinates describing time-
history of horizontal ground accelera-
tion.

6 - 10 NXUGV: Number of ordinates describing time-
history of vertical ground acceleration.

11 - 20 TD: Time duration for which response is
desired. TD < DT. (2NEXP.. 19,

HORIZONTAL GROUND ACCELERATION CARDS (6(F6.3,F6.4))

These cards are to be omitted if IHV = 1. NXUGH time-acceleration
pairs describing the time-history of transverse horizontal ground
acceleration are to be specified on these cards, with six pairs
per card. Time must be expressed in seconds and the acceleration
as multiples of g, the acceleration due to gravity.
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N.

VERTICAL GROUND ACCELERATION CARDS (6(F6.3,F6.4))

These cards are to be omitted if IHV = 0. NXUGV time acceleration
points describing the time-history of vertical ground acceleration
are to be specified on these cards, with six pairs per card. Time
must be expressed in seconds and the acceleration as multiples of
g, the acceleration due to gravity.

OUTPUT INFORMATION CARDS

1.

OUTPUT CONTROL CARD (51I5)

Columns 1 -5 NPRINT: Print interval.
Nodal point displacements and element
stresses are printed every NPRINT time
intervals.

6 - 10 ICOMB: = 0, if dynamic response is needed
separately.

= 1, if the static and dynamic responses
are to be combined.

11 - 15 ISEL: Selection code
# 0, if output is desired for only
selected nodal points and elements;
otherwise displacements of all nodal
points and stresses in all elements
are printed.

16 - 20 NNODE: ‘Total number of nodes for which dis-
placements are to be printed, Z_l.

21 - 25 NNELM: Total number of elements for which
stresses are to be printed, > 1.

NNODE and NNELM may be left blank if ISEL = 0.
NODAL POINT SELECTION CARDS (16I5)

These cards are to be omitted if ISEL = O or NNODE = 0. List the
NNODE nodal point numbers at which displacements are to be printed.

ELEMENT SELECTION CARDS (16I5)

These cards are to be omitted if ISEL = 0 or NNELM = 0. List the
NNEIM element numbers for which stresses are to be printed.

FOUNDATION MATRIX TAPE

If IRIG = 0, the dynamic stiffness matrix for the foundation region
should be available on a tape. To be compatible with this program,

this data should have been generated by Computer Programs described

in "Dynamic Stiffness Matrices for Homogenous Viscoelastic Half Planes,”
by G. Dasgupta and A. K. Chopra, Report No. UCB/EERC-77/26; otherwise
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the input statements in this program should be modified by the user.

The data read from the tape should then be copied onto a scratch file
called TAPES0, which is read by the computer program. After execution,
the data is destroyed.

QUTPUT

The following is printed by the program. (Note that some of these may b
suppressed according to the options provided in card B.) _ ‘

1.

First set of input data: structural and material properties,
foundation properties, options, etc.

Hydrostatic Loads: i.e. equivalent nodal point loads due to hydro-
static pressure of water in the reserveoir.
Nodal point displacements and element stresses for static loads.

Frequencies and Mode Shapes.

Second set of input: response data including damping, time step,
etc.

Absolute value of complex fregquency responses for generalized
accelerations of the dam due to horizontal and vertical ground
motions separately.

Third set of input: earthguake acceleration data, etc.
Displacements of selected nodal points (according to ISEL and
NNODE in Card Group N) and stresses in selected elements (accord-
ing to ISEL and NNELM in Card Group N) at instants of time deter-
mined by the print interval (NPRINT in Card Group N). '

The peak values of major and minor principal stresses in each
element during the earthquake and the times at which they occur.

The following quantities are written on tape unit 3.
Logical Record 1: NUMNP, NUMEL, NEV, ND, DT.ND is the total number
of time intervals of response determined from TD and DT using

integer arithmetic.

Starting with Record 2, for each of the ND time intervals, two

‘records are written using the following two statements:

WRITE (3) X
WRITE (3) STRES

where X and STRES éfe one-dimensional arrays, dimensionéd properly,
so that X(2 *# I - 1) and X{2 * I) arée the X-component and the
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Y-component of the displacement at node number I, I = 1,2 .... NUMNP, Sim-
ilarly STRES (3 * N - 2), STRES (3 * N - 1)}, and STRES {3 * N) are the three
components of stress, i.e. Uy, Gy, and ny in the element number N, N=1,2
.... NUMEL. A physical tape has to be requested, with the file name TAPE3, in
the program control cards if these results are to be saved for subsequent use.
Plotting programs are available to read from this tape and plot time~history
of nodal point digsplacements and element stresses.

EXAMPLE

The preparation of input data for this program is illustrated by an example.
A very coarse finite element idealization of a cross-section of a concrete
gravity dam is shown in Fig. A.5, followed by the input data required for
the analysis of this structure subjected to horizontal earthquake motion.

COMPUTER PROGRAM INFORMATION, LIMITATICNS, AND TIMING

The program is written in FORTRAN IV and was developed on a CDC6400 com~
puter at the University of California, Berkeley. The core storage require-
ments of the program are separated into fixed and variable parts with the
fixed part consisting of instructions, non-subscripted variables, and those
arrays which do not depend on the size of the individual problem. The vari-
able part is stored in array A which appears in the blank COMMON statement.
The high speed storage requirements of the program can be changed depending
on the size of the problem to be solved. This is done by changing two
FORTRAN statements at the start of the program, i.e.

