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ABSTRACT

An effective analytical model based on the hybrid FEM-DRBEM scheme has been
developed to study the fluid-structure interaction and earthquake response of arch dam-
reservoir systems. Applying the substructure technique, the finite element method is utilized
to model dam structure and the dual reciprocity method is used to model the reservoir domain.
Considering the bottom absorption effects, the reservoir domain 1s idealized as a finite region
of irregular geometry adjacent to an infinite domain of uniform cross section. The three-
dimensional dual reciprocity method is applied to model the finite domain of the reservoir.
The uniform infinite domain is modeled by applying two-dimensional eigenvalue analysis
based on the dual reciprocity formulations over the uniform cross section combined with a
continuum expression in the upstream direction. Based on the model, a computer code has
been developed to calculate the seismic response of a three-dimensional dam-reservoir system
of arbitrary geometry to upstream-downstream, cross-stream and vertical harmonic ground
motion. The model is verified by comparing the hydrodynamic response of a three-
dimensional rectangular reservoir with that from the analytical formulation existing in the
literature. The model was applied to investigate the hydrodynamic and structural response of
the Karakaya dam-reservoir system. The effects of arch dam-reservoir interaction, the reservoir
geometry and the reservoir boundary bottom absorption on the hydrodynamic and structural

responses are studied

Key Words: Fluid-structure interaction, dual reciprocity boundary element method, finite

element method, arch dam
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OZET

Bu tezde, deprem etkisiyle kemer baraj-resrvuar sistemlerinde yapi-su etkilesimini
incelemistir. Bu amagla sonlu elemanlar metodu (SEM) ve karsitlikli sinir elemanlart metodu
(KSEM) kullanilarak 3-boyutlu bir hibrid niimerik model gelistirmistir. SEM kemer baraj
govdesinde, KSEM ise reservuarin modellenmesinde kullanilmistir. Baraj reservuari taban
geometrisinin ve tabanin séniimleme etkisinin hissedildigi sonlu uzunluktaki bir hacim ve
enerji radyasyonu etkisiyle séniimlemenin etkili oldugu tiniform kesitli sonsuz bir hacim
olarak iki parcada ele alinmistir. Sonlu hacim i¢in 3-boyutlu KSEM kullanilmistir. Sonsuz
hacimde, diisey diizlemde 2-boyutlu KSEM kullanilirken reservuar aksi yoniinde analitik bir
ifadeden yararlaniimistir. Gelistirilen modelle, istenen geometrideki 3-boyutlu kemer baraj-
reservuar sistemlerinin depreme tepkisi elde edilebilmektedir. Model baraj ve reservuarin
depreme tepkilerinin ayr1 ayri hesaplanmasina olanak sagladigi gibi etkilesimlerinin de
incelenmesine olanak saglamaktadir. Model sonuglarinin dogrulugunun arastirilmasi ise
literatiirde mevcut olan basitlestirilmis geometrideki baraj-reservuar sistemleri igin elde edilen
analitik model sonuclari kullanilarak yapilmistir. Ayrica modelin SEM ile gelistirilen
kismlarmmin sonuglan SAPIV programi sonuclart ile karsilastinnlmistir. Karsilastirmalar
sonucunda modelin dogrulugu gosterilmistir. Model Karakaya Baraji ve reservuarina
uygulanmustir. Sistemin rezervuar aksina paralel veya dik ydnlerde uygulanan bir depreme
tepkisinin, yapi-su etkilesimi, taban geometrisi ve taban soniimlemesi ile degisimi
incelenmistir. Model sonuclari baraj gévdesi iizerinde detayl hidrodinamik basing ve kuvvet

dagilimlari olarak sunulmustur.
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1. INTRODUCTION

The ever increasing demand for energy and the need to better manage our limited water
resources necessitates the design and construction of dams. Often, dams have to be constructed
in regions of considerable seismic activity. The catastrophic consequences of a dam failure
make it especially important that such structures be designed to withstand seismic activity.
The evaluation of the safety of existing dams subjected to earthquakes is also of vital
mmportance. Thus, there exists a strong motivation for research leading to better analysis and
design methods to study the earthquake response of dam systems. The present study will

concentrate on the earthquake response of arch dam systems.

An arch dam system consists of the arch dam itself, the foundation and the reservoir.
The study of the earthquake response of an arch dam system is complicated by the dynamical
interactions between these components. Improved understanding of the complex interactions
between these aspects is necessary to the development of more reliable analysis procedureé
and mathematical models. As a result, extensive research has been carried out on the complete
dam-reservoir-foundation system in an attempt to achieve better understanding of the dynamic
behavior of the sub-systems and their interactions. In spite of the great volume of work on
dam-reservoir systems, the inherently complex system still remains a difficult problem. The
rapid progress in modern computing technology, together with significant developments in
numerical methods has paved the way to the development of more effective and accurate
procedures to study the dynamic interactions among the structural, hydrodynamical and

geotechnical aspects and the behavior of the total system.

1.1. Preblem Definition

The arch dam-reservoir-foundation system includes domains with different properties
and behaviors. These domains are the concrete arch dam, the foundation rock, the impounded
water in the reservoir and the bottom sediments. During earthquakes these domains interact,
therefore it is essential to carry out the analysis of the complete system. The development of
a technique to study the earthquake response of arch dams is complicated by several

geometrical and interactive factors. The deformations of the dam interactively influence water
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motion in the reservoir and the deformation of the bed rock. Numerical methods are the only

solution means able to overcome such complexities

The application of numerical methods to model the complete response of the dam-
fluid-foundation system was greatly improved with the introduction of the substructure
concept. In addition to its efficiency in reducing computational effort and storage, it permits
the application of different mathematical methods to model each of the substructures. Based
on the method, the foundation and reservoir domains are first solved separately as
substructures. Subsequently, these solutions are used to modify the equations of the dam

structure and of the other substructures.

A survey of past studies indicates that the finite element method is the preferred
method for modeling the arch dam structure. The reservoir, in most cases, extends to a very
large distance in the upstream direction. To include a sufficient part of the reservoir into the
analysis, it is customary to idealize it as a finite region of irregular geometry adjacent to an
infinite domain with uniform cross section. The inclusion of a realistic representation of the
reservoir geometry in the finite region requires considerable computational effort. The
compatibility and equilibrium conditions of pressure and pressure gradients are applied at the
so-called far boundary or scattering boundary along the interface of the finite and infinite

regions.

As the interaction problem is defined on the interface of the dam and the reservoir, the
boundary element method seems to be a logical choice in modeling the reservoir domain. The
major difficulty encountered in applying the classical boundary elements formulation to the
dynamic analysis of the arch dam-reservoir system is due to the fact that the system matrices
implicitly contain the frequency parameter embedded in the fundamental solution. A recent
development in the boundary element method is the adopting of a frequency indeﬁendem
fundamental solution which results in the dual reciprocity method. The method was applied
successfully to model a two-dimensional dam-reservoir interaction in the frequency domain
by Tsai et al (1988). One of the objectives of the present study, is to extend the formulation
based on the dual reciprocity method to include the bottom absorption effects and to apply the

method to model the three-dimensional finite region of the reservoir.
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To account for the energy loss due to the radiation damping in the infinite domain, an
effective model was proposed by Hall and Chopra(1980). The model utilized the separation
of variables technique to combine a two-dimensional finite element discretization over the
uniform cross section of the domain with a continuum expression in the upstream direction.
The problem ultimately reduced to the solution of a standard eigenvalue problem. An
alternative model, due to Rashed and Kandasamy (1990), based on the boundary element
method had the major drawback that the system matrices were implicitly dependent on the
eigenvalues of the system which meant that the problem could not be cast in the form of a

standard eigenvalue problem.

Recent developments in the dual reciprocity method have proven the method to be an
effective tool in the application to free vibration elasticity problems (Nardini and
Brebbia, 1982, Ahmad and Banerjee,1986) and acoustic eigenvalues analysis (Banerjee, et
al, 1988, Ali, et al,1991). Another objective of this study is to use the dual reciprocity method
together with the separation of variables technique to model the radiation condition at the far

end of the reservoir.

In summary, the objectives of the present study are:
(a) to model the arch dam-reservoir system, using the finite element method for the dam
structure and the dual reciprocity method for the reservoir domain;
(b) to develop a formulation based on the dual reciprocity method to account for the radiation
condition at the reservoir far end;
(c) to study the interaction effects of the arch dam-reservoir system on the hydrodynamic
pressure in the reservoir; and

(d) to study the seismic response of the Karakaya dam-reservoir system.



1.2. Literature Survey

Over the last two decades, great progress in analyzing and testing the earthquake
behavior of concrete dams has been made. Early studies were mainly concerned with the
analytical solution of the hydrodynamic pressure distribution on rigid dams. The introduction
of numerical techniques into the analysis has facilitated comprehensive studies of the dynamic
behavior of the complete reservoir-dam-foundation system. Special attention was given to the
interactions among the different domains ( the dam structure, the reservoir and the foundation
rock). A survey of the literature in this area reveals the development of various analytical and
numerical models to study the problem. In this section, a review of the existing analytical,

numerical and experimental studies is presented.
1.2.1. Concrete Gravity Dam

In general, the length of a concrete gravity dam is large in comparison to its thickness
and its cross-section usually remains constant throughout its length. In practice, for a majority
of the cases, a concrete gravity dam may be considered as a two-dimensional system. The

literature contains numerous studies of the seismic response of gravity dam-reservoir-

foundation systems.

The first analytical study of the earthquake induced hydrodynamic pressure on rigid
dams was carried out by Westergaard (1933). In his study, he solved the hydrodynamic
pressure on a rigid vertical dam due to the horizontal harmonic motion for a compressible

reservoir. He suggested the “added mass” concept which influenced designers for a long time.

The importance of reservoir-dam interaction in determining the dynamic behavior of thé
system was demonstrated by Chopra (1967a,1967b, 1968, 1970). In his studies, he represented
the deformations of the dam by considering the first fundamental mode shape of the dam. He
treated the reservoir as a continuum whose motion was governed by a two-dimensional wave
equation. He determined complex frequency responses for the coupled reservoir-dam system
subjected to both arbitrary ground motions and to stationary whii= noise excitation. He found

that neglecting the water compressibility may lead to results with significant error. He



demonstrated that simple analyses which ignore dam-reservoir interaction may not be
satisfactory in predicting the behavior of the dam. Chakrabarti and Chopra (1974) found the

contribution of the vertical component of ground motion to be of special importance in the

dam-reservoir seismic response.

The analysis of the complete response of the dam-fluid-foundation system was greatly
enhanced with the introduction of the substructure concept. Applications of the substructure
technique to the dam-water-foundation interaction system were carried out by Chakrabarti and
Chopra (1973a,1973b,1974) to model the dam-reservoir interaction, by Vanish and Chopra
(1974) to model the dam-foundation system and by Chopra and Chakrabarti (1981) to model
the dam-water-foundation system. Chakrabarti and Chopra (1973b,1974) applied the finite
element method to model the dam structure, and a continuum solution to model the reservoir.
The structural displacements of the dam, including effects of the water, were expressed as a
linear combination of undamped free vibration modes of the dam structure. They found the -

procedure to be very effective and to give excellent results even though only the first few

modes were used.

The finite element method was used to model the reservoir by Hall and Chopra (1980).
In their study, treating the dam structure and fluid domain as substructures, they developed
two- and three-dimensional finite and infinite reservoir models. In the infinite reservoir model,
they coupled the finite element model with the continuum solution to model the radiation waves
at the far end of the reservoir. To account for the effects of foundation flexibility on the
hydrodynamic pressure response, they proposed a simplified one-dimensional fluid-foundation
interaction model which allowed energy dissipation along the fluid-foundation boundary.
Chandrashaker and Humar (1993) verified the simplified model by comparing it with a hybrid
finite elements- boundary elements model. They concluded that the difference between the
model and the simplified approach was minor in the case of the displacement response

functions.

Different approaches to study the radiation and scattering of water waves in two-
dimensional reservoirs were proposed by Humar and Roufail (1983), $_.aran and Gladwell

(1985) and Sharan (1987). They used finite elements to model the reservoir and preposed

-
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different analytical formulations to model the radiation boundary condition in the frequency

domain.

The effects of energy absorption due to the interaction between the reservoir water and
the underlying sediments and the flexible soil, were studied extensively by Fenves and Chopra
(1983,1984a,1984b,1985). In their studies, they demonstrated the importance of reservoir
bottom absorption in reservoir and dam responses. In the models, considering the foundation
to be rigid, these responses can be affected primarily in the case where the excitation frequency
is smaller than the fundamental frequency of the reservoir. Lotfi et al (1987) proposed fluid-
solid hyper-elements and Cheng(1986) proposed the use of poro-elastic sediments to model

the reservoir bottom sediment effects.

