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ABSTRACT

Reliable analytical procedures to predict the earthquake response of arch dams are essential to

design dams to be earthquake resistant or to evaluate the earthquake safety of existing dams._The

objectives of this study are: (a) to develop an effective procedure for analyzing the response of

concrete arch dams to earthquake ground motion, including the effects of dam-foundation rock

interaction with inertia and damping of the foundation rock considered, dam-water interaction, and
?' ~ .

reservoir boundary absorption; (b) to identify the limitations of the "standard" analysis procedure

which considers the flexibility of the foundation rock but ignores its inertia and damping - material

and radiation - effects; and (c) to study the effects of dam-foundation rock interaction in the

presence of dam-water interaction and reservoir boundary absorption on the response of the dam,

leading to better understanding of these effects. This investigation emphasizes the effects of dam-

foundation rock interaction compared to dam-water interaction which have already been studied

extensively. :;""

The available substructure method and computer program for the earthquake response analysis

of arch dams, including the effects of dam-water interaction, reservoir boundary absorption, and

foundation rock flexibility, is extended to include the effects of dam-foundation rock interaction with

inertia and damping of the foundation rock considered. Efficient techniques are developed for

evaluating the foundation impedance terms, computationally the most demanding part of the

procedure.

Utilizing the resulting analytical procedure, the frequency response of Morrow Point Dam to

harmonic ground motions is computed and studied for a wide range of the important parameters

characterizing the properties of the dam, foundation rock, impounded water and reservoir boundary

materials. It is shown that: (a) dam-foundation rock interaction reduces the fundamental resonant

frequency of the dam and generally reduces the fundamental resonant response because the frequency

bandwidth at the fundamental resonance is widened by the interaction; dam-foundation rock



interaction also reduces the amplitude of higher. resonant peaks and their resonant frequencies; (b)

dam-foundation rock interaction affects the response of the dam in its' symmetric vibration modes,

excited by upstream and vertical ground motions, more than its antisymmetric vibration modes,

excited by cross-stream ground motion; (c) the commonly used "standard" analysis, which considers'

only the flexibility of the foundation rock, ignores important effects of dam-foundation- rock

interaction and overestimates the response amplitudes at the, fundamental and higher resonant

frequencies; (d) dam-foundation rock interaction has little effect on the percentage reduction in the

fundamental resonant frequency due to dam-water interaction, especially if the reservoir is close to

full; and (e) the radiation damping due to reservoir boundary absorption is more effective in reducing

the response of the dam if the foundation rock is rigid, and the damping - material and radiation 

due to dam-foundation rock interaction is more effective in reducing the response of the dam if the

reservoir boundary is less absorptive.

Utilizing the new analytical procedure, the earthquake response of Morrow Point Dam due to

Taft ground motion is also computed and studied. for a wide range of the important parameters

characterizing the properties of the dam, foundation rock, impounded water and reservoir boundary

materials. It is shown that: (a) the "standard" procedure, which considers only the flexibility of the

foundation rock but ignores other effects of dam-foundation rock interaction, significantly

overestimates the earthquake-induced stresses in arch dams; (b) dam-foundation rock interaction

generally increases by a small amount the maximum tensile stresses computed for the dam on rigid

foundation rock, but does not significantly alter the distribution of stresses over the dam faces; (c)

dam-water interaction and reservoir boundary absorption effects on the response of the dam are

affected by dam-foundation rock interaction differently due to symmetric (upstream and vertical)

ground motions and antisymmetric (cross-stream) ground motion; (d) for the dam with impounded

water and non-absorptive reservoir boundary, the response to the vertical component of ground

motion is so large that it dominates the total response; however, this dominance drastically decreases

as the reservoir boundary becomes more absorptive; and (e) the small increase in stresses in an arch
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dam due to dam-foundation rock interaction is in contrast to gravity dams whose response is reduced

significantly by interaction; however, dam-water interaction and reservoir boundary absorption

effects have more significant influence on the earthquake response of arch dams than on the response

of gravity dams.

The results presented demonstrate that foundation-rock inertia and damping, dam-water

interaction, and reservoir boundary absorption may significantly affect the earthquake response of

arch dams. Therefore, these effects should be included in the design of new arch dams and in the

seismic safety evaluation of existing dams.
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1 INTRODUCTION

Reliable analytical procedures to predict the earthquake response of concrete arch dams are

essential to design dams to be earthquake resistant or to evaluate the earthquake safety of existing

dams. Many techniques have been developed for this purpose, and ADAP [I] was one of the earliest

computer programs based on the finite element method. While foundation flexibility effects were

considered in the original computer program, later an added mass approximation of hydrodynamic

effects was included. [2,3] In order to develop better representation of the hydrodynamic effects, a

substructure method was developed in the frequency domain [4,5]. This procedure and the

implementing computer program [6] includes the effects of dam-water interaction, water

, compressibility and reservoir boundary absorption. Parametric response studies using this analysis

procedure demonstrated that each of these effects can be significant so that they should be considered

in analyzing the earthquake response of arch dams [7,8,9].

Since an arch dam carries loads in part by transmitting them through arch action to the

abutments, and it is in contact with foundation rock extending over the dam height, the effects of

dam-foundation rock interaction may be important in the earthquake response of arch dams.

Therefore, it is necessary to develop rigorous procedures for considering dam-foundation rock

interaction, which remove the untenable assumption of massless foundation rock employed in current

computer programs, including EADAP [3] and EAeD-3D [6]. Analyses based on this assumption

ignore foundation material and radiation damping, perhaps a. significant interaction effect. To

overcome this limitation, a boundary element procedure has been developed for analysis of the dam

water-foundation rock system showing good results [10,11]. This method in which a large foundation

rock region extending significant distances in the upstream and downstream directions is modeled by

surface boundary elements apparently requires enormous computational effort.

Required in the substructure method for earthquake analysis of concrete dams is the impedance

matrix (or the frequency-dependent stiffness matrix) for the foundation rock region, defined at the
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nodal points on the dam-foundation rock interface [12]. Computation of this foundation impedance

matrix for arch dams requires solution of a series of mixed boundary value problems governing the

steady-state response of the canyon cut in. a three-dimensional, semi-unbounded ·foundation rock

region. A direct boundary element procedure has been developed to solve these boundary value

. problems for a canyon cut in a homogeneous viscoelastic half-space [13]. The canyon is infinitely

long and may be of arbitrary but uniform cross-section. The uniform cross-section of the canyon·

permits analytical integration along the canyon axis of the three-dimensional boundary integral

equation. Thus, the original three-dimensional problem is reduced to an infinite series· of two

dimensional boundary value problems, each of which corresponds to a particular wave number and

involves Fourier transforms of full-space Green's functions. Appropriate superposition of the

solutions of these two-dimensional boundary problems leads to a dynamic flexibility matrix that is

inverted to determine the impedance matrix, which forms the starting point of this investigation.

The objectives of this study are: (a) to develop an effective procedure for analyzing the

response of concrete arch dams to earthquake ground motion, including the effects of dam-foundation

rock interaction with inertia and damping of the foundation rock considered, dam-water interaction,

and reservoir boundary absorption; (b) to identify the limitations of "standard" analysis which

considers the flexibility of the foundation rock but ignores its inertia and damping - material and

radiation - effects; and (c) to study the effects of dam-foundation rock interaction in the presence of

dam-water interaction and reservoir boundary absorption on the response of the dam, leading to better

understanding of these effects. This investigation emphasizes the effects of dam-foundation rock

interaction compared to dam-water interaction that has already been studied extensively [7,8,9].

