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Abstract

The linear and nonlinear responses of a selected arch dam subjected to earthquake ground motion are
presented in this study. The hydrodynamic effects on the dynamic response of arch dams are investigated us-
ing step-by-step integration by the Lagrangian approach. The foundation flexibility effects on dam response
are also examined. Water in the reservoir was represented by 8-noded Lagrangian fluid finite elements. The
element including compressible behavior and surface sloshing motion of the fluid has been coded and incor-
porated into a general-purpose computer program, NONSAP. In this study, the curve description method
describes the nonlinear behavior of the dam concrete. The El-Centro N-S component of the Imperial Val-
ley earthquake, on May 18, 1940, has been used as the ground motion. The response of the dam was
characterized by crest displacements and envelopes of maximum tensile stresses.

Key words: Hydrodynamic effect, Dam-water-foundation interaction, Linear and nonlinear analysis, Curve
description method, Earthquake responses.

Introduction

Dams are monolithic structures. The collapse of a
dam due to an earthquake may cause extensive dam-
age to property and loss of life on its downstream due
to the sudden release of a large quantity of water.

When a dam-water system is subjected to an
earthquake, hydrodynamic pressures that are in ex-
cess of the hydrostatic pressures occur on the up-
stream face of the dam due to the vibration of the
dam and impounded water. Arch dams resist the
major part of the hydrodynamic pressures and other

loads by transmitting them through arch action to
the canyon walls. Consequently, interaction between
the dam and impounded water and interaction be-
tween the dam and foundation rock are two impor-
tant factors affecting the dynamic response of arch
dams during earthquake ground motion. The pre-
diction of the actual dynamic response of an arch
dam to earthquake loadings is a very complicated
problem and depends on several factors, such as in-
teraction of the dam with its foundation rock and
reservoir water, and the computer modeling and ma-
terial properties used in the analysis. Therefore, an
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efficient method is required to properly assess the
safety of an arch dam located in regions with signif-
icant seismicity. From this point of view, linear and
nonlinear dynamic analyses of arch dams for earth-
quake ground motions should be based on a detailed
analytical model. Furthermore, this model should be
capable of correctly representing both the materially
linear and nonlinear behavior and the 3-dimensional
nature of the dam-water-foundation system, which
account for the interaction effects of the foundation
rock and the impounded water. To compute the lin-
ear and nonlinear response, the concrete arch and
the foundation rock are modeled by standard finite
elements, whereas the interaction effects of the im-
pounded water can be represented by any of three
basic approaches. The simplest is the added mass
attached to the dam (Westergaard, 1933). Another
approach describing the dam-water interaction is the
Eulerian. In this approach, displacements are the
variable in the structures; whereas pressures are that
of the fluid. Since the variables in the fluid and
structure are different in the approach, a special-
purpose computer program for the solution of cou-
pled systems is required. The Lagrangian approach
is a third way to the fluid-structure interaction so-
lution. In this approach, the behavior of fluid and
structure are expressed in terms of displacements.
Since available general-purpose structural analysis
programs use the displacements to obtain the re-
sponse of the structures, Lagrangian displacement-
based fluid elements can easily be incorporated into
the programs. This is the most important advantage
of the approach. However, this causes some numeri-
cal problems. The disadvantage of the displacement-
based fluid element is related to the mode superpo-
sition method. The modal analysis of fluid or fluid-
structure systems yields some spurious zero energy
modes. Many researchers have focused on improving
various fluid elements that may eliminate the nu-
merical problem (Chopra et al., 1969; Shugar and
Katona, 1975; Hamdi et al., 1978; Zienkiewicz and
Bettess, 1978; Akkaş et al., 1979; Wilson and Khal-
vati, 1983; ).

