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Abstract

In this paper, time-domain transient analysis of elastic dam-reservoir interaction including the reservoir bottom
effects is presented by coupling the finite element method in the infinite fluid domain and in the solid domain. An
efficient coupling procedure is formulated by a substructuring method. Sommerfeld’s boundary condition for the far
end of the infinite domain is implemented. To verify the proposed scheme, numerical examples are given to compare
with available exact solutions for rigid and elastic dam cases. Finally, a numerical example is studied to evaluate the
effects of the reservoir bottom.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A dam-reservoir system subjected to a strong earthquake is likely to behave nonlinearly, even though the concrete
material of the dam remains elastic. Therefore, a transient analysis of the structure interacting with a fluid and subjected
to the earthquake ground motion is necessary for a realistic analysis. Westergaard (1933) initially originated the
estimation of the hydrodynamic pressures on the concrete dams. By assuming the water to be incompressible, Zangar
and Haefei (1952) and Zienkiewicz and Nath (1963) determined the hydrodynamic pressures on the dams
experimentally, establishing an analogy between the electric potential problem and the dam interaction problem.
Chopra (1968) reported that the effect of water compressibility is significant for seismic response. Later, Saini et al.
(1978), Chopra and Chakrabarti (1981), Hall and Chopra (1982), Fenves and Chopra (1985) and Lotfi et al. (1987),
studied this problem in the frequency domain by using the finite element method. Finite element time-domain analyses
were done by Sharan (1987) and Tsai et al. (1990). In time-domain formulations, researchers used a radiation boundary
condition for the far end or for the near end to take into account the radiating waves. A radiation boundary condition
at the far end of a finite reservoir introduces damping in the system and models the loss of energy by the outgoing
waves. Analytical solutions for the far boundary were performed by Chwang and Hausner (1978) and Liu (1986).
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Another method, which was used by Kuo (1982), is the added mass approach. In this method, the linear and
nonlinear responses of the dam-reservoir interaction are approximated by the addition of a number of masses into the
dam equation.

For linear analysis, the frequency-domain formulations are simpler, but for a nonlinear analysis of the structure it is
necessary to develop time-domain formulations. The added mass type of formulation can be used for both the linear
and nonlinear analyses but it is not appropriate for cracked dams under earthquake loads (Ghaemian and Ghobarah,
1998). The finite element method was used to discretize the fluid domain and the far end was modelled by using the
radiation boundary conditions of Sharan (1987) or Sommerfeld (1949). These two radiation boundary conditions are
the simplest; more complicated boundary conditions were developed as in Tsai et al. (1990), Maity and Bhattacharyya
(1999) and Li et al. (1996). The complicated boundary condition for the far end gives better results even when the
radiating boundary is located very near to the dam surface, but its implementation in a finite element code is tedious.
Mostly, the simplest boundary conditions are preferred in the analyses, but due to the approximation made in the
transmitting boundary, it is necessary to use a sufficiently large numbers of elements.

A parametric study on the fluid—structure interaction problem was realized by Maity and Bhattacharyya (2003),
recently. In their study, an iterative scheme in the dynamic analysis and a complicated boundary condition was used.
However, in this study, a direct time integration with a simple radiating boundary condition is considered in the
dynamic analysis of dam—reservoir interaction. Finally, a simple and 1-D model is implemented to take into account the
effects of the sediments for the bottom absorption effects.

2. Analytical formulation

Fig. 1. illustrates the geometry of a dam-reservoir system. In the formulation of the dam-reservoir interaction, a
substructure method is used. The uncoupled structural and fluid responses are presented separately. The coupling is
done via the interfaces that take into account the interaction forces between the dam and reservoir.

2.1. Structural responses

The solid dam is discretized by using finite elements, and the equations of the system subjected to the ground motion
including the effects of reservoir are written as

[M{u} + [Ca} + [KT{u} = —[MT{iy} + {E@)}, M

where [M] is the mass matrix, [C] is the structural damping matrix, [K] is the structural stiffness matrix, {u} is the vector
of nodal displacements relative to the ground, {u}is the vector of ground accelerations, {£(f)}is the vector of nodal
point forces associated with the hydrodynamic pressures produced by the reservoir; the over-dot defines the
differentiation with respect to time.
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Fig. 1. Dam and reservoir.
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The structural damping in the system is included by using a Rayleigh type of damping matrix,

[C] = bi[M] + ba[K], @

where b; and b, are variable factors to obtain a desirable damping in the system.

