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Treatment of interaction effects in the seismic response of gravity dams
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ABSTRACT: In the seismic response analysis of gravity dam-reservoir-foundation systems, the wave ab-
sorption along the reservoir bottom can be accounted for by using either an approximate 1D wave propa-
gation model or a rigorous analysis of interaction between the flexible soil along the base and the water.
The rigorous approach requires enormous computational effort because of (a) cross coupling between the
foundation of the dam and the soil below the reservoir, and (b) frequency dependence of the boundary con-
dition along the fluid-foundation interface. The analysis can be simplified by neglecting the cross coupling
and by using the approximate 1D wave propagation model. The effects of each of these two simplifications
on the accuracy and computational efficiency of the procedure used for the response analysis of a dam
subjected to random ground motion are examined in the present paper.

1. INTRODUCTION

The seismic response of gravity dams is strongly
influenced by the interaction with the reservoir wa-
ter and the underlying foundation. The reservoir
induced hydrodynamic forces are in turn affected
by radiation of waves towards infinity, wave ab-
sorption at the reservoir bed, and the cross cou-
pling between the foundation below the dam and
the reservoir bottom.

An analysis procedure that would take into ac-
count all of the foregoing interactions is generally
quite complex and computationally demanding.The
first level of simplification is achieved by neglecting
the cross-coupling between the dam foundation and
the reservoir bottom. Further simplification results
when the wave absorption at the reservoir bottom
is represented by an approximate 1D wave propa-
gation model proposed by Hall and Chopra (1980).

The primary objective of the present work is to
carry out a systematic study of the level of inac-
curacies introduced by the various simplifications.
It should be noted that the effectiveness of the
method is best judged by determining how well it
can predict the response to a random ground mo-
tion. Significant differences in complex frequency
responses need not necessarily result in large dif-
ferences in response to real earthquakes. The ca-
pability of the simplified 1D model to predict the
seismic response of a dam-foundation-reservoir is
investigated by comparing the results of simplified
analysis with those obtained by rigorous approach.
Analytical results used in the study are those for

the response of pine flat dam to the horizontal and
vertical components of Taft ground motion.

2. METHOD OF ANALYSIS

The present work uses a boundary element method
(BEM) for the seismic analysis of the dam - reser-
voir - foundation system. The dam is modeled by fi-
nite elements. The infinite reservoir is divided into
two regions: a near field of finite extent and arbi-
trary geometry adjacent to the dam, and an infinite
far field of uniform cross-section. The finite region
of the reservoir is modeled by BEM. To improve the
computational efficiency, a frequency independent
fundamental solution is used (Tsai, 1987), so that
the boundary element matrices do not vary with
the excitation frequency. This, however, requires
that a certain number of interior nodes be defined
in addition to the boundary nodes. The infinite
radiation of the reservoir far field is accounted for
by modeling the interface between the near field
and the far field by 1D finite elements. The near
and far fields are coupled by ensuring compatibil-
ity of pressures and pressure gradients along the
common boundary. The efficiency of the procedure
is further improved by assuming that the reservoir
bottom of the far field is rigid. This assumption
can be justified provided the reservoir near field is
of sufficient length. It is seen that, a near field
length of about 2.5 times the reservoir depth com-
bined with a far field having rigid bottom gives a re-
sponse which is nearly equal to that obtained with



an infinite absorptive bottom. The approximation
of rigid far field leads to a real and frequency in-
dependent eigenvalue problem associated with the
reservoir far field.