Chopra et al. (1969), Shugar and Katona (1975)
and Akkaş et al. (1979) idealized the fluid as a
structural finite element with zero shear modulus.
Akkaş et al. (1979) showed that the direct inte-
gration method gave reliable results in their study.
Zienkiewicz and Bettess (1978) gave a general de-
scription of the approaches used in the solution of
coupled fluid-solid systems. They suggested the ad-

dition of a small but finite shear modulus to elim-
inate the spurious zero energy modes. Hamdi et
al. (1978) introduced global rotational constraints
in order to correct these spurious modes. Wilson
and Khalvati (1983) proposed the reduced integra-
tion technique together with rotational constraints
to produce a single element stiffness matrix and to
optimize the behavior of the fluid mesh. Thus, all
spurious zero energy modes were eliminated. Many
researchers used the Lagrangian fluid elements that
were improved by Wilson and Khalvati (1983) in 2-
dimensional fluid, fluid-structure and dam-water in-
teraction problems (Greeves, 1991; Calayır and Du-
manoğlu, 1993; Calayır, 1994; Calayir et al., 1996).
In these studies, it is generally reported that the La-
grangian fluid elements give satisfactory results using
a step-by-step integration method.

In previous investigations on the earthquake re-
sponse of arch dams, the complex frequency func-
tions have generally been used to define dam-water
and dam-foundation rock interactions (Perumal-
swami and Kar, 1973; Fok and Chopra, 1986; Tan
and Chopra, 1995, 1996). They have shown that the
dynamic response of arch dams to earthquake ground
motions is affected by these interactions. The pur-
pose of this study is the investigation of hydrody-
namic effects on linear and nonlinear earthquake re-
sponses of a selected arch dam using a step-by-step
integration technique with a Lagrangian approach.
To that end, an 8-noded 3-dimensional Lagrangian
fluid finite element put forward by Wilson and Khal-
vati (1983) was coded by the authors in the language
FORTRAN 77 and incorporated into the general lin-
ear and nonlinear finite element computer program,
NONSAP (Bathe et al., 1974). In this study, the
stress-strain curve of the dam concrete was idealized
as being elasto-plastic. For this reason, the nonlinear
material model referred to as the curve description
available in NONSAP (Bathe et al., 1974) was used.

Equations of Motion Based on the Lagrangian
Approach

The equations of motion are first given for the fluid
systems. Then the equations of motion of the fluid-
structure system will be provided.

Only fluid system: In the Lagrangian approach,
fluid is assumed to be linear-elastic, inviscid and ir-
rotational. For this fluid, the relationship between
pressures and volumetric strain is given by
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P = C11 εv (1)

where P, C11 and εv are the pressures that are equal
to mean stresses, the bulk modulus and the volumet-
ric strains of the fluid, respectively. The volumetric
strain, εv, can be expressed in terms of the Cartesian
displacement components as follows

εv =
∂Ufx
∂x

+
∂Ufy
∂y

+
∂Ufz
∂z

(2)

where Ufx,Ufy and Ufz are the displacement compo-
nents in the Cartesian axes x, y and z, respectively.

The irrotationality of the fluid is considered like
penalty methods (Zienkiewicz and Taylor, 1989;
Bathe, 1996). Therefore, rotations and constraint
parameters are included in the stress-strain equa-
tions of the fluid. These rotations are defined by

wx =
1
2

(
∂Ufy
∂z
− ∂Ufz

∂y

)
wy =

1
2

(
∂Ufz
∂x

− ∂Ufx
∂z

)
wz =

1
2

(
∂Ufx
∂y
− ∂Ufy

∂x

) (3)

where wx, wy and wz are the rotations about the
Cartesian axes x, y and z, respectively. The rela-
tionship between stress and stiffness (constraint pa-
rameters) associated with these rotations may be ex-
pressed as

Px = C22wx

Py = C33wy

Pz = C44wz

(4)

where Px, Py, Pz are the rotational stresses and C22,
C33, C44 are the constraint parameters.

For a general 3-dimensional fluid element, stress-
strain relationships can be written by using Eqs. (1)
and (4) in matrix form as follows


P
Px
Py
Pz

 =


C11 0 0 0
0 C22 0 0
0 0 C33 0
0 0 0 C44




εv
wx
wy
wz


(5)

or

σf = Cfef (6)

where σf and ef are the stress and strain vectors of
the fluid, respectively. Cf is the elasticity matrix of
the fluid.