2.2. Reservoir responses

For a compressible inviscid fluid, the hydrodynamic pressure p resulting from ground motion of the rigid dam (Fig. 1)
satisfies the wave equation,

2, = LOP
o’

(€)

where ¢ is the velocity of the sound in water and V? is the Laplacian operator in two dimensions.
The following boundary conditions are defined by assuming the effects of surface waves and viscosity of the fluid are
neglected.

(1) At the fluid—solid interface (S1):

op
A= ns 4
on~ P4 4)

where a,, is the normal acceleration on the interface and p is mass density of the fluid.
(i) At the bottom of the fluid domain (S2):
o op

n_ —pPdn —6]5, (5)

where ¢ is a damping coefficient which is the fundamental parameter characterizing the effects of the reservoir
bottom materials and it is given in Fenves and Chopra (1984) as

1—Otb
c(1+ap)’

in which oy, is the ratio of the amplitude of the reflected hydrodynamic pressure wave to the amplitude of a
vertically propagating pressure wave incident on the reservoir bottom.

The absorption of the pressure waves at the reservoir bottom is an important factor that may significantly affect the
magnitude of the hydrodynamic force on the dam. Fenves and Chopra (1984) investigated the effects of
sedimentary material deposited on the reservoir bottom. As well as employing an approximate boundary condition
to simulate energy absorption into the sediment, they suggested that the sediment can play a significant role in
modulating the response of the concrete gravity dams. Lotfi and Tassoulas (1986) modelled the sediment as a
linearly viscoelastic, nearly incompressible solid. The analysis was based on the finite element method and used
hyperelements in which all interactions were taken into account. Medina and Dominguez (1989) carried out
calculations using the boundary element method and obtained results similar to those of Lotfi and Tassoulas
(1986). Cheng (1986) investigated the effects of poroelastic sediment on the hydrodynamic force on a rigid dam,
seated on a half-plane viscoelastic foundation. Bougacha and Tassoulas (1991) modelled the sediment material as a
poroelastic continuum. The rigorous poroelastic model for the sediment material requires accurate information on
the layer characteristics, such as material grain size, porosity, degree of saturation and hydraulic conductivity.
These details are not readily available for the existing structures. Besides, from a computational point of view, this
approach requires an enormous amount of computation. Therefore, a simple boundary condition, Eq. (5a), is used
in the work of Yang et al. (1996) and in the current work.

(iii) At the far end (S3): A Sommerfeld-type radiation boundary condition can be implemented, namely

q= (sb)

N .
2t ®
(iv) At the free surface (S4),
p= 0. (7)
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Egs. (3)-(7) can be discretized using finite elements to give a matrix equation of the form

[Gl{p} + [H]{p} = {B}. ®
where
aN;ON; 3N, 3N;
H”_Z/ {6)( ox oy oy dR, ©)

Gy = / NN;dR, (10)

op
;= i = dS. 11
B Z/SBNandS (11)

In Egs. (9)(11), N; defines the shape function, R, and S, denote the region and external boundary of an element,
respectively.
If Eq. (8) is partitioned and appropriate boundary conditions, Eqs. (4)—(7), are substituted in Eq. (11), one can write

G G Giz Gu (b Hy Hy Hiz Hiul(p By
Gy Gn Gy Gul| | P N Hy Hy Hy Hu||p2| | B (12)
Gy Gy Gz Gy || Ds Hy Hyp Hy Hulpos | B[
Gy Gu Gz Gu] | DPs Hy Hyp Hys Hy | | P4 0
in which
B = / NigdS, By = / Nag,dS, By = / Nags dS, (122)
sl 52 53

where subscripts ‘1°, 2°, ‘3> and ‘4’ represent the dam-reservoir interface, the dam—foundation interface, the far

truncating end, and the free surface, respectively. g, is equal to —p(iiy + #i,), in which p is the mass density of the fluid, 4

is the nodal acceleration produced by the flexible dam, and ¢, and ¢; are equal to (—pii;, — gp,) and —p;/c, respectively.
Rewriting Eq. (12), results in the following form:

[GI{p} + [CAlip} + [H]ip} = (). (13)
in which
00 0 O
(€)= 0 g 0
=14 o /e 0] (14)
00 0 O
)" = {—pS"(its +iig)  —pSTiy, 0 0}, (15)

where S = fNiTN]- ds.