The base soil, treated as a homogeneous, isotropic
and viscoelastic half plane, is modeled by boundary
elements (Abdalla 1984, Chandrashaker and Hu-
mar 1991) located along the dam-foundation in-
terface and a short length of soil surface on ei-
ther side of the dam. For a rigorous analysis, the
fluid-soil interface at the reservoir near field also
needs to be discretized. Compatibility and equilib-
rium are then enforced along these interfaces. It
should be noted that, in a rigorous approach, the
same soil half plane extends under the reservoir,
as shown in Fig. 1, and the cross-coupling between
the dam foundation and the reservoir bottom must
be accounted for. A 2D plane stress idealization
is adopted for both dam and the foundation analy-
sis. In modeling the fluid-foundation interaction, it
is assumed that only the flexible foundation below
the reservoir is responsible for the wave absorption,
and the effect of the sediment that could have de-
posited along the reservoir bed is ignored. Studies
by other researchers have shown that this assump-
tion is valid, especially if the foundation below the
reservoir is flexible (Medina et al., 1990).

3. ANALYTICAL FORMULATIONS

The equation of mation of the coupled damr-reservair
foundation system in frequency domain is given by

{-®M + (1 + ma)K} U'(@) = -E' + R'(Q) (1)

where M, K represent respectively the mass and
the stiffness matrices of the dam substructure in-
¢luding the dam-foundation interface nodes, Q is
the excitation frequency, 7g is the h?rsteretic damp-
ing factor of the dam material, U’ the nodal dis-
blacement vector relative to the free field, | = z,y
the direction of excitation, {EX}T = {m; 0 m2 0 ..
w.my 0}, {E¥}T = {0m1 0 my ..... 0 my}, and
™; is the lumped mass associated with the ¢th finite
clement node. Vector R! is the nodal load vector,
having non-zero quantities corresponding to the up-
Stream face and the base degrees of freedom (DOF)
of the dam, which in turn comprises two vectors:
R! denoting the hydrodynamic forces along the up-
Stream face of the dam, and R} the forces along the
dam-soil interface nodes.

3.1 Analysis using simplified approach

Analysis by simplified approach includes the dam-
reservoir interaction, dam-foundation, and fluid-
foundation interaction, but the cross coupling ef-
fect between the foundation below the dam and
the reservoir bottom is ignored. Also, the fluid-
foundation interaction effect is accounted for by

using the 1D approximate model for wave propaga-
tion 11)1 the foundation proposed by Hall and Chopra
(1980).

For the analysis by simplified approach, the dam-
foundation interface forces are given by

R} (Q) = —Sp (Q) u} (Q) (2

wlhere Sys is complex valued soil impedance matrix,
u; is the displacement vector corresponding to the
DOF of the dam - foundation interface nodes.

The size of the problem represented by Eq. 1 can
be reduced by using the Rayleigh Ritz method, in
which the first N undamped mode shapes ® of the
dam-foundation system are used as Ritz vectors.
The transformed equation becomes

{-2°14 (1 + ma)A + 2Tsep () 2} 2/ ()

3
=-3TE' + TR} () ©)

where

0 0
Sos (2) = [ 0 Su(Q) — (1 + 14)Sh(Q) ]

Ais tll'le diagonal matrix of the squared frequencies
w}, Zj(Q) is the jth modal coordinate, w; and ¢
are the natural frequencies and mode shapes, and
S5:(€0) is the real part of the soil impedance matrix
corresponding to a small frequency vafue §2.

3.1.1 Eygluation of hydrodynamic forces

‘The 2D wave equation governing the reservoir fluid
vibration is given by

Vip+k2p =0 4)

where p is the hydrodynamic pressure, £ = Q/c
the wave number, and c the wave velocity in water.
By using the weighted residual technique, with the
weighting function p! chosen to be equal to the
static salution for a unit source at point , Eq. 4 can
be transformed into an integral equation involving
integrals on the boundary and the domain integral
k? [V?pptdA. This domain integral can also be
transformed to boundary integrals by assuming the
following particular solution for p

M
ZCR Q) = Z am(Q) fm(z,y) ®)

m=1

in which q,,(f) is an unknown coefficient, and f,, =
Vz'/»‘m(l', y) is a suitably chosen harmonic function.
By discretizing the near field boundary into a se-
ries of segments termed boundary elements, with
the pressure and pressure gradients as well as ¥
and its derivative n = 8¢ /0n assumed to vary in a
prescribed manner over each element, the bound-
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ary integral equations, can be represented in a dis-
cretized form as

Hp - Gq = k¥’ (—H¢ + Gn) {a} (6)

where H and G are matrices of the boundary inte-
grals involving ¢} = Op}/0n and p! respectively, p
is the vector of pressures, q the vector of pressure
gradients, and n the unit normal.