In the study, the equations of motion of the fluid
system are obtained using energy principles. Using
the finite element approximation, the total strain en-
ergy of the fluid system may be written as

πe =
1
2
UT
f KfUf (7)

where Uf and Kf are the nodal displacement vector
and the stiffness matrix of the fluid system, respec-
tively. Similarly, the free surface potential energy is
expressed as

πs =
1
2
UT
sfSfUsf (8)

where Usf and Sf are the vertical nodal displace-
ment vector and stiffness matrix of the free surface
of the fluid system, respectively. In addition, the
kinetic energy of the system can be written as

T =
1
2
U̇T
f Mf U̇f (9)

where U̇f and Mf are the nodal velocity vector and
the mass matrix of the fluid system, respectively. If
Eqs. (7), (8) and (9) are combined using the La-
grange equation, the following set of equations is ob-
tained:

MfÜf + KfUf + SfUsf = Rf (10)

or

Mf Üf + K∗fUf = Rf (11)

where K∗f , Üf and Rf are the system stiffness ma-
trix including the free surface stiffness, the nodal ac-
celeration vector and the time-varying nodal force
vector for the fluid system, respectively. In the
formation of the fluid element matrices, reduced
integration orders were utilized. The 8-noded 3-
dimensional fluid element was used in the finite el-
ement model of the fluid system. For this element,
the reduced integration order is (1x1x1).
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Coupled fluid-structure system: The equa-
tions of motion of the fluid system, Eq. (11), have
a similar form to those of the structure system. To
obtain the coupled equations of the fluid-structure
system, a determination of the interface condition is
required. Since the fluid is assumed to be inviscid,
only the displacement in the normal direction to the
interface is continuous at the interface of the system.
Assuming that the positive face is the structure and
the negative face is the fluid, the boundary condition
at the fluid-structure interface is

U−n = U+
n (12)

where Un is the normal component of the interface
displacement (Akkaş et al., 1979). Using the inter-
face condition, the equations of motion of the cou-
pled system to ground motion including damping ef-
fects are given by

McÜc + CcU̇c + KcUc = −Mcag (13)

in which Mc, Cc and Kc are the mass, damping and
stiffness matrices for the coupled system. Uc, U̇c

and Üc are the vectors of the displacement, veloc-
ity and acceleration of the coupled system. ag is the
vector of ground acceleration.

Step-by-Step Solution of Equations of Motion

The incremental equation of motion of Eq. (13)
given for general dynamic fluid-structure systems
can be written as

M∆Üi + C∆U̇i + Ki∆Ui = ∆Pi (14)

where M and C are the constant mass and damping
matrix, respectively. The constant damping matrix,
C, is calculated by applying Rayleigh damping co-
efficients to the constant mass matrix, M, and the
linear stiffness matrix, K, of the system (Bathe et
al., 1974). Ki is the stiffness matrix in the ith time
step. ∆Üi, ∆U̇i, ∆Ui and ∆Pi are the incremen-
tal acceleration, velocity, displacement and external
load vectors in the ith time step, respectively. Us-
ing the linear acceleration method, the incremental
velocity and displacement can be written as follows:

∆U̇i = (∆t)Üi +
∆t
2

∆Üi (15)

∆Ui = (∆t)U̇i +
(∆t)2

2
Üi +

(∆t)2

6
∆Üi (16)

The linear acceleration method is conditionally
stable. The Wilson-θmethod developed by E.L. Wil-
son makes it unconditionally stable (Chopra, 1995).
In this method, the time increment, ∆t, is extended
as follows

δt = θ∆t (17)

If ∆t is replaced by δt and the incremental re-
sponses in Eqs. (15) and (16) are replaced by δUi,
δU̇i and δÜi, these equations can be rewritten as

δU̇i = (δt)Üi +
δt

2
δÜi (18)

δUi = (δt)U̇i +
(δt)2

2
Üi +

(δt)2

6
δÜi (19)

From Eq. (19)

δÜi =
6

(δt)2
δUi −

6
δt

U̇i − 3Üi (20)

If Eq. (20) is substituted into Eq. (18), then

δU̇i =
3
δt
δUi − 3U̇i −

δt

2
Üi (21)

Next, Eqs. (20) and (21) are substituted into the
incremental equation of motion over the extended
time increment:

MδÜi + CδU̇i + KiδUi = δPi (22)

where the external load vector also varies linearly
over the extended time increment as follows (Chopra,
1995):

δPi = θ(∆Pi) (23)

