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\ 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-
quake 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, 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 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 earth-
guake 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. r<w

The response of idealized dam cross-seétions to harmonic horizontal or
vertical ground motion is presented for a range of important system para-
meters characterizing the properties 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 frequencies of the fluid domain. Because of hydrodynamic effects,
the response curves are complicated in the neighborhood 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
qualitatively 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 frequency 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

- i -




the change in the earthquake response spectrum ordinate associated with
. changes in frequency and apparent damping due to these interaction effects.
g As such, these effects would depend on the resonant frequencies of the dam
and the shape of the earthquake response spectrum in a neighborhood 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 vertical 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.
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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 dJdam-water interaction and
of dam-foundation interaction, and (b) to examine the significance of these

interaction effects in earthqguake response of dams.

1.2 Review of Past Work

During the past 25 years, the finite element method has become the
standard procedure for anelysis of all types of civil 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 applicationé concerned special problems
associated with such structures [3,4]. The earliest dynamic finite element
analyses of civil engineering structures involved the earthquake response
analysis of earth dams (5]. Using the finite element method and exclud-
ing hydrodynamic effects, a number of guestions were studied concerning
the response of concrete gravity Cams to earthquakes. These questions
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 [8,12].

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 require 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 to 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 modes 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 response 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 is 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 quite
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 arbitrary geometry
and material properties. The foundation rock or soil region may be idealized
as either 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 equations 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

-3-
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linear combination of the first few vibration modes of an associated dam-

foundation system, thus ieading to a very efficient solution.

The preceding review discussed the dam-water system and dam-foundation
system separatelv. 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 obtained 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 simultaneously, 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 simultaneocusly include both types of interaction.

1.3 Scope of this Report

Chapter 2 describes how the dam-water-foundation system and earthquake
ground motion are idealized in this study. Also 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 swmmary is 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 ground 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

PRI

foundation, hydrodynamic effects included; (3) flexible foundation, hydro-
dynamic 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- { F

quake response of dams.

Chapter 10 briefly summarizes the significant conclusiohs which may be

drawn from this investigation of dam-water and dam-foundation interaction

effects in earthquake 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 ard compute ~am. His efforts
were then diverted to developing dynamic iatiffness mat: the foundation
required in obtaining the numerical results for this 1 .. At this junc-

ture, in 1976, Sunil Gupta, a graduate research assistant. ba.ame 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-
quired 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.
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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 earthquake,
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 vary along the length of the dam. Thus 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. A plane stress model which applies to a thin

sheet-like body seems 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 reasonable 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. For the purpose of
including structure-foundation interaction effects, the foundation surface
is assumed to be horizontal; thus the base of 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 1Introductory Note

The standard finite element method for analysis of gravity dams on rigid
foundations with no water stored in the reservoir 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 earthquake ground motion which
does not vary across the base of the monolith. The equations of motion for

» such a dam monolith idealized as a planar, two-dimensional finite element

system are:

of + cf + kr = -m” a:(t) - mY a;(t) (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 nodal point displacements,

relative to the free-field displacement:

where r: and rz are the x- and y~ components of displacement of nodal point
n and the number of nodal points above the base is N; r and ¥ are, respec-
tively, the nodal point velocity and acceleration vectors.

T

{1} =<1 01 0......10......1 0>
T

(1Y) = <001 0 1. ....01.¢....0 1>

a;(t) and ag(t) are the x (horizontal) and y (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

P R
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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 ratios in the natural modes
of vibration. 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 convenient 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 Eq. 2.1 provides the governing equation in the

frequency domain

X AX

(-w’m + fwc + k12w = -ml At - mY ag«.» (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* S -n’ ¥w (3.3)

where N is the constant hysteretic damping factor.