In the present formulation, p} is given by

pi = —(1/27)In (rij/r};) (7)
and function f is chosen as
fm(25:95) = Tmj = Tmj (8)

where r and r' are the distances to the field point j
respectively from the source point and the mirror
image of the source point. The solution p} auto-
matically satisfies the zero pressure condition on
the free surface of the reservoir.

The vector {a} can be expressed in terms of p
and a matrix F containing the values of f, at the
field points. Substitution in Eq. 6 gives

(H - kZM) p=Ggq 9

where M = (Gn — Hyp) F~1, is the hydrodynamic
mass matrix.

We now define p!(Q) as the vector of pressures
obtained by solving Eq. 9 with boundary conditions
corresponding to the excitation of a rigid dam by a
unit harmonic ground acceleration along the Ith di-
rection. The respective boundary conditions along
the dam face and reservoir bottom are

ql = —pw a} (10a)
(105)

We next define pf () as the pressure vector ob-
tained by solving Eq. 9, with boundary conditions
corresponding to the motion of the dam-foundation
system vibrating in its jth mode and no motion of
the reservoir bed. The related boundary conditions
along the upstream face of the dam and the reser-
voir bottom are

95 = —pw bl — QP2

(11a)

q = —fdyp2 (11d)

In Egs. 10 and 11, p,, is the mass density of water,
al the acceleration vector of the dam face along
the normal due to an unit excitation in direction
l bL is the similar accelsration vector correspond-
ing to the reservoir bottom, v the wave absorption
parameter = py/prcr, pr and ¢, the mass density
and the compression wave velocity of the reservoir
bottom, and b, the free field acceleration vector of

a1 = —pw {¥jz a5 +¥jy af }

reservoir bottom along the normal. Suffixes 1 and 2
represent respectively the quantities corresponding
to the upstream face of the dam and the reservoir
bottom. In addition, ¥;: and ¥;, are the jth mode
components along the horizontal and vertical DOF
of upstream dam face nodes of the dam-foundation
system. It should be noted that in Egs. 10b and
11b, the wave absorption along the reservoir bed
is accounted for by the simplified 1D model with
7 as the controlling parameter. It is perhaps more
meaningful to represent the wave absorption along
the reservoir bottom through a wave reflection pa-
rameter & given by & = (1 — v¢)/(1 + ve); a value
of @ = 1.0 represents a nonabsorptive reservoir bot-
tom.

The solution of Eq. 9 for either p}(f2) or ij Q)
requires the definition of the boundary conditions
along the interface between the near and the far
fields of reservoir. These boundary conditions are
as described in the following paragraphs.

Vectors p and q along the interface between the
reservoir near field and the far field, also referred to
as transmitting boundary of the reservoir are given
by (Hall and Chopra 1980)

p=%v+p, ®K?8Td {12a)

g=—-2Kv (125)
where ¢; and A; are respectively the ith eigenvec-
tors and eigenvalues of the far field; @ the matrix
of eigenvectors; v is a vector of modal coordinates,
K a diagonal matrix with elements x;,%9,--,xr;
L the number of finite element nodes on the in-
terface boundary; x; = VA, — k2, and d a vec-
tor with only one non-zero entry equal to an in-
put acceleration ay corresponding to the base node.
The far field eigenvalue problem is complex valued
and frequency dependent for an absorptive far field
reservoir bottom, but real valued and frequency in-
dependent otherwise. Hence confining the bottom
absorption only to the near field will increase the
efficiency of the procedure.