Discussed in Chapter 2 is the general concrete arch dam system consisting of three

substructures: the dam body, the foundation rock region, and the impounded reservoir. The material

and geometrical properties of each of these three substructures are stated. The input ground motion is

also defined.
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The Morrow Point Dam-water-foundation rock system which is the subject of this investigation

is described in Chapter 3. In particular, the incompatibility between the dam body and the foundation

rock caused by the uniform canyon assumption is discussed.

The earlier analytical procedure [5] is summarized in Chapter 4 and extended to include inertia

and damping effects of the foundation rock by including the foundation impedance matrix in the

substructure method. The properties and accuracy of the foundation impedance matrix are

investigated. Efficient procedures are also presented for computation of the foundation impedance

coefficients.

Utilizing the analytical procedure presented in Chapter 4, the response of Morrow Point Dam to

harmonic ground motion in the upstream, vertical and cross-stream directions is determined and

presented in the form of complex-valued frequency response functions for a wide range of the

important parameters characterizing the properties of the dam, foundation rock, impounded water and

reservoir boundary materials in Chapter 5. Based on the frequency response results, the influence of

damping - material and radiation - and the inertia of the foundation rock beside its flexibility on

the response of the dam is studied. We then identify the significance of dam-foundation rock

interaction effects ignored in standard analyses [3.6] that consider flexibility of the foundation rock

but not its inertia or damping - material and radiation - effects. Finally, the effects of dam

foundation· rock interaction in the presence of dam-water interaction and reservoir boundary

absorption on the response of the dam are also investigated, leading to better understanding of these

effects.

Presented in Chapter 6 is the earthquake response of Morrow Point Dam to Taft ground

motion, determined for a wide range of parameters characterizing the properties of the dam,

foundation rock, impounded water and reservoir boundary materials. using the analytical procedure

developed in Chapter 4. The response results presented are the time variations of radial displacements

at the dam crest and the envelope values. of the maximum tensile stresses at the upstream and

downstream faces of the dam. Based on these response results, the effects of dam-foundation 'rock
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interaction with empty reservoir are studied first. The significance of these interaction effects ignored

in standard analyses that consider flexibility of the foundation rock but not its inertia or damping 

material and radiation - effects are then identified. The combined effects· of dam-foundation rock

interaction, dam-water interaction, and reservoir boundary absorption are studied next. The relative

significance of the response to the three components of ground motion are also investigated. Finally.

the results of a practical earthquake analysis of the arch dam are presented to demonstrate the

effectiveness of the analytical procedure.

Presented in Chapter 7 are the principal conclusions of this investigation regarding (1) the

analytical procedure developed. (2) the significance of the dam-foundation rock interaction effects

ignoredin standard analysis procedures. and (3) the effects of dam-foundation rock interaction. dam

water interaction, and reservoir boundary absorption. on the response of arch dams to hannonic and

earthquake ground motions.

4



2 SYSTEM AND GROUND MOTION

2.1 System Geometry and Assumptions

The system consists of a concrete arch dam supported by flexible foundation rock in a canyon

and impounding a reservoir of water in the upstream direction (Figure 2.1). Although the arch dam is

usually built in a narrow bank of the canyon, in this study the canyon is assumed to be infinitely long

with an arbitrary but unifonn cross-section cut in a homogeneous viscoelastic half-space. The cross

section is defined by the dam-foundation rock interface (Figure 2.2). The system is analyzed under the

assumption of linear behavior for the concrete dam, impounded water, and foundation rock. Thus the

possibility of water cavitation, concrete cracking, or opening of construction joints during vibration of

the dam is not considered.

2.2 Arch Dam

The idealization of the dam-fluid-foundation rock system is shown in Figures 2.3(a)-(c). The

concrete arch dam is idealized as an assemblage of finite elements [Figure 2.3(a)]. Thick-shell finite

elements are nonnally used in the major part of the dam and transition elements along its junction

with foundation rock. The transition elements are designed to connect the thick-shell finite elements in

the dam to the surface boundary elements idealizing the foundation rock [Figure 2.3(b)]. The

assumption of a unifonn canyon may introduce incompatibility between the dam abutment and the

canyon [Figure 3(d)] which requires special treatment as described in the next chapter.

The properties of each finite element are characterized by the Young's modulus Es ' Poisson's

ratio vs ' and unit weight Ws of the concrete. The vibrational energy dissipation properties of the dam

are characterized by the constant hysteretic damping factor TIs'
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Figure 2.1 Arch dam-water-foundation rock system.
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Figure 2.2 Idealized arch dam-water-foundation rock system in an infinitely-long unifonn canyon.
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(a) Arch Dam Substructure

Mid-surface of arch dam

(b) Foundation Rock Substructure

(c) Fluid Domain Substructure

Infinite channel of unifonn
cross-section

Finite region of irregular geometry

y

Dam-foundation rock interface, f j

00

7'\
,

.... .
'\.'...

' .•J
................... Infinitely-long unifonn canyon

(d) Section a-b-c-d-e-f-a of the Arch Dam and
its Intersection with the Unifonn Canyon

Unifonn canyon boundary ----..~

x

z

a

Dam abutment

Figure 2.3 (a)-(c) Finite element models of dam and fluid domain substructures and boundary element

model of foundation rock [parts (a) and (c) adapted from Reference [5]; (d) Incompatibility between

the dam abutment and canyon.
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2.3 Foundation Rock

Required in the substructure method for analysis of earthquake response of arch dams is the

frequency-dependent impedance (or dynamic stiffness) matrix for the foundation rock region. defined
-

at the nodal points on the dam-foundation rock interface. The impedance matrix, S/ro), where ro is

the excitation frequency. relates the interaction forces Rf(t) at the dam-foundation rock interface. r:.
to the corresponding displacements, rf(t) , relative to the earthquake-induced displacements in the

absence of the dam [Figure 2.3(b)]:

(2.1)

where the bar denotes a Fourier transform of the time functions. The size of the square matrix,

S/ro), is equal to the number of degrees of freedom (OOFs) in the finite element idealization of the

dam at its interface with the foundation. The nth column of this matrix multiplied by eioor is the set of

complex-valued forces required at the interface OOFs to maintain a unit harmonic displacement, eiOll
,

in the nIh DOF with zero displacements in all other OOFs.

Evaluation of these forces requires solution of a series of mixed boundary value problems

(BVP) with displacements prescribed at the interface, r i , and tractions prescribed as zero outside r i

- on the canyon wall and the half-space surface. Instead of directly solving this mixed BVP, it is

more convenient to solve a stress BVP in which non-zero tractions are specified at the interface. r:,
and the resulting displacements at r i are determined. Assembled from these displacements, the

dynamic flexibility influence matrix is inverted to determine the impedance matrix St< (J)).