COMMON A (M)

MSTOR = N
The value specified for N must exceed each of the following.
1. Ng + 2*NUMNP*MBAND+6*NB2
2. DNy + 41*NUMEL
3. Ng + 6*NUMNP+NEV*NEV

4. Ny + 3+NNB+2*NB2+NPP+4*NTERM+NEV*NEV* (4+NTERM)
: +NEV# (2 *NUMNP+3 *NCOMP+2 *NWR*NCOMP+2 * NTERM+2 )

5. NDATA#* {4+2*NEV)+NEV#* (1+2*NWR}+NXUG
6. NUMNP+x (5+NEV)+NEV% (2xNWR+1)+42+*NUMEL
where,

Ng = G*NUMNP+NBC+H+NPP+NEV-+NNB+NB2

- 152 ~



4@ 8'=32'
£L.970' | 5
ELost’ v || @
- | 6 $10
&
1 15
o NODAL POINT NUMBER
164 20
®
214 25  ELEMENT NUMBER
@ 2
26 ¢ 30
31 35
36 - 40
EL.570' 4 45
: >
- 4@ 78.5'=314.00" — >{

FIG. A.S5 EXAMPLE FINITE ELEMENT MESH FOR A CONCRETE GRAVITY DAM TO
ILLUSTRATE PREPARATION OF INPUT DATA FOR COMPUTER PROGRAM
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16 - 15, 325.
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13 145 21 22 17 1
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and
NUMNP

NUMEL

NPP
NCOMP
NDATA

NEV

NEXP

MBAND

NTERM
NXUG
NXUGH
NXUGV
NBASE
NB2
NNB

NWR

Number of

Number of

Number of

Number of

Number of

2 *x NEXP

Number of

nodal points

elements

displacement constratints

nodal points affected by water pressure

components of earthquake included in the analysis.

generalized coordinates included.

Exponent for the number of ordinates to define complex
regquency responses.

2 # (MB +

1)

max MBi, i = 1, NUMEL

1

difference between the largest and smallest nodal point
numbers for element i.

50

max (NXUGH, NXUGV)

Number of

Number of

Number of

NBASE*2

NB2#NB2+*2

horizontal ground acceleration ordinates
vertical ground acceleration ordinates

nodal points at base of the dam.

max (100, NDATA+1)

If only frequencies and mode shapes are desired along with static analysis
it suffices to check (1) and (2) above.

The computer time required for solution depends on a number of factors.
The more important ones are the number of time ordinates (which is deter-
mined by NEXP) the number of nodal points, the bandwidth of the stiffness
matrix (the nodal points should be numbered in a manner which minimizes
the bandwidth), the number of elements, the number of generalized coordin-
ates to be included, and the interval for printing and writing the output.

Some representative execution times on a CDC 6400 computer are given for
four cases of analysis (Tables A.l and A.2) for Pine Flat dam (Chapter B8},
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with NUMNE = 162, NUMEL = 136, MBAND = 22, and NEXP = 10, NEV = 5

for cases 1 and 2, 10 for cases 3 and 4, NBASE = 2. Table A.l pertains to
analysis for transverse ground motion only. Table A.2 is for analyses con-
sidering transverse and vertical ground motions, simultaneously. The results
include the complete history of displacements and stresses during the earth-

quake.

Tables A.l and A.2 provide some indication of the increase in computational
effort required to include dam-water and dam-foundation interaction effects
in the analysis. Considering that these interaction effects complicate the
analysis greatly, the additional computer time regquired is modest. Compar-
atively, more computational effort is required to include dam~foundation
interaction effects, primarily because a larger number of generalized
coordinates need to be included in the analysis. The efficiency of the
analysis lies in use of the substructure method along with transformation
to generalized coordinates.
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TABLE A.1 COMPUTATION TIMES:

PINE FLAT DAM,HORIZONTAL GROUND MOTION ONLY

NO. OF CENTRAL
CASE | FOUNDATION | TTDRODYNAMIC o RRALTZED | PROCESSOR | REMARKS
EFFECTS
COORDINATES | TIME (SEC.)
1 RIGID EXCLUDED 5 314 Eigenvalues,
Eigenvectors,
. and
2 RIGID INCLUDED 5 474 Dynamic
Foundation
Stiffness
3 FLEXIBLE EXCLUDED 10 810 Matrix
are read
as
4 FLEXIBLE INCLUDED 10 1313 input

TABLE A.2 COMPUTATION TIMES:

PINE FLAT DAM, HORIZONTAL AND VERTICAL
GROUND MOTION

NO. OF CENTRAL
casE | Founparoy | TPDRODYNAMIC oo ALizED .| PROCESSOR REMARKS
EFFECTS
COORDINATES | TIME (SEC.)
i RIGID EXCLUDED 5 325 Eigenvalues,
Eigenvectors
and
2 RIGID INCLUDED 5 500 Dynamic
Foundation
Stiffness
3 FLEXIBLE EXCLUDED 10 832 Matrix
are read
. as
4 FLEXIBLE INCLUDED 10 1356 input
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APPENDIX B

LISTING OF EAGD COMPUTER PROGRAM
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EERC

EERC

EERC
EERC
EERC
EERC
EERC

EERC

EERC

EERC

EERC
EERC
EERC
EERC
EERC

EERC

EERC
EERC

EERC

EERC

EERC

EERC

EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

Mumbers in parenthesis are Accession Numbers assigned by the Mational Technical Information Service: these are
followed by a price code. Copies of the reports may be ordered from the National Technical Information Service, 5283
Port Royal Read, Springfield, Virginia, 22161. Accession Numbers should be quoted on orders for reports (PB —w= -w-)
and remittance must accompany each order. Reports without this information were not available at time of printing.
Upon request, EERC will mall inquirers this information when it becomes available.

67-1

68-1

68~2

68-3

68-4

69-1

69-2

69~3

69-4

69-5

69=-6

69-7

69~8

69~9

69-10

69-11

69-12

69=13

€9-14

69-1%

69=-16

70-1

70-2

70~-3

70~-4

“Feasibility Study Large-Scale Earthquake Simulator Facility," by J. Penzien, J.G. Bouwkamp, R.W. Clough
and D. Rea - 1967 (PB 187 905)A07

Unassigned

"Inelastic Behavier of Beam-to-Column Subassemblages Under Repeated Loading," by V.¥. Bertero - 1963
(PB 184 888)A0%

"A Graphical Method for Solwving the Wave Reflection-Refraction Problem," by H.D. McNiven and Y. Mengi - 1968
(PB 1B7 943)A03

“Dynamic Properties of McKinley School Buildings,™ by D. Rea, J.G. Bouwkamp and R.W. Clough - 1968
(PB 187 3902)A07

"Characteristics of Rock Motions During Earthquakes,” by H.3. Seed, I.M. Idriss and F.W. Kiefer - 1968
(PB 188 3381403 '
"Earthquake Engineering Research at Berkeley," = 1969 (PBE 187 906)All

"Nonlinear Seismic Response of Earth Structures,” by M. Dibai and J. Penzien -~ 1969 (PB 187 904}A08