Rapid developments in boundary elements methods in the last decade have facilitated
the application of the method to model the dam-reservoir-foundation system. Humar and
Jablonski (1988) applied the method to analyze the hydrodynamic forces on a rigid dam.
Medina and Dominguez (1989) applied the method to account for the dynamic interaction of
dam-water-foundation systems in the seismic response of concrete gravity dams. Tsai, et al
(1988,1992) proposed a hybrid scheme based on finite elements to model the dam structure
and boundary elements with particular integrals to model the near reservoir domain. In his
analysis, he demonstrated the efficiency of the frequency independent fundamental solution in

the boundary-elements formulation of the fluid domain.
1.2.2. Arch-Dam

The behavior of arch dam-reservoir-foundation system is a complex phenomenon. The
geometrical and interactive complexities make the prediction of the system response by
analytical means difficult, and suggest numerical methods as the only solution strategy for the
analysis of the complete system. Due to these complexities, studies on the seismic analysis of

arch dams have not been as detailed as those of concrete gravity dams.

Earlier studies have treated the arch dam as a rigid body in order to obtain the analytical

formulations of the hydrodynamic pressures on the upstream face of the arch dam.



Kotsubo(1961) idealized the arch dam to have a central arch angle of 90°, a constant upstream
radius and radially extended vertical banks. In his study, he solved the three-dimensional wave
equation analytically for harmonic excitations. Extending the analytical formulations to permit
arbitrary ground excitations, Permumalswami and Kar(1973a) demonstrated the importance.
of compressibility in the seismic hydrodynamic response on the arch dams. Neglecting water
compressibility, Zienkiewicz and Nath (1963 ) computed the hydrodynamic pressure distribution
on arbitrary three-dimensional reservoir and dam geometry using the electrical analogue.

To account for the arch dam-reservoir interaction, one-mode analysis of the idealized arch dam
subjected to the upstream-dbwnstream ground motion was developed by Perumalswami and
Kar(1973b). Utilizing the substructure technique, Porter and Chopra (1980,1981,1982)
presented a generalization of the work so as to include any number of vibration modes. The
arch dam was idealized with finite elements while the hydrodynamic pressure distribution in
the reservoir was determined analytically. They showed the importance of two factors on the

arch dam response: the arch dam-reservoir interaction and the additional hydrodynamic force

resulting from the motion of the banks.

The finite-elements method has been successfully applied to model the arch dam-
reservoir system. In their model, Hall and Chopra (1980,1982a,1982b) have treated the dam
structure and the reservoir as substructures. Taking the fluid-foundation interaction into
consideration, they applied the method for both finite and infinite reservoir domains. In
modeling the infinite reservoir domain, they assumed the reservoir to be of a constant cross
section beyond some upstream point. For such an infinite, uniform region, the finite element
discretization over the cross section was combined with a continuum representation.
Nath(1981) focused on modeling the coupled natural frequencies and mode shapes of realistic

circular cylindrical arch dams using novel mapping finite elements.

The complete arch dam-reservoir-foundation was modeled using the finite elements by
Fok and Chopra (1985,1986a,1986b,1986c¢). In their studies, they extended the works of Hall \
and Chopra (1980,1982). They considered the bottom absorption coefficient in the water-
foundation model to account for sedimentary material on the reservoir boundary. Using finite
elements, they developed a homogeneous, massless foundation rock modz' to incorporate the

foundation flexibility into the structure-foundation system. As an alternative to this model, two-



dimensional boundary elements with Fourier expansion formulation was developed to model
the foundation impedance matrix by Zhang and Chopra (1991). Further developments to

include the material and radiation damping of the foundation were done by Tan and Chopra

(1995) utilizing the boundary element method.

Although the solution of continuum domain vibration problems by boundary element
techniques offers many advantages, there are only a few studies in the application of the method
to solve the dam-reservoir-foundation system. In the literature, most of the studies have applied
the method to model the foundation domain in the dam structure-foundation rock problem. The
works of Nowak and Hall (1990) and Tan and Chopra (1995) are examples to these studies.
Boundary elements were applied to solve the fluid domain in the arch dam-reservoir system by
Tsai and Lee (1987). Neglecting water compressibility, they applied a hybrid finite
elements/boundary elements scheme. Considering the compressibility of the water, Humar and
Jablonski and Humar (1986) applied the method in solving the three-dimensional wave equation
to evaluate the hydrodynamic pressure on a rigid arch dam. The Boundary elements method
was applied to the complete dam-reservoir-foundation system by Maeso and Dominguez
(1993). They utilized the classical boundary elements formulation to model all three domains,
taking into consideration the arch dam- foundation rock interaction, the arch dam-reservoir

interaction, the reservoir-foundation rock interaction and traveling waves.

1.3. Scope of the Study

In the present study, the substructure technique in the frequency domain is adopted to
treat the arch dam-reservoir interaction system assuming the foundation rock at the dam base
and canyon banks to be infinitely rigid. The finite element method is utilized to model dam
structure and the dual reciprocity method is used to model the reservoir domain. In the model,
the behaviors of the arch dam and the reservoir are assumed to be linear and the free-field

ground motion is assumed to be uniform across the arch dam-reservoir system.

In Chapter 2, the material and geometrical properties and the assumptions of each of

the domains in the arch dam-reservoir system are stated and the input ground motion is defined.



In Chapter 3, the frequency domain equations of motion and the boundary conditions of the
dam structure and the reservoir are presented together with the substructure procedure. In
Chapters 4 and 5, the three-dimensional dual reciprocity formulations for the finite domain of
the reservoir and the two-dimensional dual reciprocity with the continuum expression for the
infinite domain are presented. The model results are verified by comparing them with the
analytical solution of the hydrodynamic response of the three-dimensional rectangular reservoir
in Chapter 6. The hydrodynamic and structural response of the Karakaya dam-reservoir system
are studied in Chapter 7. In Chapter 8, the conclusions and recommendations for future

research are presented.
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2. ARCH DAM-RESERVOIR SYSTEMS AND GROUND MOTION

The arch dam-reservoir-foundation system includes domains with different properties
and behaviors. These domains are the concrete arch dam, the foundation rock, the impounded
water in the reservoir and the bottom sediments. During earthquakes these domains interact,
therefore it is essential to carry out the analysis of the complete system. In this study, the
substructure technique in the frequency domain is adopted to treat the fluid-structure
Interaction system assuming the foundation rock at the dam base and canyon banks to be
infinitely rigid. Based on the method, the foundation and reservoir domains are first solved
separately as substructures. Subsequently, these solutions are used to modify the equations of
the dam structure and of the other substructures. In the dynamic analysis of the system, the
behaviors of the arch dam and the reservoir are assumed to be linear. Therefore, there is no
possibility of water cavitation, concrete cracking or opening of the construction joints during
the earthquake. The free-field ground motion is assumed to be uniform across the arch dam-

reservoir system.

2.1. The Arch Dam

An Arch dam is a type of concrete dam that is curved upstream in the plan. Arch dams
are designed to transmit a major part of the imposed loads to the canyon walls by horizontal
thrust. In this study, finite elements are used to discretize the dam. Two types of elements are
used in the analysis, three-dimensional solid elements and three-dimensional thick shell
elements. The dam material is considered to be linearly elastic and the deformations of the
dam small, resulting in linear force-deformation relations for the arch dam. The properties of
each finite element are characterized by its Young’s modulus, Poisson’s ratio, the unit weight
of the concrete and the damping factor. The vibrational energy dissipation properties of the

dam are characterized by the constant hysteretic damping factor.



FIGURE 2.1. Arch dam-reservoir system
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2.2. The Reservoir

The reservoir of an arch dam is usually of complicated shape. In some cases, the
reservoir geometry may be such that the entire fluid domain can be incorporated in the model.
while in other cases, only part of an extensive reservoir may be included in the analysis. As
the bottom topography in the immediate vicinity of the dam affects the hydrostatic pressure
distribution, an efficient analysis needs to include a realistic part of the reservoir geometry.
The bottom of a reservoir upstream from a dam may consist of highly variable layers of
exposed bedrock, alluvium, silt and othef sedimentary material. The absorptive reservoir
bottom provides an important energy radiation mechanism through refraction of pressure

waves into the foundation medium deposited to a significant depth.

The reservoir is considered to extend to a very large distance in the upstream direction.
Therefore, to model wave radiation, it is appropriate to idealize it as a finite region of irregular
geometry adjacent to an infinitely long channel with uniform cross section. The compatibility
and equilibrium conditions of pressure and pressure gradients are applied at the so-called far
boundary or scattering boundary along the interface of the finite and infinite regions. In the
arch dam-reservoir system, the interaction problem is defined on the interface of the dam and
the reservoir, therefore the boundary element method seems to be a logical choice in modeling

the reservoir domain.

In this study, the dual reciprocity boundary element method 1s applied to model the
three-dimensional finite domain of the reservoir. For the infinite domain, a two-dimensional
eigenvalue analysis based on the dual reciprocity formulations over the cross section, together
with a continuum expression in the upstream direction, 1s utilized to model the variation of
pressure and pressure gradient across- the interface of the finite and infinite regions. In
modeling the reservoir, the boundary of the reservoir domain is discretized using four-node
linear and eight -node quadrilateral surface elements, therefore, linear and quadratic
representations of the geometry, pressure and normal acceleration are possible. The absorption \
of hydrodynamic waves at the reservoir boundary is approximately represented by a one-
dimensional model proposed by (Hall and Chopra, 1980). The fundamental parameter
characterizing the effects of absorption of hydrodynamic pressure waves at the reservoir

boundary is the wave reflection coefficient which may vary in the range from 0 tol to cover



the wide range of materials encountered at the bottom of actual reservoirs.

The properties of the reservoir domain model are characterized by the pressure wave

velocity, the unit weight of the water and the wave reflection coefficient at the bottom of the

reservoir.

2.3. Ground Motion

The earthquake ground motion is defined by the three transnational components:
Upstream, cross stream and vertical. In this study, the free-field ground motion was assumed
to be uniform across the arch dam-reservoir system. For arch dam sites this free-field ground
motion is expected to vary over the interface. To include these variations appropriately into the
analysis, a complete dam-foundation-reservoir interaction system required to be modeled,

which is beyond the scope of this study. Therefore, these spatial variations in the ground

motion are not included in this study.
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3. ANALYSIS OF THE ARCH DAM-RESERVOIR SYSTEM
RESPONSE

The seismic response analysis of the arch dam-reservoir system is complicated by the
geometrical and interactive aspects existing in the system. Numerical methods are the only
solution means able to overcome such complexities. In this study, the substructure concept is
utilized to treat the arch dam and reservoir domain as separate substructures. The substructures
are analyzed separately, then coupled through a general analysis procedure. This procedure
permits the application of different mathematical methods to model the substructures. The
finite-elements method is utilized to model the arch dam structure while the boundary element

method is applied to model the reservoir. The foundation domain is considered to be infinitely

rigid.

3.1. Equations of Motion for the Dam Structure

The equation of motion of the arch dam substructure, idealized as a three-dimensional

thick shell finite elements system and subjected to ground motion acceleration, {j () is
Mii + Cu + Ku = —-MEii, (t) + Q(t) 3.D

where M, C, K are respectively the mass, damping and stiffness matrices for the finite element
system. u is the vector for the three translational components of nodal displacements above the
base, relative to the free ground motion. The related nodal velocity and acceleration are
denoted by the vectors  and ii . E is the influence matrix which contains the pseudo-static
influence vectors associated with the three translational components of ground motion
acceleration, U, (t) . Q(t) is the vector of the nodal static equivalent of the hydrodynamic

forces on the upstream face of the arch dam.

The consistent mass and stiffness matrices of the arch dam elements are evaluated by
applying isoparametric three dimensional solid elements or isoparametric three dimensional
thick shell elements and following standard finite element method procedures (Zeinkiewicz,
1977). The damping properties are expressed in terms of the damping ratios eliminating the

need to evaluate the damping matrix.



Following the substructure technique, nodal displacements of the arch dam system.
including the hydrodynamic interaction effects, are approximately expressed as a linear
combination of undamped, free-vibration modes of the arch dam. The natural vibration mode
shapes, (j)j , and corresponding natural frequencies, ® i of the arch dam are the solutions of

the free vibration eigenvalue problem of the system
2 -
The nodal displacements of the arch dam system are expressed as
J
u(t) =2 Y;(t) ¢ (3.3)
i=1

in which, Y; are the generalized modal displacements in the * mode of vibration. All modes
contributing significantly to the response should be included in Eq.(3.3). Generally, the
number of modes necessary is a small fraction of the total number of the degree of freedom

of the system. The nodal velocities and accelerations are expressed respectively, as

I .
u(t) = 2 Y;(1) ¢; (3.4)
and JJZI »
i(t) = X Y;(1) 9, (3.5)
=1

in which, Y ij(t) and Yj (t) are the generalized modal velocities and accelerations in the j "

mode of vibration.

Applying the above transformations to Eq.(3.1) and considering the orthogonality
properties of the mode shapes, results in a set of equations in-terms of the generalized modal

displacement, Y ,as

where

4T
Mj =6 Mg,
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_ T _ |
Ci =¢;Ch; =2C;0; M

4T _ .2
Kj=0;Ko; =0j M,

Pi(H=-0TMEi, (0 +o] Q' (1)

In the expressions above, M, , C; and K, are the generalized mass, damping and
stiffness for the j* vibration mode. G ;1s the critical damping ratio and P(t) is the generalized
load. The nodal force vector; Q f (1), is the static equivalent of the hydrodynamic pressure on
the arch dam-reservoir interface, computed by applying the principle of virtual work. The
vector (j)Jf is a sub-vector of the j" vibration mode shape, q)j , including the components

associated with the nodes along the arch dam-reservoir interface.

