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A hybrid numerical procedure is proposed for the dynamic frequency domain
response of earth dams resting on a multi-layered foundation. The impounded
fluid is assumed viscous to account for the internal viscosity and absorption at the
reservoir bottom. A new technique is described to determine the frequency-
dependent added masses and loads contributed by the reservoir at the inclined
upstream dam face. The impedance of the multi-layered foundation is obtained
using the layer transfer matrix and the dam is modelled by finite elements. An
interface function is defined using interpolating functions to maintain equilibrium
of interface forces and the displacement compatibility at the interface nodes.
Unlike other boundary elements, this procedure avoids any additional discretiza-
tion of the fluid and the foundation except at their interfaces with the dam
structure. Numerical results, including transient reponses to the S90W El-Centro
earthquake groundmotion (1940), are presented to illustrate the modelling of
reservoir—dam and soil-dam interaction. © 1997 Elsevier Science Ltd.
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New techniques for modelling reservoir—dam and

boundary elements.

INTRODUCTION

Several earth dams have experienced failures or sig-
nificant damage resulting from earthquakes (the San
Andrews dam, 1906, the Sheffield dam, 1925, and the
San Fernando dams, 1971). The design of earth dams to
resist earthquake damage has been an important
challenge facing designers of those structures.

The state of the art in the seismic analysis and design
of rockfill dams has been described by Gazetas and
Dakoulas.! Various studies’ '® have revealed that the
reservoir—dam and soil--dam interaction can signifi-
cantly affect the dam response. In particular, Lotfi er
al'® presented a frequency domain analysis using the
thin-layer method of Waas'’ to model both the reservoir
and the foundation. They neglected damping in the fluid
and damping associate with soft sediments at the base of
the reservoir, but explicitly included reservoir—dam inter-
action through the foundation. More recently, Zhao et
al.** used the finite element method and infinite elements
to consider dam response in the frequency domain.
Reservoir, sediments and foundation were explicitly
modelled to characterize the dam-reservoir interaction.

The authors have previously developed time domain
approaches for analysis of concrete dams with vertical
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upstream face and uniform isotropic foundation, Guan
et al.”® and Moore and Guan.'® This paper introduces a
numerical procedure for determining the dynamic
response of a reservoir-dam system on a multi-layered
foundation. The dam is modelled by finite elements. The
impedance of the layered foundation is obtained using
the layer transfer matrix, and the influence of the viscous
reservoir is expressed in terms of the frequency-depen-
dent added masses and loads at the sloping upstream
dam face. These modelling techniques overcome the need
for foundation and reservoir discretizations with their
attendant numerical constraints. Natural (not thin)
layers are used in the foundation since the transfer
matrix for each layer gives an exact solution, and the
base of the foundation strata is modelled as a halfspace
so that there is no need to continue the discretization well
below the natural location of the base. The fluid is not
modelled using finite elements even where the dam-
reservoir boundary is inclined. The fluid model includes
viscous damping, to prevent reservoir resonance under
vertical groundmotion, simulating the damping effect of
the base of the reservoir.

After describing the formulation, the response of the
earth dam at La Villita (Mexico) is examined in the
frequency domain, and then in the time domain for
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the El-Centro earthquake, 1940 groundmotion using the
FFT technique.

Reservoir—-dam interaction

The interaction between an inviscid reservoir and a rigid
dam was reported by Chopra.' The hydrodynamic pres-
sure on a flexible dam has been given by Chopra and his
coworkers®® using results from the eigenvalue analysis
of the dam on a rigid base. Boundary elements and
infinite elements have been used to model the halfspace
and the reservoir.” ' A new approach is developed in
this section for evaluation of hydrodynamic pressure on
a sloping reservoir—dam interface.

A Green function is developed and the influence
matrices are determined using the Garlerkin weighted
residual method. The technique developed here does not
involve any discretization of the reservoir beyond the
dam face.

1. Green function

To simplify the formulation, the upstream face of the
dam is assumed to have constant slope, making an angle
of a with the vertical plane (Fig. 1). This is reasonable
for many dams. The Green function for hydrodynamic
pressure p satisfies the governing equation
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where 6 is the Dirac delta function and g,(w, xz) 1s the
source term and subscript n indicates the normal of the
upstream dam face. The source term is written as

gn(w, x2) = [N(x2){gn(w)} (2

where [N(x;)] is the shape function and w is the excita-
tion frequency. The shape function [N(x;)] is used to
model the source distribution, and ¢ is the complex-
valued sound velocity in water given by
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Fig. 1. Description of the problem.