"Probabilistic Study of the Behavior of Struectures During Earthquakes," by R. Ruiz and J. Penzien - 1969
{PB 187 886)A06

"Numerical Solution of Boundary value Problems in Structural Mechanics by Reduction to an Initial Value
Formulation,™ by N. Distefano and J. Schuiman ~ 1969 (PB 187 942)A02

"Dynamic Programming and the Solution of the Biharmonic Equation,”™ by M. Distefano - 1969 (PB 187 941)A03
"Stochastic Analysis of Offshore Tower Structures,”by A.K. Malhotra and J. Penzien - 1969 (PB 187 903)a09
"Rock Motion Accelerograms for High Magnitude Earthquakes,” by H.B. Seed and I.M. Idriss -~ 19269 (PB 187 340)A02

“Structural Dynamics Testing Facilities at the University of California, Berkeley," by R.M. Stephen.
J.G. Bouwkamp, R.W. Clough and J. Penzien - 196% (PB 189 111}A04

“Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries," by H. Dezfulian and H.B. Seed
1969 (PR 189 114)a03

"Dynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading," by S. Ghosh and E.L. Wilsen
1969 (PB 189 026}Al0 .

"Seismic Behavior of Multistory Frames Designed by Differsnt Philosophies,” by J.C. anderson and
V. V. Berterco = 1969 {PB 190 662)Al0

"stiffness Degradation of Reinforcing Concrete Members Subjected to Cycliec Flexural Moments,” by
V.V, Berters, B, Bresler and H. Ming Liao - 1969 (PB 202 $42)}207

"Response of MNon-Uniform Soil Deposits to Travelling Seismic Waves," by H. Dezfulian and H.3. Seed - 1969
(PR 191 023)A03

"pamping Capacity of a Model Steel Structure,” by D. Rea, R.W. Clough and J.G. Bouwkamp - 1969 (PB 190 663)A06

"Influence of Loecal Scil Conditions on Building Damage Potential during Earthquakes," by H.B. Seed and
T.M, Idriss - 1969 (PB 191 036}A03

"The Behavior of Sands Under Seismic Loading Conditions,” by M.L. Silver and H.B. Seed - 1969 (AD 714 S82)A07

"Barthquake Response of Gravity Dams,” by A.K. Chopra -1970 (AD 709 640)A02

"Relationships between Soil Conditions and Building Damage in the Caracas Barthquake of July 29, 1967," by
H.B. Seed, I.M. Idriss and H. Dezfulian - 1970 (PB 195 762)A0S

"Cyclic Loading of Full Size Steel Connections," by E.P. Popov and R.M. Stephen - 1970 (PB 2131 543)A04
"Seismic Analysis of the Charaima Building, Caraballeda, Venezuela," by Subcommittee of the SEAONC Research

Committee: V.V. Berters, P.F. Fratessa, S.A. Mahln, J.H. Sexton, A.C. Scordells, E.L. Wilson, L.A, Wyllie,
H.B. Seed and J. Penzlen, Chairman - 1970 {PB 201 455)A06 .
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70-5%

70-6
70-7
70-8
70-9

70-10

71-1

71=2

71-4

71-5

717

71-8

72-3

72-4
72-5
72~6

72=7
72-8

72=9
72-10
72-11

72-12

73-1

73-2

"aA Computer Program for Earthquake Analysis of Dams,” by A.K. Chopra and P. Chakrabarti - 1970 (AD 723 994)A05

"The Propagation of love Waves Across Non-Horizontally Layered Structures,” by J. Lysmer and L.A, Drake
1970 (PB 197 896}A03

"Influence of Base Rock Characteristics on Ground Response," by J., Lysmer, H.B. Seed and P.B. Schnabel
1370 (PB 197 897)R03

"Applicability of Laboratory Test Procedures for Measuring Soil Liguefaction Characteristics under Cyclic
Loading,™ by H.B. Seed and W.H. Peacock - 1970 {PB 198 0l8)A03

"A Simplified Procedure for Evaluating S50il Liquefaction Potential,” by H.B. Seed and I.M. Idriss - 1970
(PB 198 0C9}A03

"S0il Moduli and Damping Factors for Dynamic Response Analysis,"” by H.B. Seed and I.M. Idriss -1970
(PB 197 862)A03

"¥oyna Earthquake of December 11, 1967 and the Performance of Xoyna Dam,” by A.K. Chopra and P, Chakrabarti
1971 (AD 731 496)A00

"Preliminary In-Situ Measurements of Anelastic Absorption in Soils Using a Prototype Earthquake Simulator,"
by R.D. Borcherdt and P.W. Rodgers -~ 1971 (PB 201 454)A03

"Static and Dvnamic Analvsis of Tnelastic Frame Structures,” by F.L. Porter and G.H. Powsll - 1971
{(FPB 210 135)&06

"Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Bertero -1971 (PB 202 943)a04

"Dynamic Behavior of a High-Rise Diagonally Braced Steel Building," by D. Rea, A.A. Shah and J.G. Bouwhamp
1971 (PB 203 584)A06

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids,” by J. Ghaboussi and
E. L. Wilson -~ 1971 (PB 211 398}A06

"Inelasti< Behavior of Steel Beam-to=Column Subassenblages,” by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 {(PB 211 335)Aal4

"Modification of Seismograph Records for Effects of local Soil Conditions," by P. Schnabel, H.B. Seed and
J. Lysmer = 1971 (PB 214 450}A03

"Static and Barthquake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and
H.H. Dovey - 1372 (PB 212 904)R0S

i
"ABecelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed ~ 1972
(PB 213 100)AQ3

"Elastie-Plastic Earthquake Response of Soil-Building Systems,” by T. Minami -1972 (PB 214 268)A08

"Stochastic Inelastic Response of Offshore Towers to Strong Motion Earthquakes,” by M.K. Kaul -1972

(FB 215 713)A05 '

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear," by E.P. Popov, V.V. Berters
and H. Krawinkler - 1972 (PB 214 S55)A05

"Earthquake Response cof Gravity Dams Including Reservoir Interaction Effects," by P. Chakrabarti and
A.K. Chopra - 1972 (AD 762 330)A08

"Dynamic Properties of Pine Flat Dam,” by D. Rea, C.Y. Liaw and A.K. Chopra - 1972 [AD 763 928)A05