The hydrodynamic force vector Ri in Eq. 3 can
now be expressed as

N
R, =R, -0*) ZIR] (13)

J=1

where R} R‘{ are the nodal forces along dam'’s up-
stream face equivalent to the hydrodynamic pres-
sures ph(Q) and pf () respectively. It is evident
from Eq. 13 that the terms representing cross - cou-
pling between the foundation below the dam and
the reservoir bottom are excluded in the formula-
tion by simplified approach.

4659



3.2 Analysis by rigorous approach

The model based on rigorous approach eliminates
some of the key assumptions made in the simplified
approach. The major difference between the two
models lies in the inclusion of the cross coupling
between the foundation below the dam and the
reservoir bottom, and in the treatment of the fluid-
foundation interaction. As stated earlier, the sim-
plified approach ignores the cross coupling between
the foundation below the dam and the reservoir,
while accounting for the wave absorption along the
flexible reservoir bed through an approximate 1D
wave propagation model. On the other hand, the
model based on a more rigorous approach considers
the cross coupling effect. In addition, it accounts
for the fluid-foundation interaction effect by mod-
eling the foundation soil below the reservoir, as a
halfplane using a boundary element discretization
of the fluid-foundation interface.

For the analysis by rigorous approach, the force
displacement relation for the soil substructure can
be expressed using the complex valued, frequency
dependent soil impedance matrix S as:

%o (3)-1a) :
[ i Sir) Uy Q; (19
where suffix b denotes DOF along the foundation
below the dam, and suffix f indicates those cor-
responding to the reservoir bottom. Vector r rep-
resents the displacement of the soil, R{, the inter-
action forces in the soil along the dam-foundation
interface nodes, and Qy the interaction forces along
the fluid-foundation interface.

After simplification and application of the equi-
librium and compatibility conditions along the dam-
foundation interface, the expression for the forces
along that interface reduces to

R} = —-S;;S7}Q} - Syu} (15)

in which Sy = (Sw — S34S7;ST})

Using Eq. 15 and transforming to the Ritz coor-
dinates, Eq. 1 reduces to the form
{-071+ (1 + ma)A + @T8; (@) @} 2! (Q)
RL(Q) ] (16)

=-2'E'+ a7 [ Su(Q)S7HOIQ(R)

where

" _ (0 _ 0
So/(Q)"[o sbb(n)—(1+m)5k(ﬂa)]

3.2.1 Evaluation of hydrodynamic forces

The hydrodynamic pressure along the reservoir bot-
tom can be related to corresponding forces in soil

along the fluid-foundation interface by conditiong
of equilibrium giving

Qr=-Ap2 (17

where A denotes the area matrix relating the forces
and pressures at the fluid-foundation interface.

The hydrodynamic force vector R} can be ex-
pressed as

N
R, =R, -0?Y 7! (R/ + RY) (18)

j=1

where R}, R{ , and R_l;- are the nodal forces along
dam’s upstream face, statically equivalent to the
hydrodynamic pressures p(Q) , pJ[ (22) and pg(Q)
respectively.

The procedure for the evaluation of the hydrody-
namic pressures is similar to that described in Sec-
tion 3.1.1, except for a modification in the bound-
ary conditions as given below. The boundary con-
ditions along the upstream face of the dam, and
the reservoir bottom for the evaluation of p are

1 _ 1
q = —pw a,

@b = pu {~bl + Q*S7H(Q)Ap2()}
The corresponding boundary conditions in the
evaluation of pJf- are given by

(19a)

(195)

q1 = —py {d’jz aj +¢'jy ai’, } (204)

@ = puw Q’S7HQ)APA(RQ) (208)

Pressure vector pg’- is the solution of the governing
equation with boundary conditions corresponding
to that of vibration of the fluid-foundation interface
in the jth mode x;, with no motion of the dam, i.e.

q =0 (21a)

@ = pu {Q2S7}AP2 — (xjebs + X388} (21D)
where x;; and x;, are the mode shape components
corresponding to the horizontal and vertical DOF
of reservoir bottom vibrating in the jth mode, de-
fined by

Xi(Q) = S7HQ)SF ()¢ (22)

In Eq. 22 ¢";- is the jth mode shape correspond-
ing to the DOF of nodes along the dam-foundation
interface. Some researchers have used the static
stiffness matrix of foundation to obtain the mode
shape components for reservoir bottom, namely,
xj(0) = S;}(O)S,,Tf(O)(ﬁg, The correct formulation
is to use x;(2) which inturn is related to frequency
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dependent impedance matrices as in Eq. 22.