The response of a linear system to steady state harmonic excitation of frequency ® can
be conveniently described by its complex frequency response function which is also harmonic
at the same frequency. In analyzing the arch dam-reservoir system for harmonic ground
0N

accelerations, il (t)=e" , the generalized modal displacements, velocities and accelerations

can be expressed in terms of their complex frequency response functions as

Y1) =Y;(0)e™" (3.7)
Y0 =io Y;(0) et | (3.8)
ViM=-0Y@)e*" (3.9)

The nodal hydrodynamic forces vector can be expressed.im terms of its complex

frequency response functions as

Q(t) = Q(w) e’ (3.10)

Substituting the corresponding terms into Eq.(3.6), the equation can be expressed in

the frequency domain as

[~0?M; +ioC; +X, 1Y) =P;(@) (3.11)
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where, P;(w) is the generalized load in the frequency domain, and can be expressed as
4T £T
Pi(@)=-¢;ME+¢; Q(n) (3.12)

In order to solve the system of equations, there is a need to know the hydrodynamic
force response on the arch dam-reservoir interface. The hydrodynamic forces will be expressed
in terms of the accelerations at the upstream face of the dam, as a result of the analysis of the

reservoir domain in the following section.

3.2. Equations of Motion and Boundary Conditions for the Fluid Domain:

The motion of the water in the three-dimensional reservoir is governed by the Navier-
Stokes equations. However, under the assumption of small amplitude motion for irrotational
compressible water and neglecting surface waves and viscous effects, the hydrodynamic
pressure distribution in excess of the hydrostatic pressure can be expressed in terms of the

three dimensional pressure wave equation, as

82p N azp N 62p
2

_10p (3.13)
oxX 2

8%p
oy? 8z> ¢ at?

where x, v, z are the Cartesian coordinates, p(x,y,z,t) is the hydrodynamic pressure in excess

of the hydrostatic pressure and c is the velocity of sound waves in water.
For harmonic ground motion, il g (t)=Ee Ot the hydrodynamic pressure, p(X,y,z,t),
can be expressed in terms of the complex frequency response function, p(x,y,z,0), as
p(X,¥,2,1) = p(X,¥,2,0) €' (3.14)

The wave equation thus reduces to the well known three dimensional Helmholtz

equation,
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o’p  d%p ®*
+t——=——p (3.15)
6y2 dz? c?

which governs the hydrodynamic pressure responses, subject to the boundary conditions given

in the following sections.
3.2.1. Reservoir Free Surface Boundary Condition

The hydrodynamic pressure vanishes at the free surface, and the pressure is set equal

to the gage pressure.
p(x,y,z,0) =0 (3.16)
3.2.2. Arch Dam-fluid Interface Boundary Condition

The hydrodynamic pressure, p(x,y,z,t), and the acceleration a (t) of any particle of

water along the dam interface should satisfy,
W
q(Xay:Zat):——an (t) (317)
g

where, q = Op / On, is the normal derivative of the hydrodynamic pressure, n is the outward
normal to the interface, w is the specific weight of water and g is the gravitational
acceleration., a, (t), is the arch dam acceleration along the interface. For steady state response
cases, the frequency response function of the outward normal component of arch dam

acceleration along the interface, can be expressed as
2 J f ’
a, (0)=a, (@) —0” X Y(0)¢; - (3.18)
j=1

in which, the first term of the right hand side represents the accelerations of the rigid arch dam,
while the second term arises from the arch dam deformations. Using Eq. (3.18), Eq.(3.17) can

be written as

J
q(x,y,z,w)=—3;—(ag (o) —wzij(w)(bjfj (3.19)
=1
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3.2.3. Reservoir Bottom and Banks Boundary Condition

The absorptive reservoir bottom and banks provide an important energy radiation
mechanism through the refraction of pressure waves into the foundation medium. This
absorption mechanism through the reservoir-foundation interface can be represented
approximately by a one-dimensional model assuming the seismic pressure to propagate in a
direction normal to the boundary. This model leads to the partial absorption of the
hydrodynamic pressure waves at the reservoir bottom into the foundation medium. As
presented by Hall and Chopra(1980), for the steady state response case, this model leads to the

expression

A(X,Y,2,0) = ——a, (@) +io ¥ p(%,Y,2,®) (3.20)

=]

in which, a _ is the outward normal acceleration component at the reservoir bottom and banks,

v is the foundation damping coefficient given by

_1(1—%)
Cc\l+a,

In the expression above, o, is the wave reflection coefficient which is unity for the

rigid foundation case and vanishes for the full absorption case.

3.2.4. The Radiation Boundary Conditions

To model the wave radiation for the infinite domain, the reservoir may be idealized as
a finite region of irregular geometry adjacent to an infinitely-long channel with uniform cross-
section. Compatibility of hydrodynamic pressures and pressure gradients are forced along the
scattering boundary which is located at the interface of the finite and infinite domains of the
reservoir. The energy loss due to radiation damping in the reservoir is considered by applying
a special radiation condition at the interface. This radiation condition is derived by applying
a two-dimensional dual reciprocity formulation to model the infinite region. The details of this

model are discussed in the following chapters.



3.2.5. Hydrodynamic Pressure and Force Responses on the Upstream of the Dam

For the steady state response case, the governing equation of the fluid domain together
with the specified boundary conditions could be solved using the three dimensional dual
reciprocity method as explained in the next chapter. The resulting hydrodynamic pressure in

the reservoir domain, p(x,y,z,0), can be expressed as

J
P (%,Y,20) =Py (5,1:2,0) -0 Yp;X1,20)Y;(©) (3.21)
j=1
where, p (X,Y,Z,0) is the complex frequency hydrodynamic pressure vector due to the ground
motion acceleration considering arch dam to be rigid, p;(X,y,z,®) is the corresponding vector

due to the arch dam acceleration in its j* vibration mode without motion of the boundary.

By applying the virtual work priricipal, the complex frequency response functions for

the hydrodynamic forces on the upstream face of the arch dam can be expressed as

]
Q(0)=Q(®) -0 Y Q;(®) Y;(0) (3.22)
=1
where, Q(») and Q;(w) are the static equivalents of the corresponding pressure functions

Po(%,y,z,®) and py(X,y,z,m) respectively.

3.3. Equations of the Arch Dam-reservoir System

In the previous sections, the substructure technique was applied to solve the coupled
arch dam-reservoir system. Initially, the arch dam substructure was modeled separately using
the finite element method. The modal displacements and accelerations of the arch dam were
expressed in terms of the generalized displacement associated with free vibration modes of the
arch darﬁ. Then, the reservoir was modeled utilizing the dual reciprocity method. At the arch
dam-reservoir interface boundary, the hydrodynamic pressure of the reservoir is frequency

dependent and can be expressed in terms of the generalized displacements.

Substitution of the expression for the hydrodynamic force, Eq.(3.22), into the



expression of the generalized load vector, Eq.(3.12), results in

Pj(co>=—¢}ME+¢§T{Qo<w) ~0°3Q j<co)Yj<co>} (3.23)
=1

Thus, Eq.(3.11) which expresses the equations of motion in terms of generalized

displacements can be expressed in matrix form as
S(0)Y(o)=L(o) (3.24)

where the frequency dependent matrix S(w) relates the generalized displacement vector Y(w)

to the corresponding generalized loads L(w), as follows

S (@ =-0"9{ Q@) (3.25)
Sjj(co):—oﬂMj +io)Cj +K; —m2¢JTQ(w) (3.26) |
L;(0)=-0;ME - ¢/ Q (o) (3.27)

The hydrodynamic terms modify both L(®) and S(®) in terms of added masses and
added loads respectively. The added load is the hydrodynamic force on the rigid arch dam face
due to the ground motion excitation while the added mass terms are due to hydrodynamic

forces resulting from the arch dam deformations with respect to the ground motion.

For a steady state response, the system of equations represented by Eq.(3.24) can be
solved for the generalized displacements. Substituting the resulting generalized displacements
into Egs.(3.4) and (3.5), the modal displacements and accelerations of the dam can be

computed. The hydrodynamic pressure in the frequency domain may now be computed from

Eq.(3.21).



3.4. Responses to Arbitrary Ground Motion

The responses of the arch dam-reservoir system to arbitrary excitation, such as
earthquakes, can be conveniently obtained form the complex frequency response functions by
using Fourier synthesis. Once the complex frequency responses, Y(w), are obtained for arange
of excitation frequencies, ®, the responses to an arbitrary ground acceleration a,(t), can be
obtained from the individual harmonic components. That is,

©

Yi(t)= j Y. (co)a (0)e' do (3.28)

where, a, (@), is the Fourier transform ofa , (t) given by

tq

a (@)= [a (e " dt (3.29)
0

g
In the equation above, t; is the duration of the ground motion. Similarly, the
hydrodynamic pressure response in the reservoir due to an arbitrary ground acceleration can

be obtained from its harmonic components as,

1% ~
p(t) =— j p(w)ay (0)e' do (3.30)
2n
The transforms of Egs. (3.28),(3.29) and (3.30) can readily be obtained using the Fast

Fourier Transform (FFT) algorithm. Once the generalized displacements are known, the

response of the nodal displacements of the dam can be obtained from Eq.(3.3)
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4. THREE-DIMENSIONAL DUAL RECIPROCITY METHOD FOR
THE RESERVOIR DOMAIN

In the present study, the reservoir is considered to extend to a very large distance in the
upstream direction. Therefore, to model wave radiation, it is appropriate to idealize it as a
finite region of irregular geometry adjacent to an infinitely long channel with uniform cross
section. In the arch dam-reservoir system, the interaction problem is defined on the interface
of the dam and the reservoir, therefore the boundary element method seems to be a logical
choice in modeling the reservoir domain. The method requires only the boundaries of the
domain to be discretized, thus there is a considerable reduction in data preparation efforts.
Over the last decade, there have numerous studies to apply the method to the dynamic analysis
of dam-reservoir-foundation systems (Beskos,1997). The major difficulty encountered in
applying the classical boundary elements formulation to the dynamic analysis in the frequency
domain response is due to the fact that the system matrices implicitly contain the frequency
parameter embedded in the fundamental solution. A recent development in the boundaryv
element method is the adopting of a frequency independent fundamental solution which results
in the dual reciprocity method. The method was applied successfully to model a two-
dimensional dam-reservoir interaction problem by Tsai et al (1988). In their model, within a
general solution procedure to model the dam-reservoir system, a formulation based on the
particular integral approach was utilized to model the two-dimensional reservoir. In the model,
the bottom absorbing effects were ignored and an analytical formulation was utilized to
account for the infinite domain. In this chapter, the formulation based on the dual reciprocity
approach is extended to include the bottom absorption effects and is applied to model the

three-dimensional finite domain of the reservoir.

4.1. Formulations for the Finite Domain of the Reservoir

The hydrodynamic pressure response in the reservoir domain, as shown in Figure 4.1,

is governed by the three-dimensional Helmholtz equation
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FIGURE 4.1 Idealization of arch dam-reservoir system
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2 w
Vip=- —5 P 4.1
c
where, V2 is the Laplacian operator given by
82 82 82

The governing equation is subjected to the following boundary conditions:

p =0 on T, (4.2)
J

92 =—§(ag (@) ~o ZYj((D)d)ij on T, (4.3)
=1
w .

q; =——a, (0)+10 7 Pp;3 on I'; (4.4)

g .
q, =Rp, on I, (4.5)

where I', is the free surface of the reservoir, I' 5 is the arch dam-reservoir interface, T’ 53 1S

the surface of the reservoir bottom and banks and IT" 4 is the radiaiton boundary which is the

interface between the finite and infinite reservoir domains. R is the radiation matrix which
relates the hydrodynamic pressure vector to the corresponding pressure gradient vector at the
boundary. The radiation matrix is a result of applying the dual reciprocity method to model

the infinite domain as explained in the next chapter.

4.2. Dual Reciprocity Method for the Helmholtz Equation

In this section, the dual reciprocity method is applied to solve the Helmholtz Equation.
Eq.(4.1)is multiplied by frequency independent fundamental solution of the Laplace equation,

g, and integrated over the reservoir domain, €2, to yield

J’Qg vzpdg=—3:;Lgde (4.6)



While the left hand side of Eq.(4.6) readily converts to a boundary integral by the
application of Green’s second identity, the dual reciprocity method is applied to the right hand

side to convert the domain integral into a boundary integral.