"Three Dimensional Analysis of Building Systems," by E,.L. Wilson and H.H. Dovey - 1972 (PB 222 438)206

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members," by S. Mahin, V.V. Bertero,

p. Rea and M, Atalay - 1972 (PB 224 S520}A08

"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)AQ4

"titerature Survey - Seismic Effects on Highway Bridges," by T. Iwasaki, J. Penzien and R.W. Clough - 1972
{(PB 215 613)Al9

"SHAKE-A Computer Program for Earthguake Response Analysis of Horizontally Layered Sites,” by P.B. Schnabel
and J. Lysmer - 1972 (PR 22C 207)A06
"Optimal Seismic Design of Multistory Frames," by V.V, Bertero and H. Kamil - 1973

"Analysis of the 5lides in the San Fernando Dams During the Earthquake of February 9, 1971," by H.B. Seed,
K.L. Les, I.M, Idriss and F. Makdisi - 1973 (PB 223 402)Al4
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73:4

73-5

73-6

73-7

73-8

73-9
73~10

73-11

73-12

73-13

73-14

73=-15

73-16

73-17

73-18

73-19

73-20

73-21

73-22
73-23
73=~24

73=25

73~26

73-27

74-1

74-2

74=3

74-4

"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames,” by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

"Experimental Investigation into the Seismiec Behavior of Critical Rerions of Reinforced Concrete Compenents
as Influenced by Moment and Shear,” by M. Celebi and J. Penzien - 1973 (PB 215 B884}A09

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien - 1973
(PR 239 568)A03 ’

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

"A Computer Program for Earthquake Analysis of Gravity Dams Inciuding Reservoir Interaction.” by
P. Chakrabarti and A.K. Chopra -1973 (AD 766 271}A04

"Behavior of Reinforced Contrete Deep Beam-Column Subassemblages Under Cyeclic Loads,” by O. Kustid and
J.G. Bouwkamp - 1973 (PB 246 1l7}Al2

"Earthquake Analysis of Structure-Foundation Systems,” by A.K. Vaish and A.X. Chopra - 1973 (AD 766 272}A07
"Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer -~ 1973 (PB 227 179)A08

"SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems," by K.~J. Bathe,
E.L. Wilson and F.E. Peterson ~1973 (PB 221 9267)A09

Analytical Investigations of the Seismic Response of Long, Multiple Span Highway‘Bridges," by W.S. Tseng
and J. Penzien - 1973 (PB 227 816)Al0

"Rarthquake Analysis of Multi-Story Buildings Including Foundation Interaction," by A.K. Chopra and
J.A. Gutierrez = 1973 (PB 222 970403

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clouch, J.M. Raphael and
S. Mojtahedi - 1973 (PB 223 763)A09

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

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

“Dynamic =chavior of a Multi~Story Pyramid Shaped Building,” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp ~ 1373 (PB 240 71B)A06

"Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columns,” by V.V. Bartero,
J. Hellings, O. Kistl, R.M. Stephen and J.G. Bouwkamp - 1973

"Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Berteroc - 1973 (PE 235 98B)AD6

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.S. Tseng and J, Penzien ~ 1373 ) .

"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M. Xelly and P.P. Gillis
1973 (PB 226 024)A03

"DRAIN - 2D User's Guide," by G.H. Powell - 1973 (PB 227 01l6}A0S
"Earthquake Engineering at Berkeley - 19373," (PB 226 033)Al}
Unassigned

"Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K. Chopra
1973 {(AD 773 052)A05

"Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthguake and Their
Implications on Seismic Design," by V.V. Bertero and R.G. Collins - 1373 (PB 235 106}A13

"Further Studies on Seismic Behavior of Steel Beam-Column Subassemblages.” by V.V. Bertero, H. Krawinkler
and E.P, Popov -1973 (PB 234 172)Aa06
"Seismic Risk Analysis,” by C.S. Cliveira = 1974 (PB 235 220)A06

"Settlement and Liquefaction of Sands Under Multi-Directional 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.X. Chopra - 1974
{PB 231 172)A06

"LUSH ~ A Computer Program for Complex Response Analysis of Soil-Structure Systems," by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (FB 236 796)A05
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EERC 74-35 "Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering.” by D. Ray
1974 (PB 233 213)AC6

EERC 74-6 "Spil Structure Interaction Analyses for Evaluating Seismic Response,” by #.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

EFRC 74=7 Unassigned
EERC 74-8 "Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 BA9)AQ3

EERC 74-9 "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}A07

ESRC 74-10 "Applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,”
by E. Vitiells and K.5. Pister -1974 (PB 237 231)A06

EERC 74-11 "Liquefaction of Gravelly Soils Under Cyclic Loading Cenditiens,” by R.T. Wong, H.B. Seed and C.K. Chan
1974 (PB 242 042)}A03

EERC 74-12 “Site-Dependent Spectra for Earthquake-Resistant Design,” by H.R. Seed, C. Ugas and J. Lysmer - 1974
{PB 240 953)A03

EERC 74-13 "Earthguake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalgo and R.W. Clough -1974°
{BPB 241 944)A13

EERC 74-14 “Nonlinear Earthgquake Response of Concrete Gravity Dams," by N. Pal - 1874 (AD/A 006 5B3)A06
EERC 74-15 "Modeling and Identification in Nenlinear Structural Dynamics = I. One Degree of Freedom Models,"” by
K. Distefano and A. Rath ~ 1974 (PB 241 S548)A06
EERC 75-1 "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 (PB 259 4C7}AlS
EERC 75-2 *Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.I1Il: Numerical
studies and Establishment of Seismic Design Criteria," by F. Baron and S.-H. Pang - 1973 (PB 259 408)all
(ror set of EERC 75-1 and 75~2 (PB 259 406))

EERC 75-3 “Seismic Risk Analysis for a Site and a Metropolitan Area," by C.S, Oliveira - 1975 (PB 248 134)A09

EERC 75-4 “Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
* M.-C. Chen and J. Penzien - 1875 (PB 241 454)A09

EERC 75-5 "An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.a.
Mahin and V.V. Bertero = 1975 {PB 246 306)Al6

EERC 75-6  "Earthquake Simulator sStudy of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 197% {PB 243 9281)Al13

EERC 75-7 "Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-¥. Liaw and A.K. Chopra ~ 1975 (AD/AQOS 408)
ADB