It should be noted that when the terms repre-
senting cross-coupling between the foundation be-
low the dam and the reservoir bottom are ignored
the expression for hydrodynamic force vector R}, is
given by Eq. 13 rather than Eq. 18, which is equiva-
lent to neglecting the contributions from the pﬁ(ﬂ}
pressure vector.

4. ANALYSIS OF PINE FLAT DAM

The non-overflow section of Pine Flat Dam, Cali-
fornia is analyzed for its response to the Taft ground
motion. The cross section dimensions and the finite
element mesh for the analysis of this dam are iden-
tical to those given in Fenves and Chopra (1984).
For the dam material, the Young’s modulus of elas-
ticity Eg =22500 Mpa, unit weight=2483 kg/m®,
Poisson’s ratio=0.2. The hysteretic damping fac-
tor for the dam 7y and for the foundation soil 7,
were both taken equal to 0.1. The properties of
the foundation material are Ey =22500 Mpa, unit

weight=2643 kg/m®, and Poisson’s ratio=1 /3. The
full reservoir has a constant depth of H=115.5 m.
The pressure wave velocity is 1440 m/sec, and the
unit weight of water is 1000 kg/m®. The length of
the reservoir near fieldis Ly = 2.5 x H. For the 1D
simplified wave absorption model and the selected
properties of the foundation soil, the value of wave
reflection coefficient & works out to be 0.6853.

The S69E and vertical components of Taft earth-
quake ground motion of 1952 are treated as the
free-field input. Response analysis is performed by
considering the first ten mode shapes of the asso-
ciated dam-foundation system. For the frequency
domain analysis, 2048 time steps of 0.02 s are used.
The first 20 s of the excitation is taken as equal to
the ground acceleration values for the Taft motion,
the remaining period is made up of a grace band
of zeros to avoid the aliasing errors inherent in dis-
crete Fourier transforms.

To demonstrate the effect of cross-coupling be-
tween the foundation below the dam and the reser-
voir bottom, time history analyses are carried out
by the rigorous approach once including the p;’-(ﬂ)
pressure terms, and next excluding this pressure
term, and the corresponding results are plotted in
Fig. 2. It is quite clear from this plot that the cross-
coupling effect causes small differences in peak val-
ues, but these differences are not very significant,
for either components of ground motion.

The second set of analysis compares the perfor-
mance of the two models based on the simplified
and rigorous approach, under both transverse and
vertical components of ground motion. Figure 2
presents the first 15 s of time history of the hori-
zontal crest displacement. The results reveal that
the rigorous and approximate 1D model yield re-
sponses that are in close comparison to each other.
The small differences in some peak values can be
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attributed to the fact that the cross coupling is ne-
glected in the simplified approach. The 1D model is
therefore satisfactory in the evaluation of response
due to both components of ground motion.

5. CONCLUSIONS

The following conclusicns ean be drawn from the
present study:

{1) The results obtained by using rigorous model
to represent the fluid-foundation effect are not much
different from those obtained by the simplified ap-
proach deseribed in this paper. On the other hand
the rigorous model involves much greater compu-
tational effort.

(2) The effect of cross-coupling between the foun-
dation of the dam and the foundation soil below
the reservoir is not very significant in the response
to either component of ground motion, and hence
could be conveniently ignored thereby improving
fihe computational efficiency of the analysis proce-

ure.

Taken together the above conclusions imply that
in the analysis of the seismic response of a dam
located on a flexible foundation and impounding a
reservoir, the simplified approach presented in this
paper is found to be fairly accurate.
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Figure 2. Displacement history of pine flat dam-reservoir-foundation system
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