Here water parameters K, and p,, are the water bulk
modulus of elasticity and mass density, respectively, and
7 is the viscous damping ratio to account for the energy
absorption at the bottom of the reservoir. It is understood
that the time factor ¢’ quantifying the steady vibration
is omitted here and elsewhere in the formulation.

The hydrodynamic pressure p{w,x;,x,) can be
expanded into a Fourier series in the x, direction to
satisfy the impervious boundary condition at the bottom
of the reservoir

X 2m+ )7x
Pl ) = 3 cos ZEUTR, (y qa

m==0)

where H is the height of the reservoir. Substituting eqns
(2) and (4) into eqn (1) and using the Fourier transform
technique with respect to x,. the generalized hydro-
dynamic pressure in eqn (4) is found to be

pm(xl ’ w) =
where
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2. Reservoir influence matrix
The boundary condition at the reservoir-dam interface is
9p

e —ptun(w, x;)  at

where u,(w,x,) i1s the normal displacement at the
upstream dam face.

The normal displacement on the upstream dam face
can be expressed as

X = xytana (8)

un(xz,w) = [N{x7)[{un (w) } (9a)
where
{un(w)} = [p){u(w)} (9b)

{u(w}} is the nodal displacement vector at the upstream
face, and [¢)] is a rectangular transform matrix with sub-
matrices

[cosa —sina] (10)

The boundary condition (8) at the reservoir—dam
interface is satisfied in the weighted residual sense, viz.

L
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in which the shape function is chosen as the weighting
function and L = H/ cos « is the length of the reservoir—
dam interface.

Substituting eqn (4) into (11), the source term yields

{ga(@)} = [G] ' [T]{un(w)} (12)
where
6] = 3(G.) (132)

m
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where the superscript 7 denotes the transpose of a
matrix. The nodal force can be determined by

L N
(Pa@)} = [ NG o1 0200 (15)
Equation (15) can be written as
{Pa(w)} = ~w[SH{gu(w)} (16)
where

= Z [Sm} (17a)
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gm(y,2) = pw

Substituting eqn (12) into eqn (16), the following is
obtained
{Po(w)} = —1S)[G [T {un(w)} (18)
The added mass matrix in eqn (18) is frequency-
dependent. Writing eqn (18) in another form gives
{P(w)} = —[D)" [S)IG™'[T)[D}{u(w)} (19)

Equation (19) can also be expressed in terms of the
global matrices and displacement vectors U(w). viz.

{P(w)} = —*[MW){U(w)} (20)

If the dam is subjected to a vertically incident uniform
groundmotion U5 (w), eqn (20) becomes, following Moore

and Guan'
{PW)} = ~A M@ U(w)} + M (w)} U w)

(21)

where
Am "o T
(1)} = 3t [ D))
x cos(A,,z)dz
ay, = ;{—J:(H — z)cos(A,x)dz (22b)

Dam-—soil interaction

The geometry and the material properties of the layered
foundation are shown in Fig. 1. For convenience, all the
subscripts denoting the layer number are suppressed
unless it is necessary for them to be specified.

For each isotropic and homogeneous viscoelastic layer,
the Lame potentials ¢ and ¢ are introduced and the body
force free wave equations following Fourier transfor-
mation with respect to the horizontal coordinate x, are

e

X Kp=0 (23a)
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where
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(24)
and £ is the horizontal wave number, k; = w/C; and
ky =w/Cy, and C; and C; are the longitudinal and
transverse wave velocities expressed as

At +2
= *“ (25a)
Vp
Complex elastic parameters
ph= (142, A= (1 +2inA (25b)

are defined using Lame constants A and u, and 7 is the
material damping ratio for the layer considered.
Solving eqn (23), the displacements and stresses are
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where
o*
ot
5
o
exp(k;x,) 0 0 0
exp(kyxz) 0 0
N exp(—kx;) 0
symmetric exp{—kyx;)
A,
B,
P (27)
Ay
B,

and superscripts + and — indicate the waves moving
up and down, respectively, through the layer. A layer
transmitting matrix in a different coordinate system
has been given by Haskell to study the Rayleigh wave
propagation.18

Equations (26) and (27) can be written for the nth layer
in condensed form as

{S}n = [T}n[E]n{A}n (28)

where {4}, is the unknown coefficient vector in the nth
layer, and [7,] and [E,] are the coeflicient matrices in
eqns (26) and (27), respectively.