EERC 75-8 "Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components,” by F. Baron and R.E. Hamati - 12975 (PB 251 539)A07

EERC 75~9 "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 (PB 251 540}Al0

EERC 75-10 "static and Dynamic Analysis of Nonlinear Structures," by D.F. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
EERC 75-11 ‘"Hysteretic Behavior of Steel Columns,” by L£.P., Popov, V.V, Berters and 5. Chandramouli - 1975 (PB 252 343)all
EERC 75-12 "Earthguake Engineering Research Center Library Printed Catalog," - 1975 (PB 243 711)A26

EERC 73-13 "“Three Dimensional Analysis of Building Systems {Extended Version),” by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 989)a07

EERC 75~14 "Determination of Soil Liquefaction Characteristics bv large-Scale Laboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed = 1975 (NUREG 0027) 208

EERC 75-15 "A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry," by R.L. Mayes and R.W.
- Clough -~ 1975 (PB 246 292)Al0

EERC 75~16 ‘“Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Berterc and
E.P. Popov - 1975 (PB 246 388)}A05

EERC 75-17 "Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Locazl Site Conditions
for Moderately Strong Rarthquakes," by H.B. Seed, R, Murarka, J. Lysmer and I.M. Idriss - 1975 (PB 248 172)R023

EERC 75-18 "“The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
C.X, Chan and H.B. Seed - 1975 (Summarized in EERC 75-28)

EERC - &4



EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC

EERC

EERC
EERC
EERC
EERC
EERC
EERC
EERC

EERC

EERC
EERC
EERC

EERC

75-19

75-20

75=21

75-22

75-23

75-24

75=23

75-26

75=27

75-28

75=29

75-30

75-31

75-32

75-33

75-34

75-35

75-36

75-37

75-38

75-39

75-40

75-41

76~1

76-2

76~3
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"The Seismic¢ Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 842)All

"Dynamic Properties of an Eleven Story Masonry Building," by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukovski ~ 1975 (PB 246 345)A04

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

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations,” by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)AQ7

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

"Influence of Seismic History on the Liquefaction Characteristics of Sands,” by H.B. Seed, K. Mori and
C.KX. Chan - 1975 (Sumarized in EERC 75=-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction," by H.B. Seed, P.P, Martin
and J. Lysmer - 1375 (PB 252 648)A03

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

"Evaluation of Soil Liquefaction Potential during Earthquakes," by H.B. Seed, I. Arango and C.K. Chan -1975
(NUREG 0026)Al13

“Representation of Irreqular Stress Time Histories by Equivalent Uniform Stress Series in Liguefaction
Analyses," by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee -~ 1975 {PB 252 635)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure iInteraction Problems," by
J. Lysmer, T. Udaka, C.-F'. Tsai and H.B., Seed - 1975 (P8 259 332}A07

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

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

"Predicting the Parformance of Structures in Regions of High Seismicity,” by J. Penzien - 13875 (PB 248 130)A03

"Efficient Finite Element Analysis of Seismic Structure =-Soil -Direction,” by J. Lysmer, H.BE. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PB 253 570)Aa03

"The Dynamic Behavior of a Firgt Story Girder of a Three-Story Steel Prame Subjected o Earthquake Loading;"
by R.W. Clough and L.~Y, Li~1975 (PB 248 841)A05

"Earthquake Simulator Study of a Steel Frame Structure volume II -Analytical Results," by D.T. Tang - 1973
(PB 252 926)A10

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

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

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Earth-
quake Loading," by N.D. Walker and K.S. Pister = 1975 (PR 257 7Bl)A06

"An Alternative Representation of the Elastic~viscoelastic analegy," by G. Dasgupta and J.L. Sackman - 1975
{PB 252 173)A03

"Effect of Multi-Directional.Shaking on Liguefaction of Sands,"” by H.B. Seed, R. Pvke and G,R. Martin - 1975
(PB 258 781)a03

"Strength and Ductility Evaluation of Existing lLow-Rise Reinforced Concrete Buildings - Screening Method,” by
T. Okada and B. Bresler - 1976 (PB 257 906)All

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Bgams,” by S5.-¥.M. Ma, E.P. Popov and V.V. Bertero -~ 1976 (PB 260 843)Al2

“Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976 (FB 273 2791407 .

“Barthquake Induced Deformations of EBarth Dams,” by W, Serff, H.B. Seed, F.I. Makdisi & C.=-Y. Chang = 1976.
(PB 292 065)A08
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76-10

76-11

76-12
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T6-14

76-15

76=16

76-17

76-18

76-19

76=-20

76-21

76-22

76=23

76~24

76=2%

76-26

76=27

76-28

76-29

76=-30

76-31

76-32

"aAnalysis and Design of Tube-Type Tall Building Structures," by H. de Clercq and G.H. Powell - 1976 (PB 252 220)
alo

"Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake," by T. Xubo
and J. Penzien (PB 260 S558)All

"Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L., Mayes, Y. Omote, 5.W. Chen
and R.W. Clough - 1976 (PB 270 098)A0S

"Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results,” by R.L. Mayes, Y. Omote, R.W.
Clough = 1976 {(PB 264 424)A08

A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.¥X. Chopra - 1876 (PB 257 783)A08

"Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems,” by H.B. Seed and
J.R. Booker - 1976 (PB 288 820)A04

"Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames." by
G.H. Powell and D.G. Row - 1976 (PB 271 40%}A06

“Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and
E. Polak - 1976 (PB 262 859)A0N4

"Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.1. Kan and A.X. Chopra -
1976 (PB 257 207)A09

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

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

"Cyclic Shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results,® by R.L., Mayes, Y. Omote
and R.W. Clough =- 1976

"Structural Steel Bracing Systems: Behavior Under Cyslic Loading," by E.P. Popov, K. Takanashi and
C.W. Roeder - 1276 (PB 260 715)a05

"Experimental Model Studies oan Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden — 197¢ (FB 269 548)A08

"Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure,” by
FP. Baron and R.E. Hamatj - 19756 (PB 282 28l)ale

"Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments,” by V.C. Matzen and H.D. McNiven = 1976 (PB 258 453)AC7

"Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
(PB 260 378)Aa04

"Response of the Olive View Hospital Main Building during the San Fernande Earthguake,” by S. A. Mahin,
V.v, Bertero, A.K. Chopra and R, Collins =~ 1976 (PB 271 425)Aal4d

"A Study on the Major Factors Influencing the Strength of Masonry Prisms,” by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and 5.W. Chen - 1978 {Not published)

"GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyeclic or Earthquake Loading,” by J.R. Booker, M.S. Rahman and H.B, Seed - 1976 (PB 263 947)A04

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

"Correlative Investigations on Theoretical and Experimental pynamic Behavior of a Model Bridge
structure,” by K. Kawashima and J. Penzien - 1976 (PB 263 388)All

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

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

“Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Bertero - 1976 (PB 272 247)al3

“The Effects of Seismic Disturbances on the Golden Gate Bridge,” by F. Barog M. Arikan R i -
1975 (2B 272 219)806 + Y s and R.E. Hamati

"Infilled Frames in Earthquake Resistant Construction," by R.E. Klingner and V.V. Berteroc - 1976
{PB 265 B92)A1l3

EERC - 6



UCB/EERC-77/01
UCB/EERC~77/02
UCB/EERC=77/03

UCB/EERC~77,/04

UCB/EERC~77/05

UCB/EERC-77/06

UCB/EERC=77/07
UCB/EERC-77/08

UCB/EERC-77/09

UCB/EERC-77/10

UCB/EERC=-77/11

UCB/EERC-77/12
UCB/EERC-T77/13

UCB/EERC=77/14

UCB/EERC-77/15
UCB/EERC-77/16
UCB/EERC-T7/17
UCB/EERC-77/18
;UCB/EEAC-77/19
UCB/EERC-77/20
UCB/EERC~77/21
UCB/EERC~77/22
UCB/EERC-77/23
UCB/EERC-77/24
UCB/EERC-77/25
UCB/EERC-77/26
UCB/EERC-77/27
UCB/EERC-77/28
UCB/EERC-77/29

UCB/EERC-77/30

"PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter-
action," by M.P. Romo Organista, J. Lysmer and H.B. Seed - 1977

"Soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 197%," by J.E, Valera, H.B. Seced, C.P, Tsai and J. Lysmer - 1977 (PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Loading," by K. Mori, H.B. Seed and C.K.
Chan - 1977 (PB 267 352)A04

"Seismological Studies of Strong Motion Records," by J. Shoja-Taheri - 1977 (PB 269 655)Al0

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

"Developing Methodologies for Evaluating the Earthquake Safety of Existing Buildings," by No. 1 -
B, Bresler; No. 2 - B. Bresler, T. Okada and D. Zisling; No. 3 - T. Okada and B, Bresler; No. 4 - V.V,
Bertero and B, Breslexr - 1277 (PB 267 354)A03

"A Literature Survey -~ Transverse Strength of Masonry Walls," by Y. Omote, R.L. Maves, S.W. Chen and
R.W, Clough - 1977 (PB 277 933)A07

"DRAIN~TABS: A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildings," by
R, Guendelman-Israel and G.H. Powell - 1977 (PB 270 693)a07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option,” by D.Q. Le, H. Peterson and E.P. Popov = 1977
(PB 270 567)a05

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks," by D.P. Clough
{PR 272 280)Al13

"Earthquake Engineering Research at Berkeley - 1976," = 1977 (PB 273 507)a09

"aAutomated Design of Earthquake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. -~ 1977
{PB 276 526)A02

"Concrete Confined by Rectangular Hoops Subjected to Axial Iloads,” by J, Vallenas, V.V, Bertero and
E.P, Popov - 1877 (PB 275 1A5}A06

"Seismic¢ Strain Induced in the Ground During Earthquakes," by Y. Sugimura - 1977 (PB 284 201)a04

"Bond Deterioration under Generalized Loading," by V.V. Berters, E.P. Popov and 5. Viwathanatepa - 1977
"Computer Aided Optimum Design of Ductile Reinforced Concrete Moment Resisting Frames,” Dy S.W.
Zagajeski and v.V. Berterc - 1977 (PB 280 137)a07

"Barthquake Simulation Testing of a Stepping Frame with Energy-3bsorbing Devices,” by J.M. Kelly and
D.F. Tsztoo - 1977 (PB 273 506)A04 .

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

“A Simplified Procedure for Estimating Earthquake-Induced Deformations in Dams and Enbankments, by F.L.
Makdisi and H.B. Seed ~ 1977 (PB 276 820)A04

"The Performance of Earth Dams during Earthquakes,” by H.B. Seed, F.I. Makdisi and P. de Alba ~ 1977

(PB 276 821)A04

"Dynamic Plastic Analysis Using Stress Resultant Finite Element Formulation," by P. Lukkunapvasit and
J.M, Kelly - 1977 (PB 275 453)A04

"Preliminary Experimental Study of Seismic Uplift of a Steel Frame," by R.W. Clough and A.A. Buckelbridge
1977 (BB 278 769)A0B

“Earthquake Simulator Tests of a Nine-Story Steel Frame with Columns Allowed to Uplift," by A.A.
Huckelbridge - 1977 (PB 277 944)A09

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

"Seismic Analysis of an Offshore Structure Supported on Pile Foundations," by D.D.-N. Liou and J. Penzien
1977 (pB 283 180)a06 :

"Dynamic Sstiffness Matrices for Homogeneous Viscoelastic Half-Planes," by G. Dasgupta and A.K, Chopra -
1977 (PB 279 654)A06

"A Practical Soft Story Farthquake Isolation System,” by J.M. Kelly, J.M. Eidinger and C.J. Derham =
1977 (PR 276 814)A07

"Seismic Safety of Existing Bulldings and Incentives for Hazard Mitigation in San Francisco: Aan
Exploratory Study," by A.J. Meltsner - 1977 (PB 281 970)A05

"Dynamic Analysis of Electrohydraulic Shaking Tables,” by D. Rea, S. Abedi~Hayati and Y. Takahashi
1977 (PB 282 569)a04 :

"an Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints," by
B. Galunic, V.V. Bertero and E.P. Popov - 1977 (P8 230 870)A06