Following the dual reciprocity formulations proposed by Partridge et al (1992), the

total hydrodynamic pressure response can be expressed as
p=p +p 4.7

where, P is the homogeneous solution satisfying

Vig=0 (4.8)
and p is the particular solution, such that
Vip=-—p (4.9)

The method proposes a series of particular solutions of the form

N-+L .
=1

o>

where o are initially unknown coefficients. N is the number of boundary nodes and L
represents the number of internal nodes that are used in approximating the particular solution.
Substituting the proposed particular solutions into Eq.(4.9) results in

N+L 2

2. O

The above expression may be substituted into the domain integral on the right hand

side of Eq.(4.6), to obtain

, N+L -
[Vipedd =3 a; [V2hgi0 (@12)
=1
Q

- As it can be naticed form the above expression, the domain integral on the right-hand
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side becomes similar to that on the left-hand side, therefore, it also can be expressed in the form
of boundary integrals. Applying Green’s second identity to both sides, results in

N+L
-¢; I(gnp gq) dr Za o pyt (e, P-gd)dr | (413)

r

where ¢; is geometric coefficient which depends on the location of the source point (Brebbia
et al,1984) and c is the boundary of the domain. g, = &g / n is the normal derivative of the
fundamental solution on the boundary. Defining r to represent the distance from the source
point to the field point, the fundamental solution of the three-dimensional Laplace equation is

given in standard boundary elements texts (Banerjee, 1994 and Brebbia et al, 1984) as

= 4.14
g(x,8) = = (4.14)

Discretizing the domain boundary, T, into a series of three-dimensional surface
elements, AI',, Eq.(4.13) becomes

N N+L N
_Cipi+z j(gnp—gq)dr= a{—cipiﬁz f(gnﬁ—gfl)df} (4.15)

k=1 ATy j=1 k=1 AT’y

Evaluation of the integrals in Eq.(4.15) using appropriate shape functions, ¢ , yields

N N+L N
—C; p; +Z(hikpk 8ix QL) Zcx [ C; Py +Z(hikf3kj -8 flkj)i\ (4.16)
k=1 k=1

where the coefficients h; and g;, are to be computed from,

hy = [8.Nedl  gy= [gNdl
ATk ATk

Expressing Eq.(4.16) in matrix form and incorporating the -c; terms into the diagonal

terms of H, the following matrix equation is obtained

N+L A A
Gq-Hp= ) ocj(qu—Gpj) 4.17)
=1

The matrices G and H are computed on the boundary elements by integrating the
Laplace fundamental solution multiplied by an appropriate interpolation function. The vectors p ;

andq; are developed utilizing the dual reciprocity approximation function, as it will be
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described in the following sections. Defining @ and p such that each of their columns is,

respectively, one of the vectors q jand p i» gives the following matrix expression

Gq-Hp= (HQ - Gf’)a (4.18)

The approximation functions proposed to compute the vector « are discussed in the

following section.

4.3. Dual Reciprocity Approximation Functions

Following Partridge et al (1992), a global shape function

to define the particular solution, such that

, f;, can be introduced in order

f,=V?p, (4.19)

Substituting into Eq.(4.11), results in

N+L w2
=1 C

Several proposals for f; may be found in the literature. The simplest, yet the one that has
been found to yield the best results is to use the distance function r from the fundamental
solution in a series of the form

f(r)=a, +a1r+a2r2 + cta (4.21)

where, the constants a; are to be selected to suit the problem. Using the above expression, the

particular solution of Eq.(4.15) for three dimensional problems can be written as

2 3 4 +2
51 = agr”  rt ar . 3y o
6 12 20 (m+2)m + 3)

(4.22)

The normal derivatives {(r) can be obtained fromp(r) as

) 2 3 .m+] §
10 D Ao L LA L, o (4.23)
3 4 5 (m+3)) én
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Using Eq.(4.20), the particular solutions can be evaluated at boundary and internal

points to obtain a set of equations, which can be written in a matrix form as
Fo=-———p (4.24)
F represents geometric relationships between the collocation points in the system and
is generated using Eq.(4.21). Pre-multiplying both sides of Eq.(4.24) by g~!, provided it
exists, results in

a=——7Fp (4.25)

Substituting the above expression for vector @ into Eq.(4.20) leads to

2
Gq-Hp = —92—(HQ - GP)F‘lp (4.26)
c
Defining matrix M as
M = (H() - G13)F_1 (4.27)
Eq.(4.25) can be written as
w? -
Gq-Hp=- TMP (4.28)
c

The dual reciprocity formulations of the H, G and M matrices are observed to be
independent of the frequency parameter. Having this advantage, the dual reciprocity method

is very effective in determining the frequency response of the arch dam-reservoir system.



4.4 Dual Reciprocity Formulations for the Reservoir Domain

In this study, the dual reciprocity formulation of the Helmholtz equation expressed in
Eq.(4.28) is used to solve Egs. (4.1-4.5) which governs the hydrodynamic pressure response
distribution in the reservoir. For a specified excitation frequency, , the system may be

rearranged and assembled in the following form

Hyy Hy, Hyz Hy|lpi] |G Gy Gy Gy llq
Hjy Hy Hps Hyy|lpa| |G21 Gy Goy Gog [jan |
H3 M3 Hiz Hy||ps| |Gy G3p Giz Gaygflas|
Hy Hyp Hys Hy (pa] |Gar Gg Guz Gy |4
(4.29)
Mll Mlz M3 1\7[14T P
*Qi My My My My |p;
2 |M3; M3, Mi; My, ||ps
My My, My 1\71444 Py

where H

G and M ;; are the respective sub-matrices of H, G and M . The indices i and
J refer to the boundary condition types: free surface of the reservoir on I', , arch dam-
reservoir interface on I', , absorbing boundary of the reservoir bottom and banks on I' ; and
radiation boundary on I' , . The corresponding specified boundary conditions of Eqs.(4.2-4.5)

are introduced into Eq.(4.29), and the system is rearranged such that all the coefficients of the

specified boundary conditions are collected on the left hand side. Defining
I~1=H+0)2/CZM,thesystemtakesthe form
-Gy, Hyp -ievG, Hy;-ieyGp; Hyy —-GuR |[q
=Gy Hy —ioyGy Hyy —ioyGy; My —GoR P2 | _
-G;; Hjy —ioyGs; Hiz —ioyGiy Hiyy —G3R |[1P3
-Gy Hy —ioyGyy Hy 107Gy Hyy —G4R [Py
(4.30)
G, Gz Gy,
w |G Go3 {anZ}_ ziY Gy [d)}
g |G Gaz{lam i1 7Gx LY
Gp Gy Ga
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where a,, and a_; are the ground motion acceleration component normal to the arch dam-

reservoir interface I', and the reservoir bottom I' 5, respectively.

Introducing the notation H for the elements of the left hand side matrix, the system

becomes
H, 15112 IEIB Hy, |4 G, Gy Gy,
I;IZI }}22 }}23 Hyy |JP2 | W Gy G {anZ} w:zl:Y G [d) ] 431)
H; Hy, IiI33 Hy, || Ps g 1|Gxn Gisllay = NGy | ‘
H41 H42 H43 H44 Pis G42 G43 G42
Multiplying both sides of the equation above by F = | ~! yields
q; H, H, H; H, G, Gy Gy,
P2l W Ez1 Hy Hy Hy | || Gn Go {anz}—mziY Gn [4’ ] (4.32)
P3 g |Hy Hy Hy Hy Gy Gy |law = NGy LY o
P4 H, H, Hy; Hy, G, Gy Gy

The equations related to the vector p,,the hydrodynamic pressure vector acting on the

upstream face of the arch dam, can be extracted from the system as

G, Gy3 | glz
YE W, H. H Gy Goljan 2N 2
Py == g[Hll H), Hj H14] Gy, G {3n3 - ;Yj G, [¢J] (4.33)
Gy Gy G,
p,, can now be rewritten as
5 J
p, =pg(e) -0’ Xp;®)Y;(©) (4.34)
, =
where p ,, given by
Gy G137
— — = G G a
Wi 22 23 n2
po=——|Hi H, H; Hy { } (4.35)
g[ ] Gy, Gasflan
_G42 Gy
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2

1s the complex hydrodynamic pressure response vector due to the ground motion acceleration

considering the arch dam to be rigid, and p; given by,

pj:_\g_[ﬁll H, H; ﬁm] G [¢j] (4.30)

is the corresponding vector due to the arch dam acceleration in its j vibration mode with no

ground motion.

Applying the virtual work principal (Tsai et al,1988), the equivalent nodal forces on
the upstream face of the arch dam due to harmonic pressure induced by earthquake ground

motion are given by

Q,=-[0g AgodT, p, (4.37)
Iy

where, @ 4, is the shape function related the finite elements of the dam structure, ¢ ¢ 18 the
shape function of the boundary elements of the reservoir and A  is the direction cosine matrix

of the interface boundary.

Utilizing Egs. (4.34) and (4.37), the nodal hydrodynamic forces associated with the

hydrodynamic pressure on the upstream face of the dam can be expressed as
) d
Q,=Q(w)-0" X Q;(0)Y;(w) (4.38)
j=1

where the hydrodynamic force vector Q,and Q; are static equivalents of the corresponding

pressure functions p, and p;, respectively.



5. TWO-DIMENSIONAL DUAL RECIPROCITY METHOD TO
MODEL THE INFINITE DOMAIN

The reservoir domain is idealized as a finite region of irregular geometry adjacent to
an infinite domain of uniform cross section. The compatibility and equilibrium conditions of
pressure and pressure gradients are applied at the so-called far boundary or radiaiton boundary
along the interface of the finite and infinite regions. Hall and Chopra (1980) have applied the
finite element method to model both the finite and the infinite domains of the reservoir. In the
infinite domain model, they applied the separation of variables technique to combine a two-
dimensional finite element discretization over the uniform cross section of the domain with
a continuum expression in the upstream direction. The problem ultimately reduced to the
solution of a standard eigenvalue problem. As an alternative, Rashed and Kandasamy (1990)
applied a two dimensional boundary element discretization together with the continuum
expression to model the infinite reservoir system of uniform cross section. The major
drawback of their method is the frequency dependent fundamental solution, which means that,
the system could not be cast in the form of a standard eigenvalue problem. To obtain a
standard eigenvalue problem, the dual reciprocity method with a frequency independent
fundamental solution may be used. This method has proven to be an effective tool in the
solution of free vibration elasticity problems (Nardini and Brebbia, 1982 and Ahmad and

Banerjee,1986) and acoustic eigenvalues analysis (Banerjee, et al, 1988 and Ali, et a,1991).

In this study, the dual reciprocity method along with the separation of variables
technique is adopted to model a three-dimensional infinite domain of uniform cross section.
The variation of the pressure response in the upstream direction is represented by a continuum
expression. A two-dimensional eigenvalue analysis based onthe dual reciprocity formulations

is utilized over the cross section of the domain.



5.1. The Boundary Value Problem for the Infinite Region of the Reservoir
The infinite reservoir domain is assumed to have a uniform cross section with
absorptive bottom and sides as it is shown in Figure 5.1. The governing equation for the
hydrodynamic pressure response is the Helmholtz equation given as,
Vip=——p | (5.1
The solution sought is to be subject to the following boundary conditions:

(A) The free surface boundary condition, the presure is set equal to the gage pressure

p=0 (5.2)

(B) Absorbing boundary conditions at the bottom and sides of the reservoir as suggested by
(Hall and Chopra, 1980)

w )
q:——g—an (0)+10yp (5.3)

in which, a, is the outward normal acceleration component at the reservoir bottom and sides,

v 1s the bottom absorption damping coefficient given by Eq.(3.20)
(C) Matching boundary conditions at the interface of the finite and infinite regions

Pfinite = Pinfinite 4 finite — Y infinite 5.4

(D) Radiation boundary conditions at the far end of reservoir in the upstream direction

Po =0 (5.5)

which means that pressure waves leaving the reservoir domain are not reflected at infinity.
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FIGURE 5.1. Infinite domain radiation model



With the assumption of uniform ground motion along the upstream direction, x, the
hydrodynamic pressure response in this direction, can be separated from the pressure

distribution over the uniform cross section y-z plane. The hydrodynamic pressure response can

be written as

P=PyDy, (5.6)

thus enabling Eq.(5.1) to be recast in the form

2 2 2

0 px+a pyz_‘*_a pyz__(})2 57
2 2 2~ 2 PxPy S

0X oy oz C

The application of the separation of variables technique yields two boundary value
problems for the hydrodynamic pressure response. One for the upstream direction, x, and the

other for the uniform cross section y-z plane. The governing equations for these are,

0*py

o ~x?p, =0 (5.8)
X

and

0* 0?
Pye | pﬂ-+x2p =0 (5.9)

oy oy’ v

where )2 = 2 /c2 + 2 and k is the separation constant.

5.2. Continuum Expression for the Pressure Along the Upstream Direction

The hydrodynamic pressure response in the upstream direction is governed by Eq.(5.8),
and satisfies the radiation boundary condition at the far end of domain. The pressure waves
propagate away to infinity or decay with increasing distance, thus, the pressure can be cast in

the form of a continuum expression in the x-direction as

p,=e <m* m=1,2,3,.... (5.10)

where



In the above expression, L _ ’s are the eigenvalues obtained from the solution of

Eq.(5.9), the governing equation for the pressure response distribution in the y-z plane.

5.3. Dual Reciprocity Formulation for the Pressure Over the Uniform Cross Section

The hydrodynamic pressure respoﬁse distribution over the y-z plane is governed by the
two- dimensional Helmholtz equation expressed in Eq.(5.9) and satisfies the free surface and
the bottom absorption boundary conditions expressed by Eqs.(5.2) and (5.3), respectively. The
dual reciprocity formulation for the Helmholtz equation, as derived in the previous chapter,

is given by
Gq-sz—XZMp (5.11)

where, the matrices G and H are computed on the boundary elements by integrating the
Laplace fundamental solution multiplied by an appropriate interpolation function, the matrix

M is computed using the dual reciprocity approximation functions.