Damping ratios as obtained from forced vibration tests on dams are

- 12 -
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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 Earthquake Response Analysis

3.3.1 Time Domain Analysis

The earthquake response of a dam is obtained by solving the equations
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 lower few natural frequencies and mode shapes of vibration of the

dam by solving the eigenvalue problem:

k¢= wz m ¢ (3.4)

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

2N
r(t) = z Qn Yn(t) (3.5)
n=1

provided the damping matrix ¢ satisfies certain restrictions [6). In Eq.
3.5, Y _(t) is the generalized coordinate and ¢ the mode shape for the nth
natural mode of vibration. The uncoupled equation for the nth mode of vi-
bration is

.o [ ] - - x x - y Y .
ann + cnyn + xnyn Ln ag(t) Ln ag(t) (3.6)

where

T 2
M =¢ m,C =& (Mw), K =w M, w and En are the natural
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circular frequency and damping ratio for the nth mode, Lﬁ = Q: g;x, and

Y T .Y

L =3, ol

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 Eq. 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 gp(t) for that element by

=T .
gp(t) =T £, () (3.7)

where the stress transformation matrix Zp 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 above transformation to each finite

element.

The initial stresses, before the earthquake, should be added to the
stresses due to earthquake excitation, determined by the pfocedures 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-
mulaf.ed :

1-( g = 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 Eq. 3.7 to each finite element.

Analytical predictions, based on the procedure summarized above, for the
perfomance of Koyna Dam correlated well with the damage experienced by the
dam during the Koyna earthquake of December 11, 1976 [2].
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4 3.3.2 Frequency Domain Analysis

An alternative approach to solving the modal equations of motion (Eq.
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 quantity z(t) has the property that, when the

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

Z(N)eiwt.

th

The response in the n~ mode of vibration due to the horizontal ground

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

Yi. The response to excitation ag(t) = eJ'mt can then be expressed as

Yﬁ - §Z olWt  where £=xory.

Substitution in Eq. 3.6 leads to
2 . <2, 2
(-w Mo+ diec 4+ Kn) Y (w) = Ln, L=x,y (3.9)
ﬁ . from which
", -1y
Y (W) = ) £ = x,y (3.10)
. -0 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 -£ 2 ]
[-w Mo+ Q+inK] ¥ W = -Ln. L=x,y (3.11) ‘.
: and ]
L ;
=L —Ln
Yn(m) = i L= x,y (3.12) ]

- Mn + (1 + in)l(n

LA e f e AT R £

The response to arbitrary ground motion is the superpostion of

3 ¢ responses to individual harmonic components of the excitation through the
poe Fourier integral:

= 1 =% L iwt
Yﬁ(t) = {n Yn(w) Ag(w) e dw; £ = x,y (3.13)
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in which Aﬁ(m) is the Fourier transform of aﬁ(t):

£ d £ -iwt
A“w) =S a (t)e dt; £ = x,y (3.14)
] 5 9

where 4 is the duration of the ground motion.

th

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

horizontal and vertical components of ground motion is
Y (£) = ¥Y5(e) + ¥V () (3.15)
n n n

Repeating this procedure for all the necessary values of n, the displacement
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 (Eq. 3.7). The initial stresses are added to determine the
total stresses.

Until the development of the Fast Fourier Transform (FFT) algorithm
[31], 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.

- 16 -
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s A 4. ANALYSIS OF GRAVITY DAMS INCLUDING DAM-WATER INTERACTION

4.1 Introductory Note

Summarized in this chapter is thw 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.
* X The equations 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 l: Dam

A gravity dam supported on a rigid foundation and storing water to a
given depth is shown in Fig. 4.1. 1Including hydrodynamic effects, the equa-
tions 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:

1.

mr+cr+k

[Aa

= o X WX oY .Y
9& ag(t) ml ag(t) + Bh(t) (4.1)

This is identical to Eq. 3.1 except for the inclusion of the hydrodynamic
loads §h(t) on the upstream - e of the dam.