The accuracy and stability properties of the
method depend on the value of the parameter θ,
which is always greater than 1. The equation solved
in each time increment can be written as follows
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K̂iδUi = δP̂i (24)

where

K̂i = Ki +
3

θ∆t
C +

6
(θ∆t)2

M (25)

δP̂i = θ (∆Pi) +( 6
θ∆t

M + 3C) U̇i

+(3M + θ∆t
2 C) Üi

(26)

Eq. (24) is solved for δUi, and δÜi is computed
from Eq. (20). The incremental acceleration over
the normal time increment is given by

∆Üi =
1
θ
δÜi (27)

and incremental velocity and displacement are deter-
mined from Eqs. (15) and (16), respectively. For the
next time step displacement, velocity, and accelera-
tion are calculated by

Ui+1 = Ui + ∆Ui

U̇i+1 = U̇i + ∆U̇i

Üi+1 = Üi + ∆Üi

 (28)

and other procedures are continuous during the total
solution time.

Nonlinear Material Model

Concrete capable of displaying nonlinear characteris-
tics is an essential material in many structures, such
as arch dams. The stress-strain curve of concrete
depends on many factors. Consequently, defining
material behavior correctly is very difficult. For effi-
cient solutions, models representing the behavior of
concrete in the best possible manner are required.
The stress-strain relationship of concrete can be ide-
alized by various simplifications and assumptions.
The nonlinear material model used to represent con-
crete behavior in this study is the curve description
model, which describes an isotropic hypoelastic ma-
terial law, in which the bulk and shear moduli are
functions of the stress and strain invariants. An ex-
plicit yield condition is not used, and whether the

material is under loading and unloading is deter-
mined by the history of the volume strain only. That
is, the functional relationships are used to replace an
explicit yield condition (Bathe et al., 1974).

The curve description model describing the in-
stantaneous bulk and shear moduli as a piecewise
linear function of the current volume strain is a sim-
ple incremental stress-strain law (Figure 1). The in-
cremental stress-strain relations considered in the so-
lution are assumed to be

sij = 2Ggij (29)

and

σm = 3Kem (30)
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Figure 1. Moduli versus volume strain for the curve de-
scription model (Bathe et al., 1974).
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where sij and gij are the incremental deviatoric
stresses and strains, and σm and em are the incre-
mental mean stress and strain. The bulk (K) and
shear (G) moduli can be expressed in terms of the
elastic constants E and ν as follows

K =
E

3(1− 2ν)
and G =

E

2(1 + ν)
(31)

Defining emin as the minimum mean strain
reached during the solution, the material is load-
ing if em ≤ emin and the material is unloading if
em > emin, i.e.

K =

 em ≤ emin ise KLD

em > emin ise KUN

(32)

and

G =

 em ≤ emin ise GLD

em > emin ise GUN

(33)

The loading conditions for both the bulk and the
shear moduli are determined by the history of em
only. Six volumetric strain values are used to charac-
terize the history of the material as shown in Figure
1. The bulk and shear moduli corresponding to the
six volume strains are determined using the stress-
strain relation assumed. Linear interpolation is used
to obtain the loading (KLD) and unloading (KUN )
bulk moduli and the loading shear modulus (GLD)
at any time. The unloading shear modulus (GUN) is
obtained as follows

GUN = GLD
KUN

KLD
(34)

Although it is used to represent the response of
geological materials, in this study the curve descrip-
tion model represents the behavior of dam concrete.
The loading and unloading bulk moduli and the load-
ing shear modulus for concrete material are deter-
mined using the elasto-plastic stress-strain relation-
ship given in Figure 2.

Numerical Applications and Discussion

Dam-water-foundation rock system and
ground motion

The arch dam selected for this study is Type-5 as
suggested in the symposium on arch dams (ICE,
1968), in London. The view in plan and the ver-
tical crown cross section of the arch dam is shown
in Figure 3. The dimensions of the arch dam are in
units. The height was chosen as 120 m to obtain re-
alistic results. The other dimensions of the dam were
determined according to this size. The finite element
idealizations prepared for the dam, dam-water and
dam-water-foundation rock systems are presented in
Figures 4 and 5, respectively. The depth of the reser-
voir is 120 m and its length was taken as 3 times
its depth. Eight-noded 3-dimensional solid elements
were used to represent the dam and foundation rock.
The number of elements in the dam is 128, and that
in the foundation rock is 164. To represent the wa-
ter in the reservoir, 512 8-noded 3-dimensional fluid
elements were used. Fluid is assumed to transmit
normal forces to its boundary because of its invis-
cid nature. The boundary condition on many fluid-
structure systems was achieved by the use of con-

σ (N/m2)

2x107

0.001 0.002

Loading

Unloading

ε

Figure 2. The stress-strain relationship assumed for dam concrete.