For the two-dimensional case, the fundamental solution of the Laplace equation

(Brebbia et al, 1984) is given by
1
g(x,€) = —In(r) (5.12)
2n
The radial basis approximation functions utilized in the analysis are of the form
f(r)=a0+a1r+a2r2+ ceta ™ (5.13)

The particular solution for the two-dimensional case can be derived (Partridge, et al

1992) as

4 +2
agr’ ar’ LAt a,r"

4 9 16 (m+2)?

p(r)= (5.14)



20

The normal derivatives §(r) can be obtained from p(r) as

2 3 m+i Y A
~ anT a;r a»sr a.r
0 1 or .-
q(r)——[ e J—- (5.15)

+
2 3 4 (m+2) ) én

For a specified excitation frequency, o, Eq.(5.11) may be rearranged and assembled

in the following discretized form

Hy; Hyp 0 ||pg G G 0 Jiq; M;; M;; Mj;|(p;

Hy Hy 0 [pyr—|Gy Gy 0 Rqpt=-A%{My My Moy [{pat (5.16)
Hy; Hiz I |ip3] 1[Gy Gy 0 ||q3 M3 M3, Mss|(p3

where 1 is a unitary matrix and H;;, G and M ; are the respective sub-matrices of H, G and
M . Theindicesiand j refer to the boundary condition types: free surface of thereservoiron I",
,absorbing boundary of the reservoir bottom and banks onI", and the internal nodes in the

domain Q..

Introducing the specified boundary conditions of Eqs.(5.2-5.3) into Eq.(5.16), results

n

H;, Hj-ioyG;, 0 110 Gy Gip O q,
H,, Hy —i0yGyp 0 [par—1Gy Gy 0 ——Vé_anZ =
Hy;, Hjy —ioyGyy 1 ({p3) |G Gz 0 0

(5.17)
My M, My |[0
~27 My My My P2
M31 M3, M33 P3

The above system of equations can be partitioned as follows

[Hy; -ioyG 0 ]{ii}—[GH]{ql}+‘—g—[G12]{an2}:—Xz[Mlz MBH:} (5.18)



pa a0 P2l [Garle g w Guly Ao p2[Me Ma P2l

In order to set the system of the equation as eigenvalue problem in terms of the
unknown pressure p, , §; can be eliminated from the above two system of equations and the

vector ¢, can be solved for the system of Eq.(5.18) as

{ql}:[G“]—l{[le-imyGn 0 ]{:}+%[Gu]{an2}+x2[mu MB]{:}}(SQO)

Substituting Eq.(5.20) into Eq.(5.19) results in the following eigenvalue problem
T - =4 2nn W
[H+1wyG——k M]{pyz}z——d (5.21)
: g

where
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The matrices, H, G and M are non-symmetrical and are independent of the
excitation frequency. Only the nodes below the free surface within the cross section are
included in the system of Eq.(5.21). It is interesting to observe that the eigenvalue problem of

Eq.(5.21) has a similar form to that obtained by Hall and Chopra (1980) using the finite

element discretization as shown in Appendix. C.

5.4. Formulation of the Radiation Matrix

In the three-dimensional earthquake response analysis of arch dam- reservoir systems,
the boundary motions of the reservoir domain can be classified as due to :
(a) the deformational motions of the arch dam without any ground motion,
(b) the upstream-downstream excitation or the x-component of the ground motion,
(c) the cross stream excitation or the y-component of the ground motion, and

(d) the vertical excitation or the z-component of the ground motion.

For cases (1) and (2), the boundary motion of the reservoir is normal to the surface
boundary of the reservoir. Therefore, the right hand vector d of Eq.(5.21) vanishes and the

equation is simplified to the form
[fl +imyé]{pyz} = —kzﬁ{pyz} _ (5.22)

which represents a generalized eigenvalue problem. For an absorptive reservoir boundary, the
eigenvalues X, and the eigenvectors, ‘¥, obtained from the solution of Eq.(5.22) are
complex valued and dependent on the excitation frequency. The eigenvectors, ‘¥, are

orthogonal and normalized so that

\PT[M]\P =1 (5.23)

and they satisfy the equation
‘I’T[H + imyé]‘P =A (5.24)

where, A is a diagonal matrix of M eigenvalues kzl ) Kzz s Tt 7»2M and ¥ 1is the matrix of M
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eigenvectors, [‘Pl, Y, ---,‘PM].

The hydrodynamic pressure response over the cross section of the infinite domain can

be expressed approximately as a linear combination of the M eigenvectors. That is,

M
Py, = XMm¥n (5.25)
m=1

where, 1, , are unknown coefficients.

Substituting, Eqs.(5.10) and (5.25) into Eq.(5.6), the hydrodynamic pressure response

vector 1n the infinite domain can be written as
M “Km X
p= an\{lme " (5:26)
m=1

Differentiating the hydrodynamic pressure response with respect to the outward normal
to the cross section plane (y-z), noting that the normal is parallel to upstream direction, X,

results in

M
q=- Yk N, ¥e m* (5.27)

m=1
Eqgs.(5.26) and (5.27) can be rewritten in matrix form as

p=YEn (5.28)

q=-YKEn (5.29)

In Egs.(5.28) and (5.29), 1 , is the vector of unknown coefficients, K is a diagonal

matrix with elements, K, K,, ",k and E is another diagonal matrix with elements
o KmX

By eliminating En betweer: Eqs.(5.28) and (5.29), the relation between p and q can

be obtained as



q=Rp (5.30)

where,

R = YK¥ (5.31)

The radiation matrix, R, relates the pressure response vector, p, and its normal
derivative, ¢, for the nodes below the free surface on the radiaiton boundary between the finite
and infinite domains of the reservoir. For the absorbing bottom boundary of the reservoir, R

is dependent on the excitation frequency, o.

Using the same procedure in Eqs.(5.28-5.31), it is also possible to generate a radiation
matrix, R, based on the Hall and Chopra(1980) model for the infinite domain. This

formulation is discussed in Appendix C.

For vertical and cross-stream excitations, cases (3) and (4) of Vertical and cross-stream
ground motions, no variation in ground motion is assumed along the upstream direction. The
solution of the infinite reservoir system with uniform cross section is independent of x. As a
result, the normal derivative of the pressure response, q, along the radiaiton boundary is equal

to zero, therefore the radiation matrix, R, identically zero.



6. VERIFICATION OF THE HYDRODYNAMIC MODEL

| In the previous chapters, an effective numerical model based on a hybrid FEM-
DRBEM scheme has been developed to study the fluid-structure interaction and earthquake
response of arch dam-reservoir systems. Applying the substructure technique, the finite
element method is utilized to model dam structure and the dual reciprocity method was used
to model the reservoir domain. Considering the bottom absorption effects, the reservoir
domain was idealized as a finite region of irregular geometry adjacent to an infinite domain
of uniform cross section. Based on the model, a computer code was developed to calculate the
seismic response of a three-dimensional dam-reservoir system of arbitrary geometry to
upstream-downstream, cross-stream and vertical harmonic ground motion. In this chapter, the
model is verified by comparing the hydrodynamic response of a three-dimensional rectangular

reservoir with that from the analytical formulation existing in the literature.

6.1. Case Study: Three-Dimensional Rectangular Reservoir

To check the validity of the numerical model, the hydrodynamic pressure distribution
in a three-dimensional rectangular reservoir is compared with that given through the analytical
expressions derived by Rashed and Iwan (1984). The verification is carried out for all three
components of the ground motion. A sketch of the reservoir used in the analysis is given in
Figure 6.1. In the computations, the reservoir properties used are as follows: Water depth,
H=100m, radiation boundary is placed at a distance L=100m from the upstream face of the
dam, the velocity of the sound in water, c=1440m/sec and the mass density of water p,=1000
kg/m®. The first fundamental frequency of the reservoir with the above properties is

determined from o,=rnc/2H,and is 22.62 rad/sec(3.6Hz).

Earlier studies [Jablonski,1990] have shown that the numerical results depend strongly
on the modeling of the radiation boundary for excitation frequencies greater than ®, Accurate
results can be obtained from the numerical model provided the element size in the mesh is not

more than one-tenth of the shortest wave length in the reservoir.
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FIGURE 6.1. Three-dimensional rectangular infinite reservoir.
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The reservoir boundary is discretized into 600 three-dimensional isoparametric first
order quadrilateral elements with 441 internal nodes. To model the radiation condition in the
finite and uniform infinite domains a two-dimensional dual reciprocity model is considered.
Boundaries of the uniform cross section of the infinite domain are discretized into 40
isoparametric linear elements. The internal nodes existing on the interface are considered as
internal nodes for the radiation model. The thin plate spline approximating function is used
in the dual reciprocity models. To check the validity of the radiation model, a finite element
model based on the formulation given in Appendix C was also developed. In this model, 15

1soparametric four-node linear quadrilateral elements were used.

6.2. Verification of the DRBEM-Radiation Model

The radiation model for the reservoir infinite domain is based on applying the
separation technique to combine a two-dimensional eigenvalue problem over the cross section
with a continuum expression for the variation of the pressure response in the upstream
direction. The model applies the dual reciprocity formulations derived in Chapter 5 to develop
an eigenvalue problem for the infinite domain of the reservoir. The procedure results in a
generalized eigenvalue problem which can be solved using the QZ algorithm originally

developed by Moler and Stewart(1973).

To verify the model results, the eigenvalues of the system are compared with those
obtained using the finite element method and with the eigenvalues determined using
theanalytical formulation of Rashed and Iwan,1984. For a fully reflective reservoir boundary,
0=1.0, the eigenvalues are independent of the excitation frequency. The first 10 eigenvalues
are presented in Table 6.1. Despite the non-symmetric nature of the dual reciprocity matrices,
the model is found to yield results which comparé extremely well with those obtained from
Rashed and Twan(1984). The maximum relative error for the represented eigenvalues is less
than 0.63 %. Some of the complex eigenvalues of the system appear only at higher frequencies
where the higher order vibration modes are inevitable in the continuum problem. The finite
element model results are presented for the sake of comparison. The maximum relative error
for the same eigenvalues range is 3.64%. For fully reflecting reservoir boundaries, the

eigenvalues obtained from the finite element method are real valued. When boundary
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absorption effects are included the ei genvalues given by both the DRBEM and the FEM are

complex valued and dependent on the excitation frequency.

6.3. Verification of the DRBEM-Reservoir Model

The hydrodynamic pressure and hence the hydrodynamic force on the upstream face
of rigid dams are determined by the hydrodynamic pressure responses in the reservoir domain
which includes a finite irregular domain adjacent to an infinite domain of uniform cross-
section.

As indicated in the procedure explained in Chapter 4, the hydrodynamic pressure response can
be computed for a given excitation frequency by solving the generalized eigenvalue problem
for the infinite domain of the reservoir to form the radiation matrix based on the dual
reciprocity formulation. The radiation matrix is used to relate the pressure and the pressure
gradients across the radiation boundary of the finite domain of the reservoir model. The finite

domain of the reservoir is modeled utilizing the dual reciprocity method.

The hydrodynamic responses of a rigid dam-reservoir system are preseﬁted for four
values of the reservoir boundary reflection coefficient a, =1.0(total reflection), 0.75, 0.50, and
O(total absorbtion). The following cases are studied:

(a) rigid dam subjected to upstream ground motion,
(b) rigid dam subjected to vertical ground motion,

(c) rigid dam subjected to cross-stream ground motion.

In the following sections, the results of the model are compared with the analytical

solution of Rashed and Iwan, 1984.
6.3.1. The Hydrodynamic Pressure

The frequency response functions of the hydrodynamic pressure distribution on the
upstream face of the dam are calculated for an excitation amplitude of 1g and a wide range of

the excitation frequency values, ®. The four reflection coefficients given above are used.
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The following variables were used in the study:

p* : the hydrodynamic pressure normalized by the hydrostatic pressure at the bottom of the
reservoir, p*=p/(yH).

x* : the distance along the upstream direction normalized by the upstream length of the finite
reservoir.

z* : the vertical distance across the height of the dam normalized by the reservoir height, H.
Q) : the excitation frequency normalized by ©,= nc/2H, the first natural vibration frequency of

an infinite reservoir of uniform depth H with a rigid reservoir bottom.

For the upstream-downstream ground excitation, the total normalized hydrodynamic
pressure on the upstream face along with its in-phase and out-of-phase components is
presented in Figures 6.2-6.5 over a frequency range Q=0.4 to 4.8. The corresponding
hydrodynamic pressure distributions on the reservoir bottom along the upstream direction are
shown in Figures 6.6-6.9. The dual reciprocity model results are found to be in a good
agreement with the analytical solution of Rashed and Iwan(1984). As expected, for the fully
reflecting reservoir boundary case, the hydrodynamic pressures are entirely in-phase with the
excitation for values of Q less than unity. For normalized excitation frequencies, €2, greater
than unity, the pressure associated with the higher frequency modes propagates in the
upstream direction of the infinite channel resulting in energy radiation to infinity and hence
the out-of-phase pressure component appears over this frequency range. For absorbing
reservoir boundaries both the in phase and the out of phase components exist 0vér the entire
frequency range due to the energy dissipation at the absorbing boundaries in addition to the

radiation boundaries .