Applying continuity conditions at the interface between
the nth and (n + 1)th layer, the coefficient vector of the
nth layer is related to that of the (n + 1)th layer by

(ThlEln{A}n = [Tlys1 [Elas 1 {4011 (29)

Rearranging eqn (29) results in

{4}, = [ER(T) [Tl [Elw {40 (30)

where the inversion of [T], can be obtained explicitly.
Using eqn (30) successively, the top layer coeflicient
vector is expressed in terms of that of the half-space

{4} = [C{4}n (31)

Applying the regularity condition for the half-space,
e.g. A, = B, = 0in {4}y, [C] is therefore condensed into
a 4 x 2 matrix.

Substituting eqn (31) into eqn (28) for the top layer
and eliminating {4}y, the Green function is found to be

Ur(§.w) = Gii(& w)t;»(€) (32)

where subscripts k and j denote the displacement in the £
direction induced by the load applied in the j direction. It
is not difficult to show that

Gij(€,w) = (1) MGy (~€ w) (33)

The wave number integral (the inverse Fourier
transform)

Guilxi0) =52 | Guyléwre g (34)
2T e
is evaluated numerically based on the integration scheme
proposed by Xu and Mal."

The foundation is discretized into M equal elements at
the soil-structure interface. Furthermore, the tractions
over each element are assumed constant. The displace-
ments at the centres of soil elements {U{w)} can be
expressed in terms of the loads { R(w)} over the elements
using eqn (34)

{U{w)} = [Fw){R(w)} (35)
The flexibility matrix in eqn (35) is
Fi, Fp - Fiy
F’) F e l"w
e (36)
Fvi Fma o Fum

If F; is defined as the displacement matrix at the centre
of the first element induced by unit loads at the jth
element, and F_; is the displacement matrix at the centre
of the jth element due to unit loads at the first element, it
can be shown that

F,=F (37)
Equation (36) can be therefore written as
F, F, - Fy
F, F - Fy,
Fl=r (38)
Fu Fuq, - F

The structure is discretized into (M — 1) elements with
M nodes at the soil--structure interface. The nodes of
structural and soil elements coincide only at the ends
of the soil-structure interface. However, the force—
displacement relationship at structural element nodes
can be established using the technique of Kodikara and
Moore®® as described by Moore and Guan.'®

The relationship between the displacements at the soil
element centres and those at the finite element nodes of
the structure can be found as

{U()} = [D{Up(w)} (39)
where [D] is an interface function matrix expressed in
terms of the shape functions with the sub-matrix

N;(x) 0 N(x) 0
0 Nx) 0 N(x)

(40)

where N; and X; denote the shape function at structural
element node j and the coordinate at the centre of the soil
element k.

Applying the principle of virtual work, it is also
possible to define interaction force at structural element
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nodes Q(w) given as

{Qs(w)} = [DI"{RW)} (41)

Combining eqns (35), (39) and (41), the force-
displacement relationship is established as

{Qp(w)} = [S]{Up(w)} (42)
where the impedance of the foundation
(8], = (D)7 [F]7'[D] (43)

is a symmetric matrix. For the dam subjected to an
earthquake motion, eqn (42) is revised as

{Qs(w)} =[S, ({Up(w)} — {UF(w)}) (44)

where {U%(w)} is the groundmotion vector at the soil-
dam interface.

Structure
The dam is assumed viscoelastic. The equations of
motion for the discretized dam are

(—w*[M] + [K]){U(w)} = —P(w) — Q(w) (45)

where [M] and [K] are mass, and complex-valued stiff-
ness matrices, and P(w) and Q(w) are the soil and
reservoir reaction forces, respectively.

Substituting eqns (21) and (44) into (45) gives

‘:Sss Ssh { U.\‘ (LO) } o { 0 }
Sps Spp + 7 | | Uplw) B [S]AU*(w) }?
~ M)}V () (46)

where the subscripts » and s denote the nodes at the
dam-soil boundary and the remaining nodes of the dam,
and

[S] = [K] - & ([M] + [M (W) (47)

NUMERICAL RESULTS
Hydrodynamic pressure solution

First, to validate the new solution for the hydrodynamic
pressure, the spectral responses of a dam with vertical
upstream face (Pine Flat California, USA) are presented.
Comparisons are made with an analytical hydrodynamic
pressure solution for the vertical upstream face of the
dam, Guan and Moore."” The material properties of the
dam are described by Chopra and Gupta.” The normal-
ized frequency is defined as w/w;, where w; (19.35Hz) is
the fundamental frequency of the empty dam on a rigid
base. The input acceleration groundmotion is a vertically
incident unit harmonic SV wave at the soil-dam interface.
The dam is assumed to rest on a homogeneous halfspace
with the same material properties as those of the structure.
The full reservoir height H = 113 m. Excellent agreement
is obtained between the two results, Fig. 2.