30
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Central Angle 80 ◦ 86 ◦ 92 ◦ 98 ◦ 104 ◦ 106 ◦ 106 ◦

Figure 3. The view in plan and the vertical crown cross section of Type-5 arch dam (ICE, 1968).

Reservoir

Arch Dam

x

y
z

Figure 4. The finite element model of dam-water interaction system of Type-5 arch dam.

straint relations (Calayir et al., 1996; Greeves, 1991;
Olson and Bathe, 1983; Zienkiewicz and Bettess,
1978). Due to the complex geometry of the arch dam
and its reservoir, short and axially almost rigid truss
elements in the direction of the interface used by
Akkaş et al. (1979) were used instead of constraints
relations. The rigid truss elements were introduced
between the grounded nodes and their corresponding
fluid nodes. The grounded nodes were completely re-
strained. In this way complete tangential motion of
the fluid to the dam and canyon was still possible.
For this reason, a total of 122 truss elements were uti-

lized at the interfaces of the dam and the water, and
of the water and canyon. The length and the elas-
ticity modulus of the truss elements were taken as
0.001 m and 2 × 1016 N/m2, respectively. There are
a total of 969 nodal points in the dam-water system
(Figure 4), and 1374 nodal points in the dam-water-
foundation rock system (Figure 5). A 2-dimensional
view of the finite element mesh of the dam-water-
foundation rock system at the vertical crown section
is shown in Figure 6. At the boundaries of the dam-
water and the dam-water-foundation rock systems
there are 560 and 518 restrained degrees of freedom,
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respectively. Hence, these representations lead to
2347 and 3604 active degrees of freedom (or equa-
tions) in total, respectively.

The material properties of the dam-water-
foundation rock system for this study are as follows;
for the linear behavior of the dam concrete, elastic-
ity modulus, mass density and Poisson’s ratio were
taken as 2 × 1010 N/m2, 2446.48 kg/m3 and 0.15,
respectively. For the elasto-plastic behavior of the
dam concrete, the stress-strain relationship is given
in Figure 2. The foundation rock was assumed to
be linearly elastic. Its elasticity modulus, mass den-
sity and Poisson’s ratio were taken as 1.379 × 1010

N/m2, 2689.09 kg/m3 and 0.24, respectively. The
fluid was assumed to be linearly elastic, inviscid and
irrotational. The bulk modulus and mass density
of the fluid were taken as 0.207 × 1010 N/m2 and
1000 kg/m3, respectively. The rotation constraint
parameters of the fluid about each Cartesian axis
were taken as 1000 times those of the bulk modulus.

Two methods for the solution of the equations of

motion are available: direct integration and mode su-
perposition. In the direct integration method, step-
by-step integration is applied to the original equa-
tions of motion with no transformation being car-
ried out to uncouple them. The direct integration
method is most effective when the response is re-
quired for a relatively short duration, as in this study.
The step-by-step integration technique, the Wilson-
θ method, was used for the solution in this study.
The solution time step chosen was 0.0025 s for the
integration. This method requires that the damping
matrix to be represented be in explicit form. This
is accomplished by using Rayleigh damping (Bathe,
1996; Chopra, 1995; Clough and Penzien, 1993). If
there are two different domains in the system, such
as fluid and structure, the damping matrix for the
complete system is constructed by directly assem-
bling the damping matrices for the two subsystems
(Bathe, 1996; Chopra, 1995; Clough and Penzien,
1993). The damping matrices for the structure and
the fluid are

Foundation
Rock

Reservoir

z
y

xArch Dam

Figure 5. The finite element model of dam-water-foundation interaction system of Type-5 arch dam.