Whereas Eq. 4.. 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 vertical 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 B:f(t). The superscript "xf" indicates that only the
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FIG. 4.1 CONCRETE GRAVITY DAM WITH IMPOUNDED WATER. THE HYDRODYNAMIC
PRESSURES ON THE UPSTREAM FACE OF THE DAM ARE pc(y,t)




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 medes of vibration with-

out water can still be used advantageously. Thus,

(4.2)

The vectors Qn' n=1,2...2N are linearly independent and span the vector
space of dimension 2N. Thus, the expansion of Eq. 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 Eq. 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) ir the nth mode is

[ L] - = b4 x - Y y
ann + cnvn + xnvn Ln ag(t) Ln ag (t) + %n(t) (4.3)

This is the same as Eq. 3.6, except for the additional term Rhn(t) =.
T
Q:Bh(t) = {Q:f} B;f(t) in which the vector Q:fconsists of the x-components

of the displacements of the nodal 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
93p ,3p _123%p (4.4)
am? 3y’ c? ae?
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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) Z plo,y,t).

4.3 Response Analysis for Harmonic Horizontal Ground Motion

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

in the horizontal (x) direction leads to

3X °X X o _1¥X X X
MnYn + Cnyn + KnYn Ln ag(t) + Rhn(t) (4.5)
where Lﬁ = Q§ g&x and R;n(t) frnif(t) The vector g;f(t) consists

of forces, associated with hydrodynamlc 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 (Eq. 4.4) and the following boundary conditions:

*Pressure 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, Yﬁ(t) = ?:(m)emt (4.6a)

Generalized Accelerations, Yﬁ(t) = ?:(w)elmt (4.6b)

Horizontal accelerations at the upstream face,

de) = (14 : ¢5F T el (4.6¢)
i=1
in which 1 is a vector with all elements equal to unity.
Hydrodynamic pressures, pz(y,t) = Ez(y,w)eiwt (4.64)

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

by its continuous analog function Qj(y). The total horizontal acceleration

- 20 -
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1
: : of the fluid boundary at x = 0, the upstream face of the dam, may now be 3
represented by the function
1]
H - J - my ;J
6O0,y,0) = {1+ I ¢ (y) Yo }el? (4.7)
jm] J ] 3
J 3
With reference to Fig. 4.1, the boundary conditons for the wave equation
are j
p(x,H,t) = 0 ) ]
QE 0 = J
i 5y K08 =0 (4.8) 1
J - . ; ]
-g{- ©,y,t) = - {;1{1 + I oy Y’j‘(w)}e“‘" | ;
i=1 )
Because the governing equation as well as the boundary conditions are f
linear, the principal of superpostion applies. The complex frequency re- i
L sponse function for pz(y,t) can therefore be expressed as F
3 .
ﬁ 7 -X =X J :x -
. P (y,w) =py (y,w) + 2 ¥ @ pyly,w) (4.9)
j=1
x -X iwt | .
4 where po(y,t) = po(y,w)e is the solution of the wave equation at x = 0 5
28 (Eq. 4.4) for the following boundary conditions: i
4 p(x,H,t) =0 i
; %5— (x,0,£) = 0 (4.10) ; ‘
. i ;
3 t %ﬁ- (0,y,t) = - %e wt
& - iwt 1 1
E i and pj(y,t) = pj(y,w)e is the solution of the wave equation at x = 0 for ‘
- . the following boundary condtions:
2
p . pi(x,H,t) = 0
(x,0,t) =0 q (4.11)

t

B o

w iw
(0,v,t) g ¢j(y)e

/

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

(-l)z

=X
Paly.w) = Z cos Apy
] [ . £
g £=1 (2£-1) X%’. - w?/c2

p (y,w) = = 2w z ———i-——— cos le (4.13)

/—.G,T/cz

H
in which AZ (28-1) T/2H and I, £ f ¢ (y)cos Azy dy. The complex frequency

response function po(y,w) is for the hydtodynamlc 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 p (y w) when the
excitation is the acceleration of the dam in the j th mode of v1bration and

there is no motion of the base of the reservoir.