A direct boundary element procedure has been developed to determine the impedance matrix

[13]. The assumption of uniform cross-section of the canyon permits analytical integration along the

canyon axis of the three-dimensional boundary integral equation. Thus, the original three-dimensional

problem is reduced to an infinite series of two-dimensional problems, each of which corresponds to a

particular wave number and involves Fourier transforms of full-space Green's functions. Appropriate

superposition of the solutions of these two dimensional boundary value problems leads to a dynamic
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flexibility influence matrix which is inverted to determine the impedance matrix. This procedure is

shown to be more accurate and efficient than the general three-dimensional boundary element method

[13].

For this direct boundary element procedure, the dam-foundation rock interface is discretized

into a set of boundary elements with their nodal points matching the finite element idealization of the

dam [Figure 2.3(b)]. The properties of the foundation rock are characterized by its Young's modulus

EI • Poisson's ratio v I' and unit weight wI' The vibrational energy dissipation properties of the

foundation rock are characterized by the constant hysteretic damping factor 11/'

2.4 Impounded Water

The reservoir behind a dam is of complicated shape, as dictated by the natural topography of

the site, and extends several miles in the upstream direction. To efficiently recognize the long extent

of the reservoir in the upstream direction, the fluid domain is idealized as a finite region of irregular

geometry adjacent to the dam connected to an infinitely-long channel with uniform cross-section [5].

This assumption permits uncoupling of the three-dimensional boundary value problem for the infinite

channel into two problems: a one-dimensional problem in the upstream direction and a two

dimensional problem over the cross-section. Typically the irregular region of the fluid domain

connects the narrow canyon at the upstream face of the dam to a wider cross-section that .defines the

infinite uniform channel. However, this geometry of the fluid domain is not compatible with the

boundary of the foundation rock.

To avoid such incompatibility, the fluid domain is defined as shown in Figure 2.3(c). The finite

region of irregular geometry is idealized as an assemblage of three-dimensional finite elements

[Figure 2.3(c)], with the finite element mesh compatible with that of the dam at its upstream fac-e. For

the infinite channel, a discretization of the cross-section, compatible with the discretization of the

irregular region over the common cross-section [the transmitting plane in Figure 2.3(c)] combined

with a continuum representation in the infinite direction provides for the proper transmission of
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pressure waves. Physically, this treatment can be interpreted as a discretization of the fluid domain

into subchannels of infirute length [Figure 2.3(c)]. The properties of the impounded water are

characterized by the pressure wave velocity C and the unit mass p or unit weight ~w.

2.5 Absorptive Reservoir Boundary

The boundary of a reservoir upstream from a dam would typically consist of alluvium, silt. and

other sedimentary material. This section on modeling of these materials in this study is taken from an

earlier work on concrete gravity dams [12].

Over a long period of time, the sediments may deposit to a significant depth in some reservoirs.

The depth of sediments can be recognized in the analytical procedure presented in this study by

correspondingly reducing the depth of the fluid domain. However, the influence of the sediments on

the static stresses in the dam or on the vibration properties of the dam is not considered in the analysis

because it should be negligible as the sediments are very soft, highly saturated and exert lateral forces

only on the lower part of the dam.

The effects of interaction between the impounded water and the foundation rock would"-be

dominated by the overlying alluvium and sediments, possibly deposited to a significant depth. These

reservoir boundary materials are highly saturated with a low shear modulus. A" hydrodynamic

pressure 'wave impinging on such materials will partially reflect back into the water and partially

refract, primarily as a dilatational wave, into the layer of reservoir boundary materials. Because of

the considerable energy dissipation that results from hysteretic behavior and sediment particle

turbulence, the refracted wave is likely to be absorbed in the layer of soft, saturated sediments and

essentially ~is~ipated before reaching the underlying foundation rock.

The absorption of hydrodynamic waves at the reservoir boundary can be represented

approximately by a one-dimensional model, normal to the boundary and independent of the location

on the boundary, that does not explicitly consider the thickness of the sediment layer. For this model,

the boundary condition at the reservoir boundary is developed in References [4,12; 14]. The
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fundamental parameter characterizing the effects of absorption of hydrodynamic pressure waves at

the reservoir boundary is the admittance or damping coefficient q =p/p,C, in which C, =~E,Jp,

where E, is the Youflg's modulus and p, is the unit mass of the materials at the reservoir boundary.

The wave reflection coefficient ex, which is the ratio of the amplitude of the reflected hydrodynamic

pressure wave to the amplitude of a normally propagating pressure wave incident on the reservoir

boundary, is related to the damping coefficient q by [4,14]

l-qC
ex=-

l+qC
(2.2)

The wave reflection coefficient ex is a more physically meaningful description than q of the

behavior of the absorption of hydrodynamic pressure waves at the reservoir boundary. Although the

wave reflection coefficient depends on the angle of incidence of the pressure wave at the reservoir

boundary, the value ex for normally incident waves, as given by Equation (2.2) is used here for

convenience. The wave reflection coefficient ex may range within the limiting values of 1 and -1. For

non-absorptive reservoir boundary materials, C, = 00 and q = 0, resulting in ex = 1. For very soft

reservoir boundary materials, C, ~ 0 and q = 00, resulting in ex = -1. It is believed that ex values from

1 to 0 would cover the wide range of materials encountered at the boundary of actual reservoirs.

2.6 Ground Motion

In earthquake response analysis of dams by the substructure method, the earthquake input is

specified as the free-field ground motion at the dam-foundation rock interface [4]. This free-field

ground motion was assumed to be uniform across the base in two-dimensional analyses of concrete

gravity dams [12]. For arch dam sites this free-field ground motion is expected to vary significantly

over the interface [e.g. 15-17]. However, these spatial variations in ground motion are not included in

this investigation which concentrates on the effects of dam-foundation rock interaction. The-three

components of ground motion: a; (t) in the upstream direction, a; (t) in the cross-stream direction, and

a: (t) in the vertical direction, are assumed to be uniform along the canyon.
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3 IDEALIZATION OF MORROW POINT DAM-WATER-FOUNDATION
ROCK SYSTEM

3.1 Morrow Point Dam

The response results presented in this report are all for Morrow Point Dam located on the

Gunnison River in Colorado. It is a 465 ft high, approximately symmetric, single centered arch dam.

Detailed description of the geometry of this dam is available in References [4] and [18]. To simplify

the dynamic analysis, the dam and its supporting canyon are assumed to be symmetric about the x-y

plane. The fluid domain is also assumed symmetric about the x-y plane and extending to infinity in·

the upstream direction. With the assumption of symmetry, only one-half of the dam-fluid-foundation

rock system needs to be analyzed. The response to the upstream (x) or the vertical (y) component of

ground motion, which is symmetric about the x-y plane, is detennined by analyzing one-half. of the

system with symmetric boundary conditions on the x-y plane. The response to the cross-stream (z)

component of ground motion, which is antisymmetric about the x-y plane, is detennined by analyzing

one-half of the system with antisymmetric boundary conditions on the x-y plane.