EERC ~ 7



UCB/EERC-78/01
BCB/EERC-T8/02
UCB/EERC-78/03

UCB/EERC-78/04

UCB/EERC-78/05
{ICB/EERC-78/06
UCB/EERC-78/07
UGCB/EERC-78/08

UCB/EERC=78/09

UCB/EERC-78,10
UCB/EERC-78/11

UCB/EERC-78/12

CUCB/EERC-78/13
UCB/EERC-78/14
GCB/EERC~78/15
UCB/EERC=78/16
UCB/EERC-73/17
UCB'EERC-78/18
UCB/EERC-78/19
UCB/EERC-78/20Q
UCB/EERC-78/21
UCB/EERC~T78/22
UCB/EERC-78/23
UCB/EERC-78/24
UCB/EBERC-78/25
UCBE/EERC-78/26
UCB/EERC=78/27
UCB/EERC-T78/28

UCB/EERC-78,29

"The Development of Energy~Absorbing Devices for Aseismic Base Iscolation Systems,” by J.M. Kelly and
D.F. Tsztoo - 1978 (PB 284 978)A04

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

"Experimental Results of an Barthguake TIsolation System using Natural Rubber Bearings," by J.M.
Eidinger and J.M. Xelly = 1978 (PB 281 686)A04

"Seismic Behavior of Tall Liquid Storage Tanks," by A. Niwa - 1978 (PB 2384 017)Al4

"Hysteretic Behavior of Reinforced Concrete Columns Subjected to High Axial and Cyclic Shear Forces,”
by S.W. Zagajeski, V.V. Bertero and J.G, Bouwkamp - 1978 (PB 233 8S8)Al3

"Inelastic Beam-Column Elements for the ANSR-1 Program," by A. Riahi, D.G. Row and G.H. Powell - 1978

"Studies of Structural Response to Earthquake Ground Motion," by 0.A. Lopez and A.K. Chopra - 1978
{PB 282 720)A0%

"a Laboratory Study of the Fluid-Structure Interacticon of Submerged Tanks and Caissons in Earthquakes,”
by R.C. Byrd - 1978 (PB 284 957)AC8

"Model for Evaluating Damageability of Structures,” by I. Sakamote and B. Bresler - 1978
"Seismic Performance of Nonstructural and Secondary Structural Elements,” by 1. Sakamoto - 1978

"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columms," by S.
and J. Penzien - 1978

Nakata, T. Sproul

"Damageability in Existing Buildings,” by T. Blejwas and B. Bresler - 1978

"Dynamic Behavior of a Pedestal Base Multistory Build&ing,"™ by R.M. Stephen, E.L. Wilson, J.G. Bouwkamp
and M, Button - 1978 (PB 286 650)A08

"Seismic Response of Bridges - Case Studies," by R.A. Imbsen, V. Nutt and J. Penzien - 1378
(PB 286 503)Al0

"A Substructure Technique for Nonlinear Static and Dynamic Analysis." by D.G. Row and G.H. Powell -
1978 (PB 288 077)al0

"Seismic Risk Studies for San Francisce and for the Greater San Francisco Bay Area," by C.S. Oliveira =
1978

"Strength of Timber Roof Connections Subjected to Cw:lic Loads," by P. Gulkan, R.L. Maves and R.W.
Clough - 1978

"Response of K-Braced Steel Frame Models to Lateral Loads," by J.G. Bouwkamp, R.M. Stephen and

E.P. Popov = 1978

"rational Design Methods for Lignt Equipment in Structures Subjected to Ground Motion,” by
J.L. Sackman and J.M. Xelly - 1978 (PB 292 357)A04

"Testing of a2 wWind Restraint for Aseismic Base Isolation," by J.M,
{FB 292 833)A03

Kelly and D.E. Chitey - 1378
"APOLLO - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation in Horizental
sand Layers During Cyclic or Earthquake Loading,”" by P.P. Martin and H.B. Seed - 1978 (PB 292 835)A04

"Optimal Design of an Earthquake Isclation System,"” by M.A. Bhatti, K.S. Pister and E. Polak - 1978
(PR 294 735}A06

"MASH = A Computer Program for the Non-Linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits," by P.P. Martin and H.B, Seed - 1978 (PB 293 101)A0S

"Investigation of the Elastic Characteristics of a Three Story Steel Frame Using System Identification,”
by I. Kaya and H.D. McMiven -~ 1273

"Investigation of the Nonlinear Characteristics of a Three-Story Steel Frame Using System
Identification," by I. Kaya and H.D. McNiven - 1978

"Studies of Strong Ground Moticn in Taiwan," by Y.M. Hsiung, B.A. Bolt and J. Penzien - 1978
“Cyclic Loading Tests of Masonry Single Piers: Volume 1 - Height to Width Ratio of 2," by P.A. Hidalgo,
R.L. Mavyes, H.D., McNiven and R.W. Clough - 1978

"Cyeclic Loading Tests of Masonry Single Piers: Volume 2 - Height to Width Ratio of 1," by S8.-W.J. Chen,’
P.A. Hidalgo, R.L. Mayes, R.W. Clough and H.D. McHiven ~ 1978

"Analytical Procedures in Scil Dynamics," by J. Lysmer - 1978

EERC ~ 8



UCB/EZRC~79/01

UCB/EERC-79/02

UCB/EERC~79/03
UCB/EERC~79/04
[JICB/EERC-79/05

UCB/EERC-79/06

GCB/EERC~79/07

UCB/EERC~79/038

UCB/EERC-~79/09

UCB/EERC-79/10

UCB/EERC-79/11

"Hysteretic Behavior of Lightweight Reinforced Concrete
Beam=-Column Subassemblages,” by B. Forzani, E.P. Popov,
and V.V. Berteroc -~ 1979

"The Develcpment of a Mathematical Model to Predict the
Flexural Response of Reinforced Concrete Beams to Cyclic
loads, Using System Identification,"” by J.F. Stanton and
H.D. McNiven - 1979

"Linear and Nonlinear Earthgquake Response of Simple
Torsionally Coupled Systems," by C.L. Kan and
A.K. Chopra - 1379

"A Mathematical Model of Masonry for Predicting Its
Linear Seismic Response Characteristics,” by Y. Mengi
and H.D, McNiven - 1979

"Mechanical Behavior of Light Weight Concrete Confined
by Different Types of Lateral Reinforcement," by
M.A., Manrique and V.V. Berteroc - 1979