The integrals I, e are computed as a summation using the elements of the
vector ¢jf instead of the continuous function ¢ (y) which was introduced
only for notational convenience. The nodal force vectors are R (t) =
§g(w)eiwt and gj(t) = Ej(w)eiwt, where R (w) and RJ(w) are the static equiv-
alents of the corresponding pressure functlons po(y.w) and pj(y,w). respec-
tively. They may be computed directly by using the principle of virtual
work with the displacements between nodal points defined by the finite
element interpolation functions. The complex frequency response function

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

W = Rjlw) + 2 i (W) R, (w) (4.14)
B 34 3

The hydrodynamic forces on the dam have thus been expressed in terms of the

unknown generalized coordinate responses gx(w).

3
With the aid of EQ. 4.14 and substituting ¥} (w) = ~w? 7

3
can be written as follows for the excitation a;(t) = eiwtz

{w), Bg. 4.5

2 =X x x€ T(=x 2 J X
[-w Mo+ iwcn + Kg]Yn(w) = -Ln + {Qn } {go(m) -w jzl Yj

(wn_‘zj (w)} (4.15)




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

in matrix form as

1 (3 ~ (- X
[5,, @ s, ... .s ] YW L] (@)
X

-

X
J(w) Y. (w) L2 (w)

X
2

S, (w Szz(m) -

21 2

(4.16)

X
71 1.‘J (w)

SX
S SJz(m) « + .. SJU(w)J \YJ(w)J { J

in which
2 £.T =
s . w =w {17 R
n=1,2 ... 3

nj
2 2. %, T = (4.17)
Spn@ = [0 +duc + K1+ R WS o

j(w) for n # j

X X x£,T
L =-~L +{"}

:Ig: (w)

The coefficient matrix S(w) in Eq. 4.17 is a frequency dependent matrix
which relates the generalized displacement vector gx(w) with the correspon-
ding generalized load wvector gf(w). Unlike classical modal -analysis, the
matrix S(w) is not diagonal because the vectors Qn 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 S(w)is a symmetric matrix.

With one change, Eqs. 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 2 ¢ xET =
S o0 = [-0M + (1+in) k] +w {§7} R (w (4.18)

Solution of Eq. 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

aX 2=X
?n(w) = -y Yn(w)
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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 various modes of vibration (Eq. 4.2):

J
W= I g T (4.20)
n=]
=x 2 3 =
= w” T ¢ Yﬁ(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:
Waeed Y Y LY
MEL ¢ C YT+ R Y= Il al(t) + Rin(t) (4.22)

Yy T y - xf{T xf xf .
where Ln = Qn m 17 and Rin(t) {¢n } Bh (t). The vector gh (t) consiste
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

equation (Eq. 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;

4
*Vertical component of motion of the fluid boundary y = 0, the base

of the reservoir, is prescribed by the vertical cémponent of ground
acceleration; 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 ay(t) = eiwt
pregssed as follows:

can be ex-

Generalized displacements, Yz(t) = §§ (we iwt

(4.23a)
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Generalized accelerations, ?i(t) = §§ (w) e

(4.23b)
Horizontal accelerations at the upstream face,
J
d(t) = Xt (m)} Lot (4.23c)
, y =y iwt
Hydrodynamic pressures, pc(y,t) = pc(y,w)e (4.234)

Replacing the vector ij by its continuous analog function, Q (v}, as before,
the horizontal acceleration of the fluid boundary at x = 0, the upstream
face of the dam, is represented by the function:

J
§(0,y,t) = {z ¢ (y)ify(w)}ei“"‘ (4.24)

Then the boundary conditions for the wave equation are

P(x,ﬂ,t) = 0 9

-gP-(x,o,t) .- ¥t
Y g ! (4.25)

L0,9,t) = - ¥ ¥ { T 6.0 B lelt
* g3 )

Because the governing equations as well as boundary conditions are linear,
the pri