The finite element idealization of one-half of the dam body (Figure 3.1) consists of 8 thick-shell

finite elements in the main part of the dam and 8 transition elements in the part of the dam near its
~

junction with the foundation rock, with a total of 61 nodal points at the mid-surface of the dam. The

DOFs in a thick-shell element are associated with these mid-surface nodes, each of which is

associated with two auxiliary "nodes" - one on the upstream face and the other on the downstream

face of the dam (Figure 3.1). Each mid-surface node has five DOFs: x, y, and z translations and two

rotations of the "nonnal" connecting the upstream and downstream auxiliary nodes [19]. The .

transition element is actually a thick-shell finite· element with five (three translational and two

rotational) DOFs for each mid-surface node that is not on the abutment of the dam. However, for a

node on the abutment of the dam, the five DOFs are transfonned to six translational DOFs at the two

auxiliary nodes. Therefore when dam-foundation rock interaction is considered, this idealization has a
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• Nodal point (on mid-surface)
x Stress point

OJ Element number

311.62 ft

306.63 ft

Auxiliary nodes on
upstream dam face
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downstream dam face

Plane of symmetry

y
x

--~·z

Figure 3.1 Finite element mesh of one-half of Morrow Point Dam.
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Figure 3.2 Finite element mesh of one-half of the fluid domain of Morrow Point Dam-water

foundation rock system.
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Figure 3.3 Boundary element mesh of one-half of the dam-foundation rock interface
in the Morrow Point Dam-water-foundation rock system.
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total of 296 OOFs for symmetric (x- and y-component) ground motion and 284 OOFs for

antisymmetric (z-component) ground motion.

The mass concrete in the dam is assumed to be homogeneous, isotropic and linear elastic with

the following properties: Young's modulus Es = 4.0 million psi, unit weight w.. = 155 pcf, and

Poisson's ratio Vs = 0.2. A constant hysteretic damping factor 11s = 0.10, which corresponds to 5%

viscous damping in all natural vibration modes of the dam with empty reservoir on rigid foundation

rock, is selected.

3.~ Impounded Water

The response analysis can handle any water level provided the finite element mesh for the dam

is defined to include nodal points at the water level. For most analyses in this investigation, however,

the water level is assumed to be at the crest level (full reservoir); the exceptions are the analyses

presented in Chapter 5 to study the influence of reservoir level on the fundamental period of the

system. Due to the assumption of symmetry about the x-y plane, only one-half of the fluid domain is

needed for analysis. The combined finite element-continuum idealization of one-half of the fluid

domain with water level assumed to be at the dam crest consists of 27 three-dimensional finite

elements for the irregular fluid region with 189 nodal points (Figure 3.2). This idealization contains

157 pressure OOFs for symmetric (x- and y-component) ground motion and 132 pressure OOFs for

antisymmetric (z-component) ground motion. The irregular fluid region is bounded by the upstream

face of the dam, the uniform canyon, and the transmitting plane e-f-g-h-e. Therefore, the surface a-b

c-d-a of the irregular fluid region (Figure 3.2) coincides with the surface a-b-c-d-a of the upstream

face of the dam (Figure 3.1), and lines a-e, b-f, c-g and doh are all parallel to x-axis. Special

equilibrium and compatibility conditions are imposed on the transmitting plane to connect the

irregular fluid region with the infinite channel (Figure 3.2). The following properties are assumed for

the impounded water: velocity of pressure waves C = 4720 ft/sec and unit weight Ww = 62.4 pcf.

There are no data available for the alluvium and sediments at the bottom and sides of the reservoir
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impounded by Morrow Point Dam. The wave reflection coefficient a, used to account for the

reservoir boundary absorption, is varied in this investigation: 0, 0.5, 0.75, 0.9, 0.95, and 1.0 (non-

absorptive reservoir boundary).

3.3 Infinitely-long Uniform Canyon and the Dam-Foundation Rock Interface

.
The cross-section of the infinitely-long unifonn canyon shown in Figure 3.3 is uniquely defined

by the projection of the mid-surface of the Morrow Point Dam on the y-z plane. Therefore, the half-

width of the canyon, 306.63 ft, is smaller than the half-width of the dam, 311.62 ft (Figure 3.1). The

boundary element idealization of one-half of the dam-foundation rock interface that lies completely on

the surface of the infinitely-long unifonn canyon is shown in Figure 3.4; the top surface of the canyon

is assumed to be horizontal. The projections of the boundary element mesh of the dam-foundation

rock interface on the x~z plane (plan view) and y-z plane (vertical view) are shown as the solid lines

in Figure 3.4(a) and Figure 3.4(b), respectively. The mesh consists of 6 boundary elements with 26

nodes with three translational DOFs for each node. Consequently, there are 76 DOFs for symmetric

(x- and y-component) ground motion and 74 DOFs for antisymmetric (z-component) ground motion.

The number of nodes and DOFs match those of the finite element mesh for the dam. Also shown in

Figures 3.4(a) and 3.4(b) are the dotted lines representing the projections of the finite element mesh of

the dam at its interface with the foundation rock on the x-z plane and y-z plane, respectively. The

dotted lines do not coincide with the solid lines because of the difference in the geometry of the arch

dam abutment and the unifonn canyon.

The foundation rock is assumed to be homogeneous, isotropic, and viscoelastic with the

following properties: unit weight wr =165 pcf, Poisson's ratio vr =0.2, and the Young's modulus Ef

is varied as discussed in Section 5.2.1 (for the frequency response functions presented in Chapter 5)

and in Section 6.2.1 (for the earthquake response presented in Chapter 6). Energy dissipation in the

flexible foundation rock is represented by a constant hysteretic damping factor llr = 0.10, which

corresponds to viscous damping ratio of 5%.
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3.4 Incompatibility between Dam and Canyon

As mentioned earlier, the assumption of a uniform canyon introduces incompatibility between

the dam abutment and the canyon. Therefore the stiffness matrix of the dam with reference to the

nodal points on its abutment is modified by a linear transformation to redefine it using the nodal

points on the dam-foundation rock interface· on the uniform canyon. This concept is explained by

examining the horizontal cross-section a-b-c-d-e-f-a of the dam [Figure 2.3(d)]. The 5 OOFs (3

translational and 2 rotational) of nodal point b, the middle point of the dam abutment a-c, are linearly

transformed to the 6 translational OOFs of nodal points a' and c' on the dam-foundation rock

interface, r;, instead of the 6 translational OOFs of nodal points a and c [Figure 2.3(d)]. Similarly,

the 5 OOFs of nodal point e, the middle point of the dam abutment d-f, are linearly transformed to the

translational OOFs of nodal points d' and f. With this approximate treatment, we achieve two

objectives: the dam substructure retains its original geometry, and displacement compatibility is

ensured between the nodal points on the abutment of the dam and those on the dam-foundation rock

interface on the uniform canyon.

We now examine the resulting error in the response of the dam. The system is analyzed for two

conditions: (1) the cross-section of the canyon is uniform except at and near the dam-foundation rock

interface, where it matches the true shape of the dam abutment lac and fd in Figure 2.3(d)]; and (2)

the canyon is uniform throughout [a'c' and fd' in Figure 2.3(d)]. To enable solution of the problem for

the first case, we resort to a finite-sized foundation modeled by finite elements (Figure 3.5) and only

foundation flexibility is considered [5]. For consistency, the same finite-element procedure is used

even when the canyon is assumed uniform. The frequency response functions for the dam with

EtiEs =I are plotted in Figure 3.6 against the normalized excitation frequency parameter 00/00. where

001 is the fundamental natural frequency of the dam supported on rigid foundation rock (EJ =00) with

empty reservoir; 001 == 00: of the symmetric mode for response to upstream and vertical _ground

motions, and 001 == oo~ of the antisymmetric mode for response to cross-stream ground motion. The two

frequency response functions obtained for the two idealizations are close, thus justifying the
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rock substructures.
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4 RESPONSE ANALYSIS PROCEDURE

Based on the substructure method of analysis and frequency domain analysis concepts, a

procedure is available to evaluate the earthquake response of arch dams. Developed earlier under the

assumption of massless foundation rock, this analysis procedure is extended in this chapter to include, ,

the effects of dam-foundation rock interaction with the inertia and damping of the foundation rock

considered. This fonnulation is similar to the one for two-dimensional analysis of gravity dams [12].