For vertical ground excitation, the total, in-phase and out-of-phase components of the
normalized hydrodynamic pressure on the upstream face of the dam are presented in Figures
6.10-6.13. The dual reciprocity model results are found to be in a good agreement with the
analytical solution. For the fully reflecting reservoir boundary case, the hydrodynamic
pressures are entirely in-phase with the excitation for the entire frequency range. With the
assumption of no variation of ground motion in the upstream direction, no energy will be
radiated out of the system. For absorbing reservoir boundary cases, the absorption on the
boundaries is the only energy dissipation mechanism. As mentioned above, boundary energy

absorption causes the out-of-phase component of the hydrodynamic pressure to appear over



48

the total frequency range.

The upstream and vertical ground motion excitations have symmetrical vibration
modes, while the cross-stream ground excitation has anti-symmetric modes. For the upstream
and vertical ground motion, the hydrodynamic pressure does not vary across the width of the
upstream face of the dam. In the cross-stream case, the hydrodynamic pressure distribution
varies anti-symmetrically across the width of the dam. The total, in-phase and out-of-phase
components of the hydrodynamic pressure on the upstream face at the side boundary of the
upstream phase where y=0.0, are presented in Figures 6. 14-6.17 fora frequency range Q=0.4
to 4.8 and for four different reflection coefficients. The system has an energy dissipation

mechanism which is similar to that of the vertical excitation case.

It should be noted that the phase angle of the hydrodynamic pressure response varies
along the height of the dam. This means that the maximum pressures along the height do not

occur at the same instance of time.
6.3.2. Hydrodynamic Forces

The frequency response functions for the hydrodynamic force on the upstream face of
the dam are computed by integrating the corresponding hydrodynamic pressure response
functions obtained from the solution of the Helmholtz equation. The hydrodynamic force F*
is normalized with respect to the hydrostatic force on of the upstream face of the dam, F =
0.5yH’B, where v is the unit weight of the water, H is the water depth and B is the width of the

reseroir. As before, the excitation frequency is normalized with respect to w

The total, in-phase and out-of-phase components of the total hydrodynamic force on
the upstream face of a rigid dam are computed for normalized excitation frequencies Q2=0.0
to 5.0 and for an excitation amplitude of 1g in the upstream-downstream, vertical and cross-
stream ground motion directions. The reservoir boundary reflection coefficients a =0.0, 0.5,
0.75 and 1.0 are used. The model results are compared with the hydrodynamic forces obtained

from the analytical formulation of Rashed and Iwan,1984.

For the upstream-downstream ground motion excitation, the total, in-phase and out-

-
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phase components of the normalized hydrodynamic force on the upstream face, are presented
in Figures 6.18-6.20 for the different values of the reflection coefficient. The results for
vertical ground motion excitation are represented in Figures 6.21-6.23. As the hydrodynamic
pressure response to cross-stream ground motion is anti-symmetrical, the hydrodynamic force
on one half of the dam is of opposite phase relative to the force on the other half. For cross-
stream ground motion excitation, the hydrodynamic force on one half of the upstream face is
normalized with respect to the corresponding hydrostatic force and plotted in Figures 6.24-
6.27. The model results compare favorably to the analytical formulation results for all the three

ground motion excitations and different reservoir boundaries absorbing factors.

For the fully reflecting reservoir boundary, o,=1.0, the hydrodynamic force response
functions are unbounded at the natural frequencies of the infinite uniform domain for all
directions of ground motion excitation considered. The hydrodynamic force responses due
to upstream ground motion are entirely in-phase with the excitation frequency for € less than
unity. The out-of-phase component exists at higher excitation frequencies indicating radiation -
due to propagation of hydrodynamic pressure waves in the upstream direction. With increasing
excitation frequency, a larger number of modes are associated with the propagating pressure
waves, leading to increased energy radiation and hence smaller hydrodynamic force, except
for the local resonance behavior near the natural vibration frequencies of the infinite domain.
For vertical and cross-stream ground motions, the out-of-phase component does not exist

since, as mentioned above, upstream radiation of energy does not take place.

When reservoir boundary absorption exists, the hydrodynamic force response functions
are bounded for all excitation frequencies for all three components of ground motion due to
the boundary energy dissipation. The out-of-phase component of the hydrodynamic force
response-exists for all excitation frequencies. For normalized excitation frequencies less than-
unity, the out-of-phase component arises from the radiation of energy due to the absorption
of pressure waves into the absorptive reservoir boundary, whereas for higher excitation
frequencies, the out-of-phase component arises from the radiation of energy due to both the
propagation of pressure waves in the upstream direction and the refraction into the adsorptive

reservoir boundary.



TABLE 6.1. Comparison of natural frequenciés of the infinite domain in a three-

dimensional rectangular reservoir.

Natural Analytical FEM DRBEM
frequency, (Rashed and Iwan, (Hall and Chopra, (Present study)
o (rad/sec) 1984) 1981)

o 22.604 22.626 22.635
1
(0.10%) (0.14%)
o 50.544 50.720 50.603
2
(0.35%) (0.12%)
67.811 68.440 67.837
®3
(0.93%) (0.04%)
81.499 82.126 81.600
@4
(0.77%) (0.12%)
93.198 94.653 93.440
@5
(1.56%) (0.26%)
113.02 114.59 112.99
D6
(1.39%) (0.03%)
113.02 © 11594 112.99
Q) 7 '
(1.39%) (0.03%)
121.72 124.51 122.31
g
(2.29%) (0.48%)
137.49 142.49 138.35
D9
(3.64%) (0.63%)
144.73 147.95 145.07
® 10
(2.22%) (0.23%)
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(harmonic upstream ground motion, reservoir boundary reflection coefficient, o, =0.0).
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FIGURE 6.10.(a) Hydrodynamic pressures distribution on the upstream face of the rigid

dam (harmonic vertical ground motion, reservoir boundary reflection coeflicient, a, =1.0).
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FIGURE 6.11.(a) Hydrodynamic pressures distribution on the upstream face of the rigid

dam (harmonic vertical ground motion, reservoir boundary reflection coefficient, 0,=0.75).
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FIGURE 6.12.(b) Hydrodynamic pressures distribution on the upstream face of the rigid
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FIGURE 6.13.(a) Hydrodynamic pressures distribution on the upstream face of the rigid

dam (harmonic vertical ground motion, reservoir boundary reflection coefficient, ,=0.0).
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FIGURE 6.13.(b) Hydrodynamic pressures distribution on the upstream face of the rigid

dam (harmonic vertical ground motion, reservoir boundary reflection coefficient, ,=0.0).
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7. CASE STUDY : DYNAMIC RESPONSES OF KARAKAYA DAM

The responses of the arch dam-reservoir system to harmonic ground motion are
presented in this chapter. Responses computed by the model proposed in Chapters 2, 3 and 4
are presented for the upstream-downstream, vertical and cross-stream components of the
ground motion, and for the parameters characterizing the geometrical and material properties
of the dam structure and reservoir domain. Taking the Karakaya dam-reservoir system as a
case study, the effects of the dam-water interaction, reservoir boundary absorption and
reservoir geometrical shape on the hydrodynamic pressure response and the dynamic response

of the dam are investigated.

7.1. Idealization of the Karakaya Dam-Reservoir System

Karakaya is one of the most important dams in Turkey. Completed in 1987 it is located
on the Firat River in the south east of Turkey. It has 158 m height, 382 m crest length and
9580 hm® reservoir volume. The dam is a single-centered arch dam with maximum central
angle of 118.5° and intrados and extrados radii of 175 m and 225m respectively. Figure 7.1
is an aerial photograph showing the Karakaya dam-reservoir system. A detailed description
of the geometry of the dam and reservoir is available in Orhon, et al 1991. In the model, the
dam structure and the reservoir are discretized using finite elements and boundary elements

respectively. The discretized system is shown in Figure 7.2.
7.1.1. The Dam Structure

The finite element idealization of the dam;, shown in Figure 7.2, consists of 296 eight-
node solid elements, with a total of 525 nodes. Taking the foundation rock to be rigid, this
idealization has 1242 degrees of freedom. The concrete mass in the dam is assumed to be
homogenous, isotropic and linearly elastic with the following properties: Young’s modulus,
E=3.5x 10° kg/mz, unit weight, y, =2.45% 10° kg/m3 and Poisson’s ratio v.=0.2. A constant
hysteretic damping factor n=0.10, which corresponds to five percent damping in all vibration

modes of the dam with empty reservoir on rigid foundation rock, is selected.
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FIGURE 7.1. The Karakaya Dam and reservoir system
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7.1.2. The Reservoir Domain

The reservoir is idealized as a finite irregular region combined with an infinite uniform
domain. The finite irregular domain boundary is discretized into 760 isoparametric two-
dimensional surface quadrilateral elements with a total of 762 boundary nodes and an
additional 150 dual reciprocity nodes are placed within the fluid domain. To model the
radiation condition on the interface of finite and infinite domains, a two-dimensional dual
reciprocity model is considered. Boundaries of the uniform cross section of the infinite domain
are discretized into 48 isoparametric linear elements with 48 boundary nodes. The boundary
nodes of the finite domain within the interface are considered as internal nodes for the two-
dimensional dual reciprocity model. The thin plate spline approximating function is used in the
dual reciprocity models. To check the validity of the radiation model, the finite element model
based on the formulation in Appendix C is utilized. For this model, 140 isoparametric four-

node linear quadrilateral elements with a total of 165 nodes are used.

To investigate the effects of reservoir shape on the hydrodynamic pressure response,
the reservoir is discretized in the two different ways shown in Figure 7.2. The first -
discretization is for the actual reservoir geometry with all its variations. Polynomial
interpolating functions are extracted from the contour maps of the dam-reservoir then used to
modify the mesh generation routines. The second symmetrical idealization of the geometry is
aradially increasing reservoir in the upstream direction which used in analytical solution of the
hydrodynamic pressure on the upstream face of the dam(Kotsubo, 1961 and Porter and Chopra,
1980). In the computations, the following properties of the reservoir are used: The water depth,
H=158m, the velocity of the sound in water, c=1439m/s and the mass density of water p,=1000

kg/m’. The radiation boundary is placed at a distance L.=225m from the upstream face of the

dam. To investigate the effects of the reservoir boundary absorption, four different absorbing . -

factors of the reservoir boundary are considered with the following values of coefficient of
reflection: o, =0.0, 0.5, 0.75 and 1.0. The model can handle any water level provided the finite
element mesh for the dam is defined to match the nodal points at the water level. In this study,

the reservoir is assumed to be full, unless stated otherwise.
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7.1.3. The Ground Motion

The excitation for the arch dam -reservoir is defined by three components of the free-
field ground motion: The upstream-downstream (x) component, the vertical (z) component and
the cross-stream (y) component. Each component of ground acceleration 1s assumed to be
harmonic with the excitation frequency ® which is varied over a wide range. No spatial
variations in the ground motion are considered, therefore the ground motion excitations are

assumed to be uniform across the arch dam-reservoir system.

7.2. Hydrodynamic Responses on the Rigid Arch Dam

Before studying the response of the complete arch dam-reservoir system, it is useful to
investigate the hydrodynamic responses on the upstream face of a rigid arch dam. These
responses are determined for both the actual and the idealized reservoir geometries. Th‘er
analyses have been carried for the three components of the ground motion excitations with an
excitation amplitude of 1g and a wide range of the excitation frequency values . The -
coefficient of reflection is taken as: o, =0.0, 0.5, 0.75 and 1.0. The frequency response
functions of the hydrodynamic pressure distribution on the upstream face of the dam are
computed using the procedure described in Chapter 4, for no interaction between the arch dam
and the reservoir system. The hydrodynamic pressure, force and the excitation frequency are

normalized as in Section 6.3.
7.2.1. Free Vibrations of The Infinite Domain

To model the radiation condition along the finite and infinite domains of the reserveir,
aradiation model based on the dual reciprocity method was formulated in Chapter 5. The cross
section of the finite domain of the reservoir at the scattering surface extends uniformly to
infinity to form the infinite domain of the reservoir. The radiation model resuits in a
generalized eigenvalue problem for the infinite domain of the reservoir. The resulting system
matrices are real and non-symmetrical. The eigenvalue problem is solved using the QZ
algorithm of Moler and Stewart,1573. To verify the model results, the eigenvalues of the

infinite domain of the actual reservoir idealization, are compared with the results obtained from
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the finite element model given in Appendix C. For a fully reflecting reservoir boundary (a=1.0)
the eigenvalues are independent of the excitation ﬁequency. The first 10 eigenvalues resulting
from the two models are presented in Table 7.1. The maximum relative difference between the
two models, ranges from 0.27% in the first eigenvalue to 10.55% in the ninth eigenvalue.
When boundary absorption effects are included the eigenvalues given by both the DRBEM and

the FEM are complex valued and dependent on the excitation frequency.
7.2.2. Effects of Reservoir Geometry Shape

To study the effects of the reservoir geometry variations in the vicinity of the arch dam,
hydrodynamic responses were investigated for both the symmetrical and the actual geometry
reservoir idealizations. The normalized hydrodynamic pressure distributions on the upstream
face of the arch dam are presented in Figures 7.6-7.8 for the symmetrical reservoir case and in
Figures 7.9-7.11 for the actual geometry reservoir case. The total hydrodynamic pressure
response amplitude on the upstream face for the three components of the ground motion
excitation are presented over the frequency range, Q2=0.4 to 2.4 and for a reservoir boundary
reflection coefficient 0.=0.75. As can be seen from the figures and as expected, the presence -
of the geometrical variations of the reservoir affects the hydrodynamic pressure distributions
on the upstream face of the dam. The hydrodynamic pressure distribution is no longer
symmetrical and the maximum pressure regions are different from the symmetrical reservoir
case. The x-components of the normalized total hydrodynamic force responses acting on the
upstream face of the arch dam due to upstream, vertical and cross-stream ground motions are
given as frequency response functions in Figures 7.18, 7.19 and 7.20, respectively. For the
three components of the ground motions excitations, the geometrical variations of the actual
reservoir affect the hydrodynamic response in different manners. It can be clearly noticed that,
for the upstream-downstream ground motion excitation case, the geometrical variations reduce
the hydrodynamic response for the normalized frequency, (), less than unity, and increase the

response ( greater than 3.0.
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7.2.3. Effects of Reservoir Boundary Absorption

To study the reservoir boundary absorption effects on the hydrodynamic force
responses on the arch dam, the x-component of the total hydrodynamic force responses acting
on the upstream face of the dam due to upstream, vertical and cross-stream ground motion, are
shown as frequency response functions in Figures 7.6-7.8 for the symmetrical reservoir and in
Figures 7.9- 7.11 for the actual geometry reservoir. The hydrodynamic force responses are

presented for four values of reservoir boundary reflection coefficients: 1.0, 0.75, 0.50, and 0.0.