10 /e - — S

o numerical

~— analytical

Horizontal acceleration

Fig. 2. Spectral responses at the dam crest under horizontal
groundmotion using numerical and analytical hydrodynamic
solutions (Pine Flat dam, USA. reservoir height # = 113 m).

Earth dam problem

To illustrate the use of the new numerical approach, the
dynamic response of the earth dam at La Villita,
Mexico?! is evaluated. The geometry of the dam and its
finite element discretization are shown in Fig. 3(a). The
full reservoir height H = 53 m, and the dam base 1s 314 m
long. The damping ratios in both fluid and solid are
assumed to be 5% in the analyses. The input free field
earthquake groundmotion examined is the S90W com-
ponent El-Centro acceleration record, 1940. Maximum
accelerations for the groundmotion are 0.210g in the
horizontal direction and 0.206 g in the vertical direction,
where g is the gravity acceleration. In addition to exam-
ine the La Villita dam, a similar structure with narrower
base length (210 m) is considered to investigate the effect
of dam geometry on dynamic response, Fig. 3(b).
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Fig. 3. Geometry and discretization of dam structures: (a) La
Villita earth dam; (b) similar structure with reduced width.
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Fig. 4. Spectral responses of the La Villita dam to horizontal
and vertical groundmotion.
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Fig. S. Spectral responses of the downsized earth dam to
horizontal and vertical groundmotion.

Reservoir impact

Spectral responses of the La Villita dam with full and
empty reservoir (H = 53m, 0, respectively) on a layered
soil are depicted versus the normalised frequency w/w
(w, = 11.05Hz) in Fig. 4. Peak values at fundamental
frequencies differ slightly in magnitude. For the dam
subjected to the horizontal ground motion, differences of
up to 7% emerge between the results for full and empty
reservoir when w/w; > 0.55, Fig. 4(a). For vertical ground-
motion, more significant differences occur in the fre-
quency range w/w; > 0.60, particularly where w ~ w;.
In neither case however, is the effect of the reservoir on
the dam response for this structure as pronounced as that
for the concrete dam examined by Lotfi ef al.'® and the
earth dam examined by Zhao et al."*

The influence of dam geometry on the reservoir impact
is investigated by reducing the horizontal dimension of
the dam 1o 2/3 of the original one (Fig. 3b). The results
are depicted in Fig. 5. Both the vertical and horizontal
responses for this smaller structure are more significantly
affected by the reservoir presence. Variation between
the two sets of results for different reservoir operating
conditions emerges at normalized frequency as low as
w/w; = 0.3, which in turn indicates that the added
mass attributed to the reservoir is relatively significant
for the downsized dam. These results are more con-
sistent with those of earlier studies, Lotfi et al'® and
Zhao et al."

Horizontal acceleration

Vertical acceleration

0.0 0.5 1.0 1.5 2.0 2.5 3.0

(b)

Fig. 6. Impact of foundation model on the spectral responses of
the La Villita dam to horizontal and vertical groundmotion.
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Fig. 7. Impact of foundation model on the spectral responses of the
downsized earth dam to horizontal and vertical groundmotion.
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Fig. 8. Effect of a soft layer on the spectra responses of the La
Villita dam to horizontal and vertical groundmotion.

Foundation impact

The impact of the dam foundation on the dam response
is illustrated in Figs 6 and 7. Spectral response is reported
for the three different ratios of halfspace modulus £, to
surface stratum modulus E;.

Figure 6 shows that the stiffness of the underlying
halfspace has a significant effect on the La Villita dam
response. The harder the halfspace, the greater the res-
ponse of the dam in the frequency range w/w, < 0-55 for
horizontal response and w/w, < 095 for the vertical
response. This results because of overlapping of the
reflected waves at the interface between the alluvium
and the halfspace. For this problem, the underlying
halfspace is essentially rigid when E,/E; > 100.

Figure 7 illustrates the effect of the underlying half-
space on the response of the downsized dam. A com-
parison of Figs 6 and 7 reveals that the responses
decrease for the downsized dam, and that the foundation
stiffness ratio E,/E; more significantly affects the origi-
nal dam response than it does the downsized dam. As
might be expected. the underlying halfspace interacts
more significantly with the dam which is wider in the
horizontal direction.

The effect of a soft layer in the foundation is investi-
gated in Fig. 8. In this case, the alluvium is divided into
two sub-layers of equal thickness (35 m), with the bottom
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Fig. 9. Acceleration responses at the dam crest under El-Centro

earthquake groundmotion: (a) horizontal groundmotion; (b)
vertical groundmotion.