4.1 Frequency Domain Equations

4.1.1 Dam Substructure

The equations of motion for the dam idealized as a three-dimensional finite element system

(Figure 4.1) are:

(4.1)

in which me' ce ' and ke are the mass, damping and stiffness matrices for the finite element system; re

is the vector of nodal point displacements relative to the free-field ground displacement (Figure 4.1):

(4.2)

where rn
x

, r: and r: are the X-, y- and z-components of displacements of nodal point n; N is the

number of nodal points other than on the dam-foundation rock interface; Nb is the number of nodal

points on the dam-foundation rock interface; and vectors I;, I~, and I: contain ones in positions

corresponding to the x, y, and z translational DOFs, respectively, with zeros elsewhere:

I; =(1 0 0 1 0 0

I~ =(0 1 0 0 1 0

I~ = (0 0 1 0 0 1

1 0 0

o 0

o 0
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Relative displacements rc ={:'}=~M

Dam-foundation rock interaction forces R b
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.~ Hydrodynamic forces R h

(a) Dam Substructure

(b) Fluid Domain Substructure

(c) Foundation Rock Substructure

Figure4.1 Substructure representation ofthe dam-water-foundation rock system.
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The force vector Rb(t) represents the forces at the dam-foundation rock due to interaction between

the dam and the foundation rock. The force vector Rh(t) includes the hydrodynamic forces at the

upstream face of the dam.

For harmonic ground acceleration a~(t) = eiw1 in the I = x (upstream). 1= y (vertical) or 1= z

(cross-stream) direction, the displacements and forces can be expressed in terms of their complex-

valued frequency response functions:

r;(t) =F;(ro)eillll

R~(t) =R~(ro)eiWI

R~(t) =R~(ro)eillll

(4.4)

Partitioning rc into r for nodal points other than on the dam-foundation rock interface. and rb for

nodal points on the dam-foundation rock interface, Equation (4.1) can be expressed in the frequency

domain as

(4.5)

where 11s is the constant hysteretic damping factor for the dam. The hydrodynamic forces Rh will be

expressed later in terms of the acceleration at the upstream face of the dam by analysis of the fluid

domain substructure. Also the dam-foundation rock interaction forces Rb will be expressed in terms.

of interaction displacements at the dam-foundation rock interface.

4.1.2 Foundation Rock Substructure

The foundation rock substructure should include the dam-foundation rock interface and part of

the reservoir boundary along the upstream canyon surface to account for dam-foundation rock

interaction and water-foundation rock interaction effects, respectively. However, because water-

foundation rock interaction effects are insignificant compared to dam-foundation rock interaction

effects. the reservoir boundary part has been excluded in the dynamic analysis of gravity dams [12]
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and subsequently in earlier analysis of arch dams [5]. In this study also. the water-foundation rock

interaction effects are neglected.

The complex-valued impedance (dynamic stiffness) matrix for the foundation rock region,

defined relating to the DOFs of the dam-foundation rock interface, relates the interaction forces and

displacements relative to free-field ground motion in the /l!1 direction (Figure 4.1):

(4.6)

which is similar to Equation (2.1).

4.1.3 Dam-Foundation Rock Substructure

Equilibrium of the interaction forces between the dam and the foundation rock substructures at

the dam-foundation rock interface requires that:

(4.7)

and compatibility of interaction displacements at the dam-foundation rock interface requires that:

- (4.8)

Using Equations (4.7) and (4.8), Equation (4.6) becomes

(4.9)

which upon substitution in Equation (4.5) gives

(4.10)

28



The vector R~ of frequency response functions for hydrodynamic forces contains· non-zero terms only

at the nodal points on the upstream face of the dam.

4.1.4 Reduction of Degrees of Freedom

Equation (4.10) represents a set of 3(N + Nb ) frequency-dependent, complex-valued equations.

Enormous computational effort would be required for repeated solution of these equations for many

values of the excitation frequency. Therefore, it is important to reduce the number of DOFs. An

approach based on the Ritz concept is effective in reducing the number of DOFs in analysis of two-

dimensional as well as three-dimensional dam-foundation rock systems [5,12,20]. The displacements

re are expressed as linear combinations of J Ritz vectors derived from an associated dam-foundation

rock system:

J

feCt) =IZ/t)'I' j
j=l

(4.11)

in which Zj (t) is the generalized coordinate that corresponds to the jth Ritz vector 'II j' For harmonic

ground acceleration, Equation (4.11) can be expressed in terms of the co·mplex-valued frequency

response functions for the generalized coordinates:

(4.12)

The associated dam-foundation rock system is obtained by replacing St(w) by the static value

St (0). The vibration frequencies A. j and corresponding Ritz vectors 'I' j are the solutions of the

following eigenvalue problem:

(4.13)

where

(4.14)
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is the expanded version of Sf with zero values corresponding to all DOFs of the dam not on the dam

foundation rock interface. For convenience, the Ritz vectors are nonnalized such that 'II~me 'II j =1.

Introducing Equation (4.12) into Equation (4.10), premultiplying by 'II~ and utilizing the

orthogonality properties of the eigenvectors of the associated dam-foundation rock system with

respect to the stiffness and mass matrices of Equation (4.13), results in:

S(oo)ZI (00) =L1((0)

where the elements of the matrix S((0) and the vector L' (00) are:

Sty (00) =[_00
2

+ (l + ills )A.~ ]O,y + ('II~ l[Sf (00) - (l + ills)S/0)]'l'~

L'n(OO)=-'l'~mel~+{'II~}TR~(oo)

(4.15)

(4.16)

for n, j =1,2,3,. .. ,J; z I (00) is the vector of frequency response functions Z) (00) for the generalized

coordinates; on} is the Kroneker delta function; 'l'~ is a subvector of 'IIn that contains only the

elements corresponding to the nodal points at the dam-water interface; and ~ is a subvector of 'IIn

that contains only the elements corresponding to the nodal points at the dam-foundation rock

interface.

Equations (4.15) and (4.16) represents J simultaneous, complex-valued equations in the

generalized coordinates for each excitation frequency 00. These equations need to be solved over a

range of values of the excitation frequency to compute the frequency response functions. Accurate

solutions can be obtained by including a. small number of Ritz vectors, typically, less than 10 for

gravity dams [12] and 18 for arch dams [5], thus greatly reducing the computational effort.