3. Coupling of the dam and reservoir equations

The substructuring technique is used to couple the finite elements of the discretized dam domain and the reservoir
domain by applying the pressure and displacement boundary conditions on the common interfaces, i.e. on the surface
S1 (Fig. 1).

Applying the Newmark method to Eq. (1) yields

[K){u'} = (R}, (16)
in which the superscript ‘I’ represents the ith time step,
[K] = [K] + ao[M] + a1[C], (17)

{R'} = —[M]iig} + {E"} + [M)(ao{u' ™"} + ax (i ™"} + as{@™"}) + [Clan fu™") + aafi™") + asii™)), (18)
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where
1 o 1 1 Y Aty
W=pAr M=far “CTpar “T3p 1, “=7g 1, as—z(ﬂ 2). (19)

For the given values of y = 0.5 and = 0.5, the suggested method is unconditionally stable. By applying the Newmark
method to Eq. (13), one can detain the following:

[H](p'} = ('), (20)
in which
[A] = [H] + ao[G] + a1[C/], (21)

—pST (i} + i)

—pSTii,

'y = +[Glaolp"™ "} + @ (p™ "} + (b)) + [Crlar{p"™"} + aafp’™ "} + as{p'™'}), (22)

0
where u" is the nodal acceleration on the dam-reservoir interface and it is given by
li} = ao({ul} — (') — axfil” "'} — as{ii™"). (23)
By substituting Eq. (23) into Eq. (22) and rewriting Eq. (22), one can obtain

—pSTap({ul} — (ul=") — ax{il™"} — asfii ") + il ]

() = —esti
0
0
+[Glaolp™ ") + P + (')
+HICA@ ™) + alp™") + astp)). 4
Let
hy hit hiy bz hig
_ hy Mot hy hyy ho
[ =A)" = hy| = | ha b by b | =
hy hat hay hgzy has

In a 3-D analysis, the computational efficiency of the solution considerably decreases by taking the inverse of the [H]
matrix. By substituting Eq. (25) in Eq. (20), one obtains

{p'} = [M{b'). (26)

Since the pressures on surface S1 of the dam are contributed to the structural equation as {E(¢)}, one can write the ith
step in the following form:

{E"} = [S]{p}} (27)

where [S] is a transformation matrix which transforms the pressures to the nodal forces for a given surface. By rewriting
Eq. (16), one obtains

[Ru} = (R}, (28)
where

[K] = [K] + ao(IM] + [M]) + a[C], (29)

(R) = = (IM]+ [¥D iy} + (M) + Dol ™) + @™y + asfid ™) + [Can ™) + asid ™)
+as{i ™) — (E'), (30)
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[(Ms1] = p[SIhn][S"], (33)

{E5} = [SImGNaolp™ "} + ax{p™"} + a3 {p™" D + [SIMIC Aar{p™ "} + aafp™"} + as{p'™'})
+ p[SIARIISTI(E ). (34)

Eq. (28) is the final form of the equations for obtaining the ith step values of the displacements and the corresponding
velocities and accelerations as follows:

(i} = (0"} + ao{ii™ "} + alil'}. (35)

(i) = ao({u'} — (™) — axfil ™"} — as (i), w0

where ag = At(1 — y) and a7 = yAt.

By substituting the values of the calculated ith step displacements in Eq. (28) to values in (24), the ith step pressures
for the fluid domain can be calculated in Eq. (26). The first and the second derivatives of the pressure can be calculated
similarly to Eqgs. (35) and (36) as

) ="+ aslp™ ") + ar (), (37)

B = ao({p’y — (0" ') — ax{p™ "} — ax{p Y (38)

This ends the coupling process for the ith step; then, the next time steps need to be calculated by applying the same
procedure.

4. Numerical examples

First, a rigid dam (Fig. 2) with a constant reservoir height 180 m extending to infinity under a ramp acceleration
(Fig. 3) is studied by using finite elements; then, an elastic dam (Fig. 2) analysis is carried out. Finally, the effect of
bottom absorption is investigated. In all analyses, the wave speed ¢ used is 1439 m/s and the water is assumed to be
compressible and inviscid with a mass density of p = 1000 kg/m®.

