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SYROPSIS

The dam-reservoir seismic interaction problem is solved
for dams with flat upstream faces. The compressibility of
water and the effects of both horizontal and vertical compo-
nents of the ground motion are takem into accoumt. The
influence of the foundation on the seismic response of the
dam is included, so that the problem is treated as triple
interaction one. The solution is based on the use of a com-
bined finite-element-finite difference techmique and on the
FET algorithm. Numerical results and conclusions are also
given,

GLOSSARY OF TERMS

ah(t) horizontal component of the ground motion.

a,(t) vertical component of the ground motion.

fc] damping matrix.

{p} nodal displacement vector of the dam~foundation
system,

{u(t)}  hydrodynamic interaction forces.
iy stiffness matrix.

fad lumped mass matrix.

p(x,¥,t) hydrodynamic pressure.

Ve velocity of sound in water.

Y72 Laplacian operator.

T3 (%) generalized displacement in the i‘® mode.

Qgcp) complex frequency response.

ﬁbﬂ. gth mode shape vector for the dam-oundation
ystem,

T Asst, Lect. of Structural Mechanics, Polytechnic Institute
of Iagi, Iagi, ROMANIA,

II Asst. Lect. of Hydraulic Structures, Polytechnic Institute
of Iagi, Iagi, ROMANIA,

III Assoc. Prof. of Structural Mechanics,Polytechnic Institute
of Tagi, Iagi, ROMANIA,

1301



INTRODUCTION

Previous studies have shown that the use of Westergaard
solution for the hydrodynamic pressures on dams assumed to be
rigid was quite good for design at that time; furthermore,
many design codes in different countries still consider the
hydrodynamic pressures on dams starting from this solution.
In fact, some desiﬁn methods using improvements and new
developements /1,2/ (especially the comsideration of both
horizontal and vertical compoments of ground motion) have
used Westergaard's solution as an useful tool in the aseismic
design of dams quite a long period. However, the deformations
which occur in the dam during the earthquake will modify the
hydrodynamic pressure, consequently the problem has to be

. treated as an interaction ome,

Another important effect is that of the foundatic
deformability. All these impose the calculation of the earth-
quake response of the dam by solving a triple interaction
problem (dam-foundation-reservoir). Chopra /3/ and Chakrabarti
and Chopra /4/ have solved the dam-reservoir interaction
problem for the case of dams with vertical upstream face. The
influence of the vertical groumnd motion on the seismic response
of dams with vertical upstream face was also analyzed /4,5/.
The dam-foundation interaction problem was treated either by
discretizing the foundatiom by the finite element technique or
by considering it as a continuum /6,7/. The case of dam-reser-
volr interactlion for dams with non-vertical upstream face was
generally solved by discretizing the reservoir in fimite
elements /8/.

For dams with inclined upstream faces, the triple inter-
action problem is solved in this paper by considering the
vertical component of the ground motion. The dam and the
foundation are discretized by finite element method, the water
being considered as an elastic, compressible continuum. The
wave equation which governs its motion is solved by the fimite
difference method,

EQUATIONS OF MOTION

According to the substructure analysis used herein, the
dam and the foundation (first substructure) are discretized
in finite elements amd the water (second substructure) is
considered to be an elastic, compressible continuum (Fig.l).

Considering first only the horizontal compoment of the
ground motion, the equations of motion of the dam-foundation
system with hydrodynamic interaction forces included, are:

[ B] + [d B + (&} = -0 {ay(e) + {HC) (1)

fr11..]
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The equations of motion are uncoupled by a transformation
based on the modes of vibratiom of the dam-foundation-system.
This aproximation simplifies the problem, only the first n
modes of vibratiom being taken into accounmt /4/:

{p(e)} = g{d’i} Ty (%) (2)

The standard uncoupling techmigue pro;&des the equation for
the generalized displacement in the 1" mode:

My 75(8) + € (%) + K{ T3(8) = Fi(¢) (1=1,2,...m)
where li, Cyy Kj and Pi are the gemeralized quantities,

The motion of the other substructure (reservoir) is
govermed , when the internal viscosity and surface waves are
neglected, by the wave equation:

2
VZP(IDY:t) = '% a—'ﬂ'?]‘:i“'tz' (4)
v
8

RESPONSE TO HARMONIC EXCITATION

The respomse to a harmonic ground excitation ah(t)-eiwt

is also harmonic:
T (6) = 5() 2% (5)

p(x,7,t) = p¢(x,¥,w) et (6)

Using the equatiom (6), the wave equation becomes:
: 2
77p°% = - Ly p° (M
¥s

This equation is solved by the finite difference method, on
the mesh presented in figure 1, for the followimg boundary
conditions:

a. At the free surface the hydrodynamic pressure vanishes:
P(leQw) =0 (8)

b. At the end of the reservoir, opposite to the dam the
pressure vanishes:

p(x,y,w) = O (9
c. At the reservoir-dam interface the motion of the liguid
equals the motion of the upstream face of the dam. The accele=

ration in the nodal poimts on the upstream face is the suw »f
the acceleration in the rigid structure determined by the«
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ground motion and of the acceleration in thé flexible sriuc-
ture, vibrating in the its modes of vibration, without motion

at the base:
B} = {2} % + [O%){7(t)] (10)

is a matrix of modal crdinates corresponding to the nodes
on the dam-reservoir interface, Explicitly, using Eq.(6),
condition (c) becomes after some transformations:

op° Jp°
cosot +

dx dy

gin« = -P(i’? ‘;_(w) \p‘;(x,y) + 1) (11)

where tpg(x,y) is the continuous form of the vector Bbu .

d. At the reservoir-foundation interface the boundary
condition is similar to condition (c):

dp° .

- - - 9(?’??;(09) Phx,3) + 1) (12)

Solvin eqnation (7) for the boundary conditioms (8), (9},
(11)and (12 the finite difference method, the hydrodymamic’

pressures p Gn in the nodal ointas of the dam-reservoir inter-
face and then the vector H %i gre established. Introducing
now the acceleration and Eq.(5) in Egs.(3), the
complex frequency solu iﬁn vector [?2(w)} is obtained. The
response to a harmonic vertical excitation is computed by a

a similar technique.

RESPONSE TO AN ARBITRARY EXCITATION

If the horizontal and the vertical components of the
ground acceleration are ah(t) and a, (t) the generalized

responges in time domain are obtaimed by the Fourier symnthesis
of the complex frequency responses. Them, for the total gene-

alized response, Eq.( 2§ rovides the nodal point displacements
fD(t) and the stiresses g(t) may be computed.

NUMERICAL RESULTS AND CONCLUSIONS

The rockfill dam presented in the Fig.l was analyzed by
using a computer program developed according to the method
previously discussed. Results are given in the Fig.2 for
H=1000m B = 200.0 m and two vibration modes considered.

The hydrodynamic interaction forces and the dam foundatiom
interaction forces greatly modify the response of the dam; hy-
drodynamic forces, deflections and stresses are greater than
:in the case in which the dam is subjected to a hydrodynamic
. obtained on a rigid dam

1g§g} cqmponent of the ground motion has a great
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influence on the seismic response of the dam in the case inm
which the problem is treated as a triple interaction one.

The compressibility of water camnot be neglected without
an important loss in the accuracy of the response.
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FD = Finite Difference Mesh; FE - Finite Element Mesh
Fig.l Dam-Foundation-Reservoir System
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