4.1.5 Fluid Domain Substructure

The unknown forces Rh(t) in Equation (4.1), whose frequency response functions - R~ (00)

appear in Equation (4.16), can be expressed in tenns of the accelerations at the upstream face of the
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dam and at the reservoir boundary by analysis of the fluid· domain. The motion of the water is

governed by the three-dimensional wave equation:

(4.17)

where p(x,y,z,t) is the hydrodynamic pressure (in excess of hydrostatic pressure) and C is the

velocity of pressure waves in water. For harmonic ground acceleration a~ (t) =eiCJl1
, the hydrodynamic

pressure can be expressed as p(x,y, z,t) =p(x,y,z,ro)e iCJl1
, where p(x,y,z,ro) is the complex-valued

frequency response function for hydrodynamic pressure, and Equation (4.17) becomes the Helmholtz

equation:

(4.18)

The hydrodynamic pressure is generated by accelerations at the upstream face of the dam and at the

reservoir boundary.

The linear form of the governing equation and the boundary conditions permits· the

hydrodynamic pressure to be expressed as:

J _

pl(X,y,z,ro) =p~(x,y,z,ro) + 'Lz}(ro)p! (x,y,z,ro)
j=1

(4.19)

In Equation (4.19), the frequency response function p~(x,y,z,ro) is the hydrodynamic pressure due to

the lib component of ground acceleration of a rigid dam and reservoir boundary [Figure 4.2(a)], it is

the solution of Equation (4.18) subjected to the radiation condition at x = 00 and the following

boundary conditions:

~p~(s,r,ro)=-p E I(s,r)an -
[aa

n
- i roq};~ (s, r,ro) =-p E '(s' ,r)

p~(x,H,z,ro)=0
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Upstream darn face

Upstream darn face
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(b) Boundary Accelerations Causing Pj(s,r,oo)

Figure 4.2 ReselVoir boundary accelerations causing hydrodynamic pressures on the upstream
face of the darn by frequency response functions p;(s,r ,(0) and p/s,r ,(0).
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In Equation (4.20), H is the y-coordinate of the free surface of water measured from the base of the

dam; p is the mass density of water; q is the admittance or damping coefficient (Section 2.5); s, rare

the localized spatial coordinates on the upstream face of the dam; s', r' are the localized spatial

coordinates on the reservoir boundary (Figure 4.3); E I(s,r) isa function defined along accelerating

boundaries (s, r =s, r for upstream face of the dam or s, r =s', r' for the reservoir boundary) which

gives the length of the component of a unit vector along I (l =x, y, or z) in the direction of the inward

normal n (Figure 4.3).

In Equation (4.19), the frequency response function pf (x,y, z,oo) is the amplitude of

hydrodynamic pressure due to normal harmonic acceleration of dam in the /' Ritz vector, without

any reservoir boundary motion [Figure 4.2(b)]. It is the solution of Equation (4.18) subjected to the

radiation condition at x =00 and the following boundary conditions:

~Pf (s,r,OO) =-p'l'f(s,r)an
[L -i.,q]P!(S,r',.,l=O

pf(x,H,z,oo) =0

(4.21)

where 'l'{(s,r) is the function representing the normal component of the jib Ritz vector at the dam-

water interface.

Procedures for solving these boundary value problems and evaluating p~(x,y,z,oo) and

Pf (x,y, z,oo) for the fluid domain idealized as in Figure 2.3(c) are available [4,5]. The frequency

response functions for hydrodynamic forces Rh(t) associated with the hydrodynamic pressure

p'(x,y,z,oo) are from Equation (4.19):

J _

R~ (00) =R~( (0) +L zj (oo)R{ (00)
j=l

(4.22)

where R~(oo) and Rf (00) are the nodal forces statically equivalent to the pressure functions

-p~(x,y,z,oo) and -pI (X,y,z,OO), respectively.
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Figure 4.3 Definition of various tenns associated with the fluid domain substructure.
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4.1.6 Dam-Water-Foundation Rock System

Introducing Equation (4.22) with £;(c.o) =-c.o22;(c.o) into Equations (4.15) and (4.16) leads

to:

S(c.o)Z/(c.o) =L'(c.o) (4.23)

where. after rearrangement. the elements in the matrix S(c.o) and the vector L'(c.o) are given by:

Sly (c.o) =[_c.o2 + (1 + ills)A~ ]o,y + ('V~)T [S/ c.o) - (1 + ills)S f (0)]'V~

+c.o2('V~lRf (c.o)

L'1I(c.o) =-'V~me ( + ('V~ l R~(c.o)

(4.24)

Equations (4.23) and (4.24) contain the effects of dam-water interaction and of dam-foundation rock

interaction considering inertia. damping. and flexibility of the foundation rock. The effects of

reservoir boundary absorption are contained in the hydrodynamic terms R~(c.o) and R~ (c.o). However.

water-foundation rock interaction effects have been excluded.

Note that if the static stiffness Sf (0) is used instead of Sf (c.o) for all frequency values.

, Equation (4.24) reduces to:

Sly (c.o) =[_c.o2+ (1 +ills)A~]O,y -ills('V~l Sf(O)'V~ +c.o2('V~ / Rf (00)

L'1I(oo)=-'V~mel~ +('V~lR~(oo)

These equations are used in the EACD-3D program [5.6].

4.2 Response to Arbitrary Ground Motion

(4.25)

Once the complex-valued frequency response functions. 2; (c.o). l=x.y,z. J=1.2... ·,J. for the

generalized coordinates are obtained by solving Equations (4.23) and (4.24) for excitation frequencies

in the range of interest. the response of the dam to arbitrary ground motion can be computed. The
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generalized coordinates are given by the Fourier integral as a superposition of responses to individual'

harmonic components of the ground motion:

Zl (t) = _1_ f- Zl (ro)A1(ro)e ioot dro
J 21t __ J g

(4.26)

where A;(ro) is the Fourier transform of the I-component of the specified free-field ground

acceleration a; (t):

d

A;(ro) =fa;(t)e-iOO'dt
o

(4,27)

in which d is the duration of the ground motion. The displacement response to the upstream. vertical

and cross-stream components of ground motion, simultaneously. is obtained by transforming the

generalized coordinates back to the nodal displacements according to Equation (4.12):

J

fe(t) = ~)zt(t)+Zf(t)+Z;(t)]"'j
j=l

(4.28)

The stresses in the dam at any instant of time can· be determined from the nodal displacements.

The stress vector (Jp (t) in finite element p of the dam is related to the nodal displacement vector f p (t)

for that element by

(4.29)

where Tp is the stress:displacement transformation matrix for finite element p.

4.3 Summary of Analysis Procedure

The above-described procedure for analysis of the earthquake response of arch dams is

summarized as a sequence of steps:
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1. Formulate me and ke , the mass and stiffness matrices for the finite element idealization Of the

arch dam, respectively, with reference to the OaFs of all nodal points in the idealization including

those on the dam-foundation rock interface.

2. Compute 8/(00), the complex-valued frequency-dependent foundation impedance matrix for the

boundary element idealization of the foundation rock region, at selected frequencies that cover the

range of interest. 8/ (00) is needed with reference to the OaFs of nodal points on the dam

foundation rock interface. If the boundary element mesh for the foundation is finer than the finite

element mesh for the dam, the extra OaFs should be condensed out. If the foundation impedance

matrix is available for foundation rock with a particular value of Young's modulus E/. the

foundation impedance matrix for foundation rock with a different E/ but with same Poisson's

ratio can be obtained readily (see next section).