Foundation
Rock

Arch Dam

Crest point of the damReservoir

150 m

150 m

Figure 6. 2-dimensional view of finite element mesh of dam-water-foundation interaction system at the vertical crown
section.
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Cs = a0Ms + a1Ks (for structure) (35)

C′ = a′0Mf + a′1Kf (for fluid) (36)

where coefficients a0 and a1 obtained from two given
damping ratios associated with two frequencies of vi-
bration. If both frequencies are assumed to have the
same damping ratio (ξ), then a0 and a1 constants can
be obtained by (Bathe, 1996; Chopra, 1995; Clough
and Penzien, 1993)

a0 = ξ
2ωiωj
ωi + ωj

and a1 = ξ
2

ωi + ωj
(37)

where ωi and ωj are the ith and jth mode frequen-
cies of the system, respectively. The coefficients
a′0 and a′1 are determined similarly, using an ap-
propriate damping ratio for the fluid domain. In
this study, Rayleigh damping constants were taken
to be the same values for both fluid and structure.
The damping constants were calculated within a fre-
quency range of the natural frequency of the first
bending mode of the dam-water and the dam-water-
foundation rock systems to 10 Hz, assuming a 5%
damping ratio.

The El-Centro N-S component of the Imperial
Valley earthquake on May 18, 1940, measured on
a rock-like surface was chosen for the ground mo-
tion. The component considered was applied in the

upstream-downstream direction. In the analysis only
the first 6.5 s of the earthquake were used.

Response results

A Type-5 arch dam was analyzed to identify the ef-
fects of impounded water on the linear and nonlin-
ear response using the curve description method of
the dam subjected to El-Centro earthquake ground
motion for the dam on both rigid and flexible foun-
dation rock with both an empty and a full reservoir.
The response results presented to illustrate the hy-
drodynamic effects in this study consist of displace-
ment time-history and contours of maximum tensile
stresses in each Cartesian axis for the upstream dam
faces. It is useful to display the maximum tensile
stresses in the form of contour plots for dam faces.
That is, because the maximum tensile stresses repre-
sent the largest computed tensile stresses at all loca-
tions in the dam during earthquake ground motion.
The maximum tensile stresses at different points are
generally reached at different times. Contour plots
of the maximum tensile stresses provide a convenient
means for identifying the overstressed areas.

Response of the Type-5 arch dam on rigid
foundation rock

The time-history of displacements obtained from the
linear analysis of the dam at the crest of the Type-
5 arch dam on rigid foundation rock with both an
empty and a full reservoir is shown in Figure 7(a),
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(b) Nonlinear Analysis(a) Linear Analysis

Figure 7. The time history of displacements at the crest of Type-5 arch dam on rigid foundation rock for linear (a) and
nonlinear (b) analysis.
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and that from the nonlinear analysis of the dam is
shown in Figure 7(b). The maximum crest displace-
ment increases from 6.06 cm to 24.43 cm due to hy-
drodynamic effects in the linear analysis of the dam,
and from 6.79 cm to 25.69 cm in the nonlinear anal-
ysis of the dam with the curve description method.
The difference between the maximum crest displace-
ments obtained from the linear and nonlinear anal-
ysis is 12% for the empty reservoir and 5% for the
full reservoir. However, the time-histories of the crest
displacements in Figure 7 are similar. This is because
the deformations of the dam concrete remain in the
elastic range for the assumed stress-strain relation-

ship in Figure 2, the other material properties used
in the analyses and the selected earthquake loading.

The maximum tensile stresses were obtained on
both the upstream and downstream dam face in the
directions x-x, y-y and z-z. However, the stresses on
the upstream face of the dam only were presented.
The stresses were calculated at the centroid of the el-
ements and presented in the form of stress contours.
The maximum tensile stresses obtained from the lin-
ear analysis of the dam on the upstream dam face in
the directions x-x, y-y and z-z are shown in Figure
8, and those obtained from nonlinear analysis of the
dam are shown in Figure 9. In the linear analysis of
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Figure 8. Envelopes of the maximum tensile stresses on upstream face of Type-5 arch dam on rigid foundation rock for
linear analysis.
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Figure 9. Envelopes of the maximum tensile stresses on upstream face of Type-5 arch dam on rigid foundation rock for
nonlinear analysis.