"Static Tilt Tests of a Tall Cylindrical Liqﬁid StorageA
Tank," by R.W. Clough and A. Niwa - 1979

“The Design of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 1 - Summary Report," by

P.N. Spencer, V.F. Zackay, and E.R, Parker - 1979

*The Design of Steel Energy Absorbing Restrainers and
Their Incorporaticon Into Nuclear Power Plants for
Enhanced Safety: Volume 2 - The Development of Analyses
for Reactor System Piping,™ "Simple Systems" Dy |

M.C. Lee, J. Penzien, A.K. Chopra, and K. Suzuki
"Complex Systems"™ by G.H. Powell, E.L. Wilson,R.W. Clough
and D.G. Row — 1979 s

"The Desgign of Steel Energy Absorbing Restrainers and
Their Incorporation Into Nuclear Power Plants for
Enhanced Safety: Volume 3 - Evaluation of Commerical
Steels,"” by W.S. Owen, R,M.N. Pelloux, R.Q. Ritchie,
M. Faral, 7. Ohhashi, J. Toplosky, $.J. Hartman, V.¥.
Zackay, and E.R. Parker - 1972

"The Design of Stesl Energy Absorbing Restrainers and
Their Incorporation Intoc Nuclear Power Plants for
Enhanced Safety: Volume 4 - A Review of Energy-Absorbing
Devices,"” by J.M. Kelly and M.S. sSkinner -~ 1979

"Conservatism In Summation Rules for Closely Spaced
Modes," by J.M. Kelly and J.L. Sackman - 1979

EERC ~ 9



UCB/EERC-79/12

UCB/EERC-79/14

UCB/EERC-T72/13

UCB/EERC-79/16

UCB/EERC-72/17

UC3/EERC-79/18

UCB/EERC-79/20

UCB/EERC-79/21

UCB/EERC-79/22

UCB/EERC-7S/23

UCB/EERC-79/24

UCB/EERC~-79/25

Volume 3:

"Cyclic Loading Tests of Masonry Single Piers Volume
3 - Helght to Width Ratio of 0.5," by P.A. Hidalgo,
R.L. Mayes, H.D. McNiven and R.W., Clough - 1979

"Cyclic Behavior of Dense Coarse-Grain Materials in
Relation t¢ the Seismic Stability of Dams,™ by N.G.
Banerjes, H.B. Seed and C.X. Chan - 1979

"Seigmic Behavior of R/C Interior Beam Column
Subassemblages,” by $. Viwathanatepa, E.P. Popov and
V.V. Bertero - 1979

"Optimal Design of lLocalized Nonlinear Systems with
Dual Perfoxmance Criteria Under Earthguake Zxcitations,”
by M.A. Bhatti - 1979

"OPTDYN - A General Purpose Optimization FProgram for
Problems with or without Dynamic Constraints,"” by
M_.A. Bhatti, E. Polak and K.S. Pister - 1979

"ANSR-II, Analysis of Nonlinear Structural Response,
Users Manual," by D.P. Mondkar and G.H. Powell - 1979

"Soil Structure Interaction in Different Seismic
Environments,™ A. Gomez-Masso, J. Lysmer, J.-C. Chen
and H.B. Seed - 1979 g

"ARMA Mcdels for Earthquake Ground Motions,™ by M.K.
Chang, J.W. hwiatkowski, R.F. Nau, R.M. Glivet and
K.S., Pister - 1979

"Hysteretic Behavier of Reinforced Concrete Structural
Walls,"” by J.M. Valienas, V.V, Bertero and E.P.
Popov - 1879

"Studies on High~Frequency Vibrations of Buildings I:
The Column Effects,” by J. Lubiiner - 1979

"Bond Deterioration of Reinforcing Barxs Embedded in
Confined Concrete Blocks, " by 3. Viwathanatepa, E.P.
Popov and V.V, Bertero - 1979

"Shaking Table Study of Single-Story Masonry Houses,
Volume l: Test Structures 1 and 2," by P. Giilkan,
R.L. Mayes and R.W. Clough - 1979

"shaking Table Study of Single-Story Masonry Houses,
Volume 2: Test Structures 3 and 4," by P. Gilkan,
R.L. Mayes and R.W. Clough - 1979

"Shaking Table Study of Single-Story Masciizy Houses,

Summary, Conclusions and Recommendations,”
by R.W. Clough, P. Gulkan and R.L. Maves

EERC - 10



Q"“ %

UCB/EERC~79/26

UCB/EERC-79/27

UCB/EERC~79/28
UCB/EERC-79/29

UCB/EERC-79/30

UCB/EERC-79/31

UCB/EERC-79/32
UCB/EERC-79/33

UCB/EERC-79/34

UCB/EERC~-80/01

"Recommendations for a U.S.-Japanh Cooperative Research
Program Utilizing Large-Scale Testing Facilities," by
U.S.-Japan Planning Group - 1979

"Barthquake~Induced Liquefaction Near Lake Amatitlan,
Guatemala," by H.B. Seed, I. Arango, C.K. Chan, A.
Gomez~Masso, and R. Grant de Ascoli - 1979

"Infill Panels: Their Influence on Seismic Response of
Buildings," by J.W. Axley and V.V. Bertero - 1979

"3D Truss Bar Element (Type 1) for the ANSR~II Progyam,"
by D.P. Mondkar and G.H. Powell - 1979

"2D Beam-Column Element (Type 5 - Parallel Element
Theory) for the ANSR-II Program,"” by D.G. Row, G.H.
Powell, and D.P., Mondkar

"3D Beam-Column Element (Type 2 - Parallel Element
Theory) for the ANSR-II Program,” by A. Riahi, G.H.
Powell, and D.P. Mondkar -~ 1979

"On Response of Structures to Stationary Excitation,”
by A. Der Kiureghian - 1979

"Undisturbed Sampling and Cyclic Load Testing of Sands,
by 8. Singh, H.B. Seed, and C.K. Chan - 1979

"Interaction Effects of Simultanecus Torsional and
Compressional Cyclic Loading of Sand," by P.M. Griffin
and W.N. Houston - 1979

"Earthquake Response of Concrete Gravity Dams Including

Hydrodynamic and Foundation Interaction Effects,” by
A.K. Chopra, P. Charkabarti, and S. Gupta - 1980

EERC - 11