3. Solve the eigenvalue problem of Equation (4.13) to obtain the first J eigenvalues 'A. j and the

corresponding eigenvectors '" j which are normalized such that ",rme'" j = 1.

4. Evaluate the frequency response function p~(s,r,oo). l=x,y,z, for hydrodynamic pressure on the

upstream face of the dam due to the Ith component of ground (includes reservoir boundary)

acceleration with a rigid dam [Figure 4.2(a)].

5. Evaluate the frequency response function p/s,r,oo), j =1,2"",], for hydrodynamic pressure due

to normal acceleration "': (s,r) at the upstream face of the dam corresponding to the jib Ritz

vector, with no motion of the reservoir boundary [Figure 4.2(b)].

6. Evaluate the vectors of nodal forces R~(oo) and R;<oo) statically equivalent to -pb(s,r,oo) and

-p/s,r,oo), respectively, evaluated in Steps 4 and 5.

-j
7. Formulate the J complex-valued equations in the unknown frequency response functions Z;((0),

j =1,2"",], for the J generalized coordinates corresponding to the Ritz vectors included in the

analysis [Equations (4.23) and (4.24)].
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8. Determine the frequency response functions Z/(w) for the generalized coordinates. Repeated

solutions of Equations (4.23) and (4.24) for excitation frequencies covering the range over which

the earthquake ground motion and structural response have significant components lead to the

-,
frequency response function Z (w).

9. Determine ZI (t), the response of the dam to arbitrary ground motion, from Equations (4.26) and

(4.27). The Fourier integrals in these two equations are computed in their discrete form using an

efficient Fast Fourier Transform (FFT) algorithm [21].

10. Determine the displacement response rc (t) to the upstream (x), vertical (y) and cross-stream (z)

components of ground motion simultaneously by transforming the generalized coordinates to the

nodal coordinates [Equation (4.28)].

11. Determine the stresses in the dam as a function of time from the nodal displacements. At any

instant of time, the vector CJ p(t) of stress components in finite element p is related to the nodal

displacement vector rp(t) for that element by Equation (4.29).

4.4 Efficient Evaluation of Foundation Impedance Terms

In this section, we discuss three issues regarding efficient evaluation of the foundation

impedance matrix Sf(w) relating the interaction forces Rf(w) to the corresponding displacements

Ff(w) [Equations (2.1) and (4.6)]: (1) selecting boundary element mesh, (2) selecting number of

frequency values, and (3) utilizing existing impedance matrix.

4.4.1 Selecting Boundary Element Mesh

The accuracy of the impedance matrix depends on the fineness of the boundary element mesh.

This can be demonstrated by comparing the impedance matrices computed for the dam-foundation

rock interface discretized by the two different meshes shown in Figure 4.4. The mesh in Figure 4.4(a)

is a "standard" mesh with nodes and DOFs matching those of the finite element mesh of the dam; it

includes 26 nodes and 76 DOFs for symmetric (x- and y-component) ground motion and 74 DOFs for
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(b) Refined Mesh

Figure 4.4 Boundary element meshes for one-half of the dam-founcmtion rock interface of
Morrow Point Dam: (a) standard mesh matching the fmite element mesh of the dam body,
and (b) refined mesh with additioned nodes.
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antisyrnmetric (z-component) ground motion. The largest element size in this mesh is about 120 ft.

The mesh in Figure 4.4(b) is a refined mesh that divides each element of the standard mesh into 4

smaller elements. It includes 75 nodes and 222 OOFs for symmetric ground motion and 219 OOFs for

antisyrnmetric ground motion. In this refined mesh the largest element size is about 60 ft.

The impedance matrices using the two meshes will be compared assuming that the dam

foundation rock interface moves as a rigid body. Consider the displacements frigid (00)e ililr in the six

DOFs at 0 (Figure 4.5), where

(4.30)

and the forces Rrigid(oo)ei<o/ in the same OOFs, where

The force-displacement relation is

Slrig", (00) frigid (00).=Rrigid (00)

The 6 x 6 impedance matrix can be expressed as

Su Sxy 0 0 0 LS"m
Syy 0 0 0 LSym

Slri'./oo) =Ilr L
Szz Lsu LsZl 0

L2s L2s 0rr rt

sym L2s11 0

L2smm

(4.31)

(4.32)

(4.33)

where III is the shear modulus of the foundation rock and L is a reference length taken as the half-

width of the >canyon. The impedance Coefficients Sij are dimensionless, frequency-dependent and

complex-valued. In particular, su' Syy' Szz are the translational impedance coefficients, srr and smm are

the rocking impedance coefficients, SN is the torsional impedance coefficients, and others are the

coupling terms.
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Rigid dam-foundation rock interface

Figure 4.5 Coordinate system and rigid lxxly degrees of freedom of the dam-foundation rock

interface.
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The impedance coefficients Sjj computed by the direct boundary element method [13] are shown

in Figures 4.6 to 4.9 for the standard and refined meshes of Figure 4.4. These coefficients,

corresponding to Ef = 1.0 million psi, are plotted against the excitation frequency parameter ao'

which is widely used as a non-dimensional frequency (e.g. Reference [13]), defined as

(4.34)

where Cs is the shear wave velocity of the foundation rock and L is a reference lengt~, taken as the

half-width of the canyon. The real parts of the impedance coefficients for toe standard and refined

meshes are close at lower frequencies and they deviate increasingly as the frequency increases. The

imaginary parts of the impedance coefficients divided by ao from the two meshes are essentially

"parallel" to each other, indicating that -the coefficients depart linearly from each other as the

frequency increases. Thus the boundary element mesh should be chosen to be fine enough for the

frequency range over which the earthquake excitation and structural responses are significant.

However, the CPU time required for the refined mesh is 10 times that required for the standard mesh.

Figure 4.10 shows the CPU-(central processing unit) time in seconds to compute the impedance

matrices of the foundation rock region using the two boundary ,element meshes of Figure 4.4 on a

CRAY X-MP ENI supercomputer. About 1000 seconds are required to compute the impedance

matrix at one frequency for the refined mesh and such computations have to be repeated for the

relevant range of frequencies. Clearly this is a huge computational job.

Also plotted in Figures 4.6 to 4.9 are the stiffness coefficients Sjj determined by static analysis

of the foundation rock region using the EACD-3D computer program [6]. In this case the finite

element idealization of the foundation rock region is shown in Figure 3.5 with the nodes on the outer

boundary fixed. The static stiffness coefficients sij are obviously real-valued and independent of the

excitation frequency because the mass and damping of the foundation rock are not considered. Note

that these static values for all diagonal terms Sjj are larger than the real part of the corresponding Sj;

at zero frequency computed by the direct boundary element method (Figures 4.6 and 4.8). This
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discrepancy implies as expected that, because of the artificial constraint on the outer boundary, the

finite element system is "stiffer" than the unbounded region.

Figure 4.11 shows the frequency response functions of Morrow Point Dam with S/ (Ol)

computed for the standard and refined boundary meshes (Figure 4.4). With the refined mesh, the

static condensation procedure is used to eliminate from S/(Ol) the DOFs of nodal points other than

those in the standard mesh (Figure 4.4). The two frequency response functions are similar; however,

the peak responses using the standard mesh are generally smaller than those from the refined mesh,

especially due to upstream and cross-stream ground motions. The resulting discrepancy is small in the

earthquake response of the dam (Figure 4.12), suggesting that the standard boundary element mesh is

adequate for earthquake analysis of Morrow Point Dam.