the dam, the stresses in the direction x-x increase
from 3381 kN/m2 to 12365 kN/m2, the stresses
in the direction y-y increase from 823 kN/m2 to
3117 kN/m2 and the stresses in the direction z-z in-
crease from 1319 kN/m2 to 6886 kN/m2 on the up-
stream face. In the nonlinear analysis of the dam,
the stresses in the direction x-x increase from 3718
kN/m2 to 13034 kN/m2, the stresses in the direction
y-y increase from 947 kN/m2 to 3129 kN/m2 and
the stresses in the direction z-z increase from 1643
kN/m2 to 7079 kN/m2 on the upstream face.

A large portion of the upstream and downstream
faces of the dam is affected by excessive tensile
stresses due to hydrodynamic effects in both the lin-

ear and the nonlinear analysis. The overstressed ar-
eas of the dam are the base of the dam and the por-
tions along the abutment. The tensile stresses in the
direction x-x are larger than those in the directions
y-y and z-z on both the upstream and downstream
faces of the dam. In addition, when the stresses in
the direction x-x are examined, it is possible to un-
derstand the arch action on the dam response. This
condition clearly shows the arch action at the dam
response. It is apparent that dam-water interaction
has greater influence on both the linear and nonlin-
ear responses of the arch dam.
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Response of the Type-5 arch dam on flexible
foundation rock

The time-history of displacements obtained from the
linear analysis of the dam at the crest of the Type-
5 arch dam on flexible foundation rock with both
an empty and a full reservoir is presented in Figure
10(a), and that from the nonlinear analysis of the
dam is presented in Figure 10(b). The maximum
crest displacement increases from 12.80 cm to 33.35
cm due to hydrodynamic effects in the linear anal-
ysis of the dam, and from 14.52 cm to 35.02 cm in
the nonlinear analysis of the dam with the curve de-
scription method. The difference between the max-
imum crest displacements obtained from the linear
and nonlinear analysis is 13% for the empty reservoir
and 5% for the full reservoir. In the same way as the
response of the Type-5 arch dam on rigid foundation
rock, the time-histories of the crest displacements in
Figure 10 are similar. This is also because the de-
formations of the dam concrete remain in the elastic
range.

The maximum tensile stresses were also obtained
on both the upstream and downstream dam faces in
the directions x-x, y-y and z-z. However, the stresses
on the upstream face of the dam only were presented.
The stresses were calculated at the centroid of the
elements and presented in the form of stress con-
tours. The maximum tensile stresses obtained from

linear analysis of the dam on the upstream dam face
in the directions x-x, y-y and z-z are shown in Fig-
ure 11, and those obtained from nonlinear analysis
of the dam are shown in Figure 12. In the lin-
ear analysis of the dam, the stresses in the direc-
tion x-x increase from 5775 kN/m2 to 14612 kN/m2,
the stresses in the direction y-y increase from 1952
kN/m2 to 4438 kN/m2 and the stresses in the direc-
tion z-z increase from 3476 kN/m2 to 6895 kN/m2

on the upstream face. In the nonlinear analysis of
the dam, the stresses in the direction x-x increase
from 6340 kN/m2 to 15457 kN/m2, the stresses in
the direction y-y increase from 2106 kN/m2 to 4947
kN/m2 and the stresses in the direction z-z increase
from 3914 kN/m2 to 7038 kN/m2 on the upstream
face.

By comparing these results with those for the
dam on rigid foundation rock, it can be seen that the
effects of foundation flexibility significantly affect the
dam response. The effects of dam-water interaction
in the linear and nonlinear response of the dam to
earthquake ground motion are qualitatively similar
for rigid and flexible foundation rock. In general, hy-
drodynamic effects influence the distribution of the
maximum tensile stresses for the dam in a similar
manner whether the foundation rock is flexible or
rigid. It is obvious that dam-water interaction with
flexible foundation rock has a greater influence on
the linear and nonlinear response of the arch dam.
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Figure 10. The time history of displacements at the crest of Type-5 arch dam on flexible foundation rock for linear (a)
and nonlinear (b) analysis.
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Figure 11. Envelopes of the maximum tensile stresses on upstream face of Type-5 arch dam on flexible foundation rock
for linear analysis.