4.1. Vertical rigid dam

In the finite element method, linear 4-noded serendipity (rectangular) elements are chosen. In the horizontal direction
40 elements and in the vertical direction 20 elements are used. The hydrodynamic pressure at the bottom of the reservoir
is plotted in Fig. 4 and compared with the exact solution (Tsai et al., 1990) (for x = 0),

_ © 1)k ) t—x/c
p(x,z, 1) = 1_2[50 {Z( D EES(MCZ)/O aJo <}vkq [(t—1) — jj) dr} (39)

k=1

where Ay = 2k — 1)n/2H, H; is the height of the fluid and J, is the Bessel function of first kind; a, is the ramp
acceleration shown in Fig. 3.

The distribution of the hydrodynamic pressure on the solid surface, when the hydrodynamic pressure reaches
the peak value at the bottom, is plotted in Fig. 5. In all of the figures, the dimensionless hydrodynamic pressure is
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Fig. 2. Vertically faced dam.
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where ¢ is the maximum value of the ramp acceleration.

4.2. Vertical flexible dam

A reservoir of height 180 m, constant along the length of the dam (extending to “infinity”’) and a width of 15m (Fig.
2) is analyzed under earthquake ground acceleration (Fig. 6). The dam has an elasticity modulus of 3.43 x 10" N/m?,
Poisson’s ratio of 0.0, and mass density of 2400 kg/m®. FEM—FEM coupling is performed with linear 4-noded
rectangular elements. For the dam, three elements in the horizontal direction and 12 elements in the vertical direction
are used. For the reservoir, 30 elements in the horizontal direction and 12 elements in the vertical direction are used.
The far end is truncated at a distance of 900 m and Sommerfeld’s boundary condition is implemented for the radiating
waves. Analyses are performed considering a time step of 0.01s. Results are successfully compared with the available
exact solutions of Lee and Tsai (1991) and Tsai and Lee (1991), and plotted for the bottom pressure distribution of the
dam as seen in Fig. 7 and for the displacements at the top point of the structure as in Fig. 8. In Figs. 6-8, g is the
acceleration due to gravity.
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Fig. 8. Displacement at the top of the structure versus time under El Centro ground acceleration.

4.3. Concrete gravity dam

A reservoir of height 180 m, constant along the length of the dam (extending to “infinity”’) and a width of 15m
(Fig. 9) is analyzed under earthquake ground acceleration (Fig. 6). The same material properties as for the vertical
flexible dam are used in this example. The dam bottom is assumed to be rigid, and effects of bottom materials are
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Fig. 9. Concrete gravity dam.
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Fig. 10. Hydrodynamic pressure distribution for different wave reflection ratios.

included in the analysis. For the dam structure, 6 elements in the horizontal direction and 12 elements in the vertical
direction are used. For the reservoir domain, 40 elements in the horizontal direction and 12 elements in the vertical
direction are used. The far end is truncated at a distance of 900 m and Sommerfeld’s boundary condition is implemented
for the radiating waves. Analyses are performed with a time step of 0.015s. The hydrodynamic pressure distribution at
the bottom and the displacement-time history at the top of the dam are plotted in Figs. 10 and 11, respectively. Since
value for o, from 0 to 1 cover a wide range of materials encountered at the bottom of reservoirs, results are obtained for
three different values: o, = 0 (case 1), o = 0.5 (case 2), and o, = 1 (case3). In Figs. 10 and 11, g is the acceleration due
to gravity.
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Fig. 11. Displacement at the top of the structure for different wave reflection ratios.

It can be seen from the figures that, an increase of the value of o, from 0 to 1 results in an increase in the peak value of
the displacement and of the hydrodynamic pressure.

5. Conclusions

The dam-reservoir interaction problem in the time domain was studied by coupling the finite element method for the
dam and for the reservoir. The effect of the bottom material was also included in the analysis. A substructure technique
was used to couple the dam and reservoir equations by using appropriate boundary conditions at the common
interfaces. For the truncating boundary at the far end of the reservoir, Sommerfeld’s boundary condition was applied.
The verification of the proposed method has been successfully realized by the comparisons performed using available
results. A final numerical example was carried out to observe the effect of the bottom material on the hydrodynamic
pressure distribution and the displacement variation.
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