For a fully reflecting reservoir boundary, a.,=1.0, the hydrodynamic force responses are
unbounded at the natural frequencies of the reservoir for all the three components of the ground
motjon excitation. It can be observed that, the hydrodynamic force responses are extremely
sensitive to the excitation frequency and additional bounded peaks appear in the high
frequency range (2>2. The fully reﬂecting reservoir assumption is not realistic because of the
existence of the sediments and the foundation damping at the bottom of the reservoir.
Introducing absorption damping into the system, smoothens these additional peaks. For the
symmetrical reservoir case, there are double peaks in the vicinity of the natural frequency of
the infinite reservoir. This can be interpreted as the effects of the resonance of both the finite
and infinite domain of the reservoir. Only one peak exists for the case of the actual geometry

reservoir case.

When reservoir boundary absorption is considered, the hydrodynamic forces are
bounded for all excitation frequencies for all three components of the ground motion. The
hydrodynamic pressure and force responses due to upstream ground motion are complex-
valued for all excitation frequencies. With increasing excitation frequency, a larger number of
modes are associated with the propagating pressure waves leading to increased energy
radiation. For the symmetrical reservoir, the hydrodynamic force responses decrease with
Increasing excitation frequency for Q greater than unity. For the real geometry case, the
radiation damping has less effect on the hydrodynamic force response due to the boundary

reflection effects in the vicinity of the dam.
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7.3. Dam-Water Interaction Effects

As discussed in Chapter 3, the substructure concept is utilized to treat the arch dam and
reservoir domain as separate substructures. The finite elements method is utilized to model the
arch dam structure while the boundary element method is applied to model the reservoir. Based
on this procedure, the dam and reservoir domains are first solved separately as substructures.
Subsequently, these solutions are used to modify the equations of the dam structure and of the
reservoir. Utilizing the analysis procedures developed in Chapters 3-5, the interactions of the
arch dam and reservoir system are investigated. The effects of the dam-water interaction on the

hydrodynamic and structural responses of the Karakaya dam-reservoir system are presented.
7.3.1. Free Vibration of Karakaya Dam

Based on the substructure procedure discussed in Chapter 3, the free vibration
eigenvalue system described in Eq.3.2 is employed to find the natural vibration mode shapes,
(I)j , and the corresponding natural frequencies, ® i of the Karakaya dam. The resulting
system matrices are symmetrical. Therefore, Cholesky factorization is utilized to compute the -
eigenvalues of the system. The routine EVLSF from the IMSL library 1s used. Discussions of

this routine and some timing results are given by Hanson et al. (1990).

The first ten natural frequencies of the Karakaya dam, are presented in Table 7.2. The
present finite element model results based on lumped and consistent mass assumptions are
compared with SAPIV results. In comparison to SAPIV results, the maximum relative error
for the lumped mass approach is less than 0.38 per cent. The first six natural modes of vibration
of the Karakaya Dam are presented in Figures 7.3-7.5. Odd natural modes of vibration
correspond. to the symmetrical mode shapes while the even ones correspond te the anti-

symmetrical modes.
7.3.2. Hydrodynamic Forces on the Flexible Dam
Considering the arch dam-reservoir interaction, the hydrodynamic pressure response

on the upstream face of the arch dani consists of two components: The hydrodynamic pressure

response due to the ground motion acceleration taking the arch dam to be rigid, and the
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pressure response due to the arch dam deformational motions without boundary motion. The
frequency response functions for the hydrodynamic force are computed by integrating the
corresponding hydrodynamic pressure response functions over the upstream face of the arch

dam.

Considering the dam-water interaction, the normalized hydrodynamic pressure
distributions on upstream face of the arch dam are presented in Figures 7.12-7.14 for the
symmetrical reservoir case and in Figures 7.15-7.17 for the actual geometry reservoir case. The
total hydrodynamic pressure responses are presented for the three components of the ground
motion excitation and over the frequency range Q=0.4 to 2.4 and for a reservoir boundary
reflection coefficient 0,.=0.75. The dam-water interaction affects both the magnitudes and the
distributions of the hydrodynamic pressure responses. For the symmetrical reservoir case, the
hydrodynamic responses resulting from the deformational motion of the arch dam act to
reinforce the hydrodynamic responées resulting from the ground motion acceleration. In the
cases of upstream and vertical ground motions, the symmetric properties of the pressure
distribution are preserved because both pressure responses have the same phase over the
upstream face of the arch dam. In the cross-stream ground motion case, both of the pressure .
responses have different phases. The symmetry of the distribution no longer exists. This is

especially more pronounced for (2>1.

Considering the dam-reservoir interaction, the x-components of the normalized total
hydrodynamic force responses acting on the upstream face of the arch dam due to upstream,
vertical and cross-stream ground motions are given as frequency response functions in Figures
7.27-7.29 for the symmetrical reservoir case, and in Figures 7.30- 7.32 for actual geometry
reservoir. The dam-reservoir interaction has an amplifying effect on the hydrodynamic force
responses especially when the normalized frequency is greater than unity. For Q greater than
unity, the hydrodynamic force responses exhibit complex behavior and have additional peaks
resulting from the interaction. As it can be seen from both the symmetrical and the actual

geometry reservoir cases, the system is strongly coupled in the normalized frequency range,

Q=2 to 4.
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7.3.3. Structrual Responses

The response of the arch dam with an empty reservoir is the characteristic of a multi-
degree of freedom system with frequency-independent mass, stiffness, and damping properties.
Considering the water compressibility, the response of the dam with a full reservoir is affected
by frequency dependent hydrodynamic terms. As described in Chapter 3, the hydrodynamic
terms modify the equations of motion of the arch dam in terms of added masses and added
loads. The added load is the hydrodynamic force on the rigid arch dam face due to the ground
motion excitation, while the added mass terms are due to hydrodynamic forces resulting from

the arch dam deformations with respect to the ground motion.

The dynamic response of Karakaya Dam to harmonic ground accelerations in the
upstream-down stream, vertical and cross-stream excitation were investigated. The radial
acceleration responses of the dam at different locations on the dam mesh(6 =0.0°, 15.27° and
31.51°) on upstream face of the dam at the spillway level are studied. The center of the dam
corresponds to 6 =0.0°while 6 = 15.27° and 31.51° are two points in-between the center and
theri ght abutmeht ofthe dam. Considering both empty and full reservoir cases, these responses
are presented‘ in Figures 7.33-7.35 for the symmetrical reservoir and in Figures 7.36-7.38 for
the actual geometry reservoir. The reservoir boundary absorption coefficient, a,, is taken as
0.75 for the analysis. Because of the strong frequency dependence of the hydrodynamic terms,
the dam response behaviors are complicated with the interaction of the reservoir. It is observed
that, the actual geometry reservoir has more influence on the dam responses, especially at the

excitation frequencies in the neighborhood of the natural frequencies of the reservoir.
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TABLE 7.1. Comparison of natural frequencies of the infinite reservoir domain of Karakaya

Dam ( actual geometry reservoir case).

frequency DRBEM FEM Relative
(cycles/sec) | (Present studyj | (Hall and Chopra, Difference

' 1981)
®, 2.77 2.78 0.27%
®, 4.66 4.68 0.41%
o, 5.58 6.03 7.33%
®, 7 7.2 2.75%
. 7.72 7.94 2.71%
o 8 8.81 9.22%
®, 9.1 9.83 7.42%
®, 10.5 10.72 | 6.23%
®, 10.33 11.55 _ 10.55%
® 11.15 12.14 8.19%




TABLE 7.2. Comparison of the free vibration frequencies of Karakaya Dam

frequency Present Study Present Study SAPIV
(cycles/sec) (Lumped Mass) | (Consistent Mass) | (Lumped Mass)
Cols 32 3.276 3.208
(0;_ 3.546 3.678 3.555
s 4.257 4.521 4.262
®3
(Di 5.022 5.502 5.018
s 6.008 6.848 6.004
®s
0)2 6.407 6.951 6.401
s 6.604 7.099 6.629
w7
D 7.266 7.958 7.259
g
s 7.457 8.085 7.430
Oy
s 7.922 8.513 7.936




1% mode

2" mode

Figure 7.3. Natural vibration modes of Karakaya Dam
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3" mode

4™ mode

Figure 7.4. Natural vibration modes of Karakaya Dam

1C:
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5™ mode

6™ mode

Figure 7.5 Natural vibration modes of Karakaya Dam
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FIGURE 7.6. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : without dam-reservoir interaction, symmetrical reservoir, harmonic upstream-
downstream ground motion, reservoir boundary reflection coefficient, 0,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to ®= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.7. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : without dam-reservoir interaction, symmetrical reservoir, harmonic vertical ground
motion, reservoir boundary reflection coefficient, 0,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to ®= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.8. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : without dam-reservoir interaction, symmetrical reservoir, harmonic cross-stream
ground motion, reservoir boundary reflection coefficient, a,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to ®=0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.9. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : without dam-reservoir interaction, actual geometry reservoir, harmonic upstream-
downstream ground motion, reservoir boundary reflection coefficient, 0,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to w= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.10. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : without dam-reservoir interaction, actual geometry reservoir, harmonic vertical
ground motion, reservoir boundary reflection coefficient, a,=0.75.
(Q9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to o= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)



112

FIGURE 7.11. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : without dam-reservoir interaction, actual geometry reservoir, harmonic cross-stream
ground motion, reservoir boundary reflection coefficient, 0,=0.75.
(Q=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to ©=0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.12 The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : with dam-reservoir interaction, symmetrical reservoir, harmonic upstream-
downstream ground motion, reservoir boundary reflection coefficient, 0,=0.75.
(92=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to o= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.13. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : with dam-reservoir interaction, symmetrical reservoir, harmonic vertical ground
motion, reservoir boundary reflection coefficient, 0,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to o= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.14. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : with dam-reservoir interaction, symmetrical reservoir, harmonic cross-stream
ground motion, reservoir boundary reflection coefficient, 0,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to w= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.15. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : with dam-reservoir interaction, actual geometry reservoir, harmonic upstream-
downstream ground motion, reservoir boundary reflection coefficient, a,=0.75
(Q=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to ®= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.16. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : with dam-reservoir interaction, actual geometry reservoir, harmonic vertical ground
motion, reservoir boundary reflection coefficient, 0,=0.75.
(9=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to o= 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.17. The hydrodynamic pressure distribution on the upstream face of Karakaya
Dam : with dam-reservoir interaction, actual geometry reservoir, harmonic cross-stream
ground motion, reservoir boundary reflection coefficient, 0,=0.75.
(2=0.4,0.8,1.2,1.6,2.0,2.4 corresponds to = 0.93,1.86,2.78, 3.71,4.64,5.57 cycles/sec)
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FIGURE 7.20. Total hydrodynamic force on the upstream face of Karakaya dam: without
dam-reservoir interaction, symmetrical reservoir, harmonic cross-stream ground motion,

reservoir boundary reflection coefficient, a,=0.75.
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motion.
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8. CONCLUSIONS

Three-dimensional dual reciproéity formulations have been developed to model the
reservoir domain in order to study the earthquake response of arch dam-reservoir systems.The
substructure technique in the frequency domain has been applied to treat the interaction of the
arch dam-reservoir system. Assuming the foundation rock at the dam base and canyon banks
to be infinitely rigid, the finite element method is utilized to the model dam structure.
Considering the bottom absorption effects, the reservoir domain is idealized as a finite domain
of irregular geometry adjacent to an infinite domain of uniform cross section. The three-
dimensional dual reciprocity méthod 1s applied to model the finite domain of the reservoir.
The uniform infinite domain is modeled by applying two-dimensional eigenvalue analysis
based on the dual reciprocity formulations over the uniform cross section combined with a

continuum expression in the upstream direction.