Conclusions

Dam-water, dam-foundation rock and dam-water-
foundation rock interactions on the linear and non-
linear responses of a selected arch dam to earthquake
ground motion were investigated in this study. The
hydrodynamic effects on the dynamic response of a
selected arch dam are examined by modeling water
in the reservoir with 8-noded Lagrangian fluid finite
elements. The step-by-step integration is used to
solve the dynamic equations of motion.

The deformations of the dam concrete remain in

the elastic range for the assumed stress-strain rela-
tionship in Figure 2, the other material properties
used in the analyses and the selected earthquake
loading. However, it is obvious that hydrodynamic
effects considerably affect the linear and nonlinear
responses of the dam to earthquake ground motion.
In addition, it is shown that the step-by-step inte-
gration technique may be efficient in the linear and
nonlinear analyses of the response of arch dams to
earthquake ground motion and water in the reservoir
can be successfully represented by 3-dimensional 8-
noded Lagrangian fluid elements.
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Figure 12. Envelopes of the maximum tensile stresses on upstream face of Type-5 arch dam on flexible foundation rock
for nonlinear analysis.

In addition to the conclusions, the following find-
ings from the analyses in this study can be used in
the evaluation of the earthquake response of an arch
dam:

Both the hydrodynamic and the foundation flexi-
bility effects significantly increase the linear and non-
linear responses of the dam to earthquake ground
motion.

The effects of dam-water interaction on the lin-
ear and nonlinear responses of the dam to earthquake
ground motion are qualitatively similar to those for
rigid and flexible foundations.

The hydrodynamic effects influence the distribu-
tion of the maximum tensile stresses on the upstream
and downstream faces of the dam similarly, whether

the foundation rock is flexible or rigid.

Dam-water interaction has more influence on the
response of the dam with a flexible foundation than
on that of the dam on a rigid foundation in both
linear and nonlinear analyses.

A large portion of the upstream and downstream
faces of the dam is affected by the excessive tensile
stresses due to hydrodynamic effects for both the lin-
ear and the nonlinear analyses.

The overstressed areas of the dam are the base of
the dam and the portions along the abutment. The
tensile stresses on both upstream and downstream
faces of the dam in the direction x-x are larger than
those in the directions y-y and z-z.
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Symbols

P pressures equal to mean stresses
ρf mass density of the fluid
C11 bulk modulus of the fluid
C22, C33, C44 constraint parameters
εv volumetric strain of the fluid
Ufx, Ufy , Ufz displacement components in the

Cartesian axes x, y and z
wx, wy, wz rotations about the Cartesian axes x,

y and z
Px, Py, Pz rotational stresses
σf stress vector of the fluid
ef strain vector of the fluid
Cf elasticity matrix of the fluid
πe total strain energy of the fluid system
πs potential energy of the fluid system

due to the surface motion
T kinetic energy of the fluid system
Usf displacement vector of the free surface

of the fluid system
U̇f velocity vector of the fluid system
Üf vacceleration vector of the fluid sys-

tem
Kf stiffness matrix of the fluid system
Sf stiffness matrix of the free surface of

the fluid system
Mf mass matrix of the fluid system
K∗f system stiffness matrix including the

free surface stiffness

Rf time-varying nodal force vector for
the fluid system

Un normal component of the interface
displacement

Mc mass matrix for the coupled system
Cc damping matrix for the coupled sys-

tem
Kc stiffness matrix for the coupled sys-

tem
Uc displacement vector of the coupled

system
U̇c velocity vector of the coupled system
Üc acceleration vector of the coupled

system
ag vector of ground acceleration
∆t time increment
θ the parameter determining the accu-

racy and stability properties of the
Wilson-θ method is always greater
than 1

sij incremental deviatoric stresses
gij incremental deviatoric strains
σm incremental mean stress
em incremental mean strain
E elasticity modulus
ν Poisson ratio
K bulk modulus
KLD loading bulk modulus
KUN unloading bulk modulus
G shear modulus
GLD loading shear modulus
GUD unloading shear modulus
emin minimum mean strain ever reached

during the solution
ωi and ωj ith and jth mode frequencies of the

system
ξ damping ratio
a0 and a1 Rayleigh damping constants
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