In the arch dam-reservoir system, the interaction problem is defined on the interface of
the dam and the reservoir. By utilizing the dual reciprocity method, there is a considerable
reduction in data preparation efforts as the method requires only the boundaries of the domain
to be discretized. Dual reciprocity methods overcome the major difficulty encountered in
applying the classical boundary elements formulation to the dynamic analysis by utilizing a
frequency independent fundamental solution. The system matrices are no longer dependent on
the excitation frequency. This results in a great reduction of the computational effort in

determining the dynamic response of the arch dam-reservoir system.

The model was applied to investigate the hydrodynamic responses of a three-
dimensional rectangular reservoir and the hydrodynamic and structural response of Karakaya
dam-reservoir system. The effects of arch dam-reservoir mnteraction, the reservoir geometry and
the reservoir boundary bottom absorption on the hydrodynamic and structural responses are

studied.
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8.1. Hydrodynamic Response in Three-dimensional Rectangular Reservoir

For upstream-downstream excitation and a fully reflecting reservoir boundary, the
hydrodynamié pressures are entirely in-phase with the excitation for values of Q less than
unity. For ) greater than unity, the pressure associated with the higher frequency modes
propagates in the upstream direction of the infinite channel resulting in energy radiation to
infinity and hence the out-of-phase pressure component appears over this frequency range. For
absorbing reservoir boundaries both the in phase and the out of phase components exist over

the entire frequency range due to the energy dissipation at the absorbing boundaries in addition

to the radiation boundary.

For vertical and cross-stream ground excitations and a fully reflecting reservoir
boundary case, the hydrodynamic pressures are entirely in-phase with the excitation over the
entire frequency range. With the assumption of no variation of ground motion in the upstream
direction, no energy will be radiated out of the system. For absorbing reservoir boundary cases,
the absorption on the boundaries is the only energy dissipation mechanism. The boundary
energy absorption causes the out-of-phase component of the hydrodynamic pressure to appear

over the total frequency range.

The upstream and vertical ground motion excitations have symmetrical vibration modes
and the hydrodynamic pressure does not vary across the width of the upstream face of the dam,
while the cross-stream ground excitation has anti-symmetric modes and the hydrodynamic

pressure distribution varies anti-symmetrically across the width of the dam.

For a fully reflecting reservoir boundary, the hydrodynamic force response functions
are unbounded at the natural frequencies of the infinite uniform domain for alt directions of
ground motion excitation considered. When reservoir boundary absorption exists, the
hydrodynamic force response functions are bounded for all excitation frequencies for all three

components of ground motion due to the boundary energy dissipation.
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8.2. Hydrodynamic Response on the Upstream Face of Karakaya Dam

The presence of geometrical variations of the reservoir shape affects the hydrodynamic
pressure distributions on the upstream face of the dam. The hydrodynamic pressure distribution
isno longer symmetrical and the maximum pressure regions are different from the symmetrical
reservoir case. For the upstream-downstream ground motion excitation case, the geometrical
variations reduce the hydrodynamic response for Q less than unity, and increase the response

in the range Q >3.0.

For a fully reflecting reservoir boundary, the hydrodynamic force responses are
unbounded at the natural frequencies of the reservoir for all the three components of the ground
motion excitation. Additional bounded peaks appear in the high frequency range Q>2.
Introducing absorption damping into the system smoothens these peaks. For the symmetrical
reservoir case, there are double peaks in the vicinity of the natural frequency of the infinite

reServoir.

When reservoir boundary absorption is considered, the hydrodynamic forces are
bounded for all excitation frequencies for all three components of the ground motion. The
hydrodynamic pressure and force responses due to upstream ground motion are complex-
valued for all excitation frequencies. With increasing excitation frequency, a larger number of
modes are associated with the propagating pressure waves leading to increased energy
radiation. For the symmetrical reservoir, the hydrodynamic force responses decrease with
increasing excitation frequency for Q greater than unity. For the actual geometry case, the
radiation damping has less effect on the hydrodynamic force response due to the boundary

reflection effects in the vicinity of the dam.

8.3. Dam-Water Interaction Effects

For the symmetrical reservoir case, the hydrodynamic responses resulting from the
deformational motions of the arch dam act to reinforce the hydrodynamic responses resulting
from the ground motion acceleration. In the cases of upstream and vertical ground motions, the

symmetric properties of the pressure distribution are preserved because both pressure responses



have the same phase over the upstream face of the arch dam. In the cross-stream ground motion
case, both of the pressure responses have different phases. The symmetry of the distribution

no longer exists. This is especially more pronounced for Q>1.

The dam-reservoir interaction has an amplifying effect on the hydrodynamic force
responses especially when the normalized frequency is greater than unity. For €, greater than
unity, the hydrodynamic force responses exhibit complex behavior and have additional peaks
resulting from the interaction. As it can be seen from both the symmetrical and the actual
geometry reservoir cases, the system is strongly coupled in the normalized frequency range,

Q=2 to 4.

The actual geometry reservoir has more influence on the resonant amplitudes of
acceleration responses of the dam, especially at the excitation frequencies in the neighborhood
of the natural frequencies of the reservoir. The responses of the dam to the three components
of the ground motion considering the interaction generally exceed those of the dam without
water. In the normalized frequency range, Q=2 to 4, the coupled effects greatly increased the

response of the radial acceleration especially for the vertical ground motion.

8.4. Recommendations for Further Research

Further studies could be made on the followings;
A) Applying DRBEM to model the foundation effects.

B) Investigation of the relation between the sediment layer properties in the reservoir and the

reflection coefficient analytically and experimentally.

C) Utilizing the model for a comprehensive parametric study for the arch dam-reservoir system

for different material and geometrical properties.
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APPENDIX A: THIN PLATE SPLINE APPROXIMATION
FUNCTIONS IN DRBEM

Several proposals for the approximating function f, may be found in the literature
(Partridge, 1997). Recently, there have been successful implementations of thin plate spline
approximation functions to find a particular solution for the Poisson equation (Karur and
Ramachandran,1995) and for elasticity problems (Bridges and Wrobel, 1996). The thin plate

spline function is radial basis function and is given by
f(r)=r2 In(r) (A.1)

The particular solution of Eq.(4-19) can be written in polar coordinates for two and

three-dimensional cases, as

V2= l—a—(r @j -ft)y  (2-D) (A2)
ror\ Oor
1 8 /( 5 0p
VZA:————(Z—pj:f 3-D A3
R L RLUNC (A3)

The particular solution, P(r) , can be obtained by integrating the above expression two
times. The integration constants that result are taken to be zero since there is no obvious way
of determining what they should be, and also because their inclusion makes the expression
exceptionally complicated (Bridges and Wrobel, 1996). Thus, the particular solutions can be

obtained as .

ﬁ(r>=r“"[§2i+“f6‘>) (2-D) | (A4)
T e l‘l@) 3.D AS
By =1 (400+ . (3-D) (A5)

The normal derivatives, 4(r), can be derived from p(r) as
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APPENDIX B: FINITE ELEMENT FORMULATION OF THE
RADIATION MATRIX

The infinite domain of the reservoir is assumed to have a uniform cross section with
absorptive bottom and sides. Based on the formulation of Hall and Chopra (1980), the
separation of variables technique is applied to combine a two-dimensional finite element
discretization over the uniform cross section of the domain with a continuum expression in the
upstream direction. The problem ultimately reduces to the solution of a standard eigenvalue

problem.

The governing equation and the boundary conditions for the hydrodynamic pressure
response in the infinite domain of the reservoir are given in Eqgs.(5.2-5.5). Following the
procedure given in Chapter(5), the separation of variables technique yields two boundary value
problems for the hydrodynamic pressure response. One for the upstream direction, x, and the
other for the uniform cross section y-z plane. These are given in Eq.(5.8) and Eq.(5.9),
respectively. The solution in the upstream direction is given as a continuum expression in

Eq.(5.10).

The hydrodynamic pressure response distribution over the y-z plane 1s governed by the
two- dimensional Helmholtz equation of Eq.(5.9) and satisfies the free surface and the bottom
absorption boundary conditions expressed by Eqs.(5.2) and (5.3), respectively. A finite element

discretization using a two-dimensional mesh (Fig. B.1) leads to the following matrix equation

. w
(Hfﬂmy};f—xch)pxy:——df (B.1)
g
where, p, is the vector of pressure values at nodes below the free surface. In the above
expression, Hf , B f and G are symmetrical matrices analogous to the stiffness, damping
and mass matrices arising in the dynamics of solid continua. df, 1s the vector of nodal

accelerations computed from the normal acceleration along the boundary.

For the cases, where boundary motions of the reservoir domain are defined by
upstream-downstream excitation or the deformational motions of the arch dam, the right hand

vector d of Eq.(B.1) vanishes as described in Section 5.4., and the equation simplifies to the
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form

[Hf +imny]{pyz}=—x2Gf{pyz} (B.2)

which represents a generalized eigenvalue problem. For an absorptive reservoir boundary, the
eigenvalues ,A ., and the eigenvectors, ¥, obtained from the solution of Eq.(B.2) are
complex valued and depend on the excitation frequency. For the non-absorptive reservoir
boundary, where y =0, the eigenvalues and eigenvectors are real valued and frequency

independent. The eigenvectors, W, are orthogonal and normalized so that
‘{’T[Gf]\l’:l (B.3)
and they satisfy the equation
\PT[Hf +ic0ny]‘I’:A (B.4)

where, A is a diagonal matrix of N eigenvalues le , kzz » XzN and ¥ 1s the matrix of N

eigenvectors, [‘{’1, ¥Y,, ---,‘PN].

The hydrodynamic pressure response over the cross section of the infinite domain can

be expressed approximately as a linear combination of the N eigenvectors. That is,

N
Py = X Mm¥n (B.5)
m=1 .
where, 1, , are unknown coefficients.

Substituting, Eqgs.(5.10) and (B.5) into Eq.(5.6), the hydrodynamic pressure response

vector in the infinite domain can be written as

N
p= Sy Pae ¥ (B.6)

m=1

Differentiating the hydrodynamic pressure response with respect to the outward normal

to the cross section plane (y-z), noting that the normal is parallel to upstream direction, X,

S
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results in

Km X

N )
q=- ZKmnm\Pme_

(B.7)
m=1
Egs.(B.6) and (B.7) can be rewritten in matrix form as
p = ¥En (B.8)
q=-YKEn (B.9)

In Egs.(B.8) and (B.9), 1, is the vector of unknown coefficients, K is a diagonal
matrix with elements, x, x,,-:-,kyand E is another diagonal matrix with elements

K mX
e M,

The results of Eqs.(B.8) and (B.9) will be applied to specify the scattering boundary
condition along the interface of the finite and infinite regions. Since the dual reciprocity
method is applied to model the finite domain of the reservoir, a relation between the pressure

and the pressure gradient vectors along the boundary may be introduced into the formulations.

By eliminating Em between Eqs.(B.8) and (B.9), the relation between p and q can be

obtained as

q=Rp (B.10)
where, ’
R =¥YKY ! (B.11)

The radiation matrix, R, relates the pressure response vector, p, and its normal
derivative, q, for those nodes below the free surface on the radiation boundary between the
finite and the infinite domains of the reservoir. For the absorbing bottom boundary of the

reservoir, R is dependent on the excitation frequency, ©.
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APPENDIX C: DAM3D COMPUTER PROGRAM

The Fortran90 computer program DAM3D was developed for the purpose of
mvestigating the effects of fluid-structure interaction on the hydrodynamic pressure in the
reservoir and on the dynamic structural behavior of arch dams. The DAM3D program was
developed using Microsoft Fortran Power Station 4.0 and the IMSL Library. The program was
compiled and executed using a Pentium Pro/200 system running underWin95. The storage
requirements were significantly reduced using the dynamic memory allocation feature
supported by Fortran90. The program consists of a main program, seven modules and twenty-

two external subroutines. The block diagram of the program is illustrated in Fig.(C.1).

The program is based on the analysis procedures developed in Chapters (2-5). The
program calculates the seismic modal response of the arch dam-reservoir system to any of the
three components, upstream-downstream, cross-stream and vertical, of the harmonic ground
motion. There are no geometrical restrictions for the system, except that the infinite domain
of the reservoir be of constant cross section. The arch dam is modeled using finite elements and
can be discretized using two type of elements: three-dimensional isoparametric eight node
elements and three-dimensional sixteen node thick shell elements. The free vibration
eigenvalue analysis is accomplished using the IMSL routine GVCSP. The finite domain of the
reservoir is modeled using the dual reciprocity method and can be discretized using three-
dimensional isoparametric quadrilateral elements with either four or eightnodes. There are two
alternatives in modeling the infinite domain of the reservoir: Either the dual reciprocity method
or the finite element method. For dual reciprocity modeling, either two-dimensional two-node
linear elements, or 3-node quadratic elements with internal nodes placed within the interface
may be used. For the finite element model two-dimensional four node or eight node
quadrilateral elements may be used: The resulting etgenvalue problem is solved using the

IMSL routine GVCSP.
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