4.4.2 Selecting Number 0/ Frequency Values

In order to reduce the computational effort, we recognize that the elements of the foundation

impedance matrix S/ (Ol) are smooth functions of the excitation frequency, and determine their

numerical values by interpolating between their known values at selected frequencies. Cubic

interpolation is used in which any complex-valued function / (Ol) of real-valued variable Ol is

approximated by a polynomial with complex-valued coefficients co' c j ' c2 ' and c3 :

(4.35)

Thus if /(Ol) is given at four frequencies in ascending order: Oli' Oli+I' Olj+2 and Oli+3 (Figure 4.13),

the coefficients co' c1' c2 ' and c3 can be uniquely determined by solving the following linear

equations:

013 Ol~ Ol- 1 C3 /(Ol;)
I / I

3 2 1 c2 /(Olj+l)Ol;+l 0l;+1 0l;+1
3 2 = (4.36)

0l;+2 Olj+2 Oli+2 I c1 /(Olj+2)
3 2 1 Co /(Oli+3)Oli+3 Oli+3 Olj+3
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Figure 4.11 Comparison of frequency response functions for Morrow Point Dam obtained using

St(ro) from two different boundary element meshes for the foundation rock; EtiEs =1.
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Figure 4.12 Comparison of envelope values of maximum arch and cantilever stresses (in psi) on the
upstream and do\\11stream faces of Morrow Point Dam due to the upstream component of Taft ground
motion obtained using Sf (ro) from two different boundary element meshes for the foundation rock;

EtlEs =1.
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Because the elements of the 4 x4 matrix in Equation (4.36) are all real-valued, the real and imaginary

parts of co' c1 ' c2 ' and c3 can be determined separately with a real-valued linear equation solver. With

the coefficients cj known, Equation (4.36) provides interpolated values for few).

The above-described interpolation scheme would require that, for each frequency segment,

Equation (4.36) be solved Nb(Nb+ 1)/2 times, the number of independent elements in the symmetric

matrix SI (00) of order Nb' the number of DOFs on the dam-foundation rock interface. For Morrow

Point Dam subjected to symmetric excitation, Nb =76, and 2926 solutions of Equation (4.36) are

required. The required computational effort can be reduced considerably by interpolating instead each

element of the matrix that appears in Equation (4.24):

(4.37)

This symmetric matrix is of order J, the number of generalized coordinates included in the analysis.

For Morrow Point Dam J =20 and Equation (4.36) needs to be solved only 210 times. These

computational savings would be especially significant if Nb , is large, because the choice of J is

essentially unaffected by Nb •

The preceding interpolation procedure was used in computing the frequency response functions

of Figure 4.11 and the stress responses of Figure 4.12. By the boundary element procedure S/(w)

was computed for the standard mesh at 13 values of 00, and for the refined mesh at 8 values of ,ro; at

intermediate ro values SI (00) was obtained by interpolation. The similarity between the frequency

response functions and between the stress responses suggests that the interpolation procedure is

satisfactory.

4.4.3 Utilizing Existing Impedance Matrix

The impedance coefficient sij for foundation rock with Young's modulus EI is related to that

for a foundation rock with a different Young's modulus, say Elo ' provided the mass density, Poisson's

ratio and hysteretic damping factor of the foundation rock are identical. As seen in Equation (4.33),
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the impedance coefficients are proportional to the shear modulus I!.P and hence to the Young's

modulus E1 if the Poisson's ratio is unchanged. In fact, the impedance matrix can be written in a

different format as

(4.38)

where S1
0
(ao) is the "base" impedance matrix for foundation rock with modulus E1

0
as a function of

the non-dimensional normalized frequency ao [Equation (4.34) with Cs = Cs ]' Therefore the
. . 0

impedance matrix for modulus E1 does not need to be computed but can be obtained directly from the

impedance matrix for E1
0

' However, because the factor ~EIo!E1 enters in the frequency range, it is

better to compute S1
0
(ao) for foundation rock with the smallest modulus of interest E10 so that the

impedance matrices for other values of E1 >E1
0

can be readily computed.

4.5 Computer Program

The EACD-3D program originally developed in 1985 [6] is modified and extended to

implement the response analysis procedure described in the preceding sections. In addition to the

various effects that had been included in the old EACD-3D program: foundation rock flexibility, dam-

water interaction, water compressibility and reservoir absorption, the extended program also includes

the effects of material damping and inertia of the foundation rock, and the radiation damping due to

dam-foundation rock interaction. In other words, the full effects of dam-foundation rock interaction

are included in the EACD-3D-95 computer program. The dam and fluid domain substructures are still

modeled by three-dimensional finite elements as in the old program; however, the foundation rock

region is modeled by boundary elements on the surface of the canyon and half space. These two-

dimensional boundary elements are much easier to generate than the three-dimensional finite elements

for the foundation rock region required in the old program.
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The EACD-3D-95 ·computer program retains the many advantageous features of the old

program such as efficient evaluation of the hydrodynamic terms, interpolation of the frequency

response functions of the dam, and efficient evaluation of the Fourier integrals by the special FFT

algorithm [21]. The program can still be run in several stages; the output from one stage is stored and

can subsequently be used as input to the other stages. Output from a static run of the program

consists of static displacements and stresses of the dam due to the gravity loads of the dam and the

hydrostatic pressure. In the dynamic rim, the output consists of the complex-valued frequency

response functions for the generalized coordinates and the complete time-history of displacements and

stresses at specified locations within the dam as well as the extreme values of stresses at all stress

points. The static responses can be evaluated in a separate run of the program and later combined

with the earthquake responses, if desired.
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5 FREQUENCY RESPONSE FUNCTIONS

5.1 Introduction

The dynamic response of concrete arch dams to hannonic ground motion has been shown to be

affected by interaction between the dam and foundation rock [10], interaction between the dam and

impounded water, and the absorption of hydrodynamic waves in the alluvium and sediments at the

reservoir boundary [5,7,11]. Utilizing the newly developed analytical procedure presented in Chapter

4, the response of a selecte~ arch dam to hannonic ground motion in the upstream, vertical, and

cross-stream directions is detennined and presented in the fonn of complex-valued frequency response

functions for a wide range of the important parameters characterizing the properties of the dam,

foundation rock, impounded water and reservoir boundary materials. Based on these frequency

response functions, the influence of damping - material and radiation - and the inertia of the

foundation rock besides its flexibility on the response of the dam is studied. We then identify the

significance of dam-foundation rock interaction effects ignored in standard analyses [3,6] that

consider flexibility of the foundation rock but not its inertia or damping - material and radiation 

effects. Finally, the effects of dam-foundation rock interaction in the presence of dam-water

interaction and reservoir boundary absorption on the response of the dam are also investigated,

leading to better understanding of these effects. This investigation emphasizes the effects of dam

foundation rock interaction compared to dam-water interaction which have already been studied

extensively [7,8,9].

5.2 System, Ground Motion, Cases Analyzed, and Response Results

5.2.1 Dam-Water-Foundation Rock System

The dam selected for this study is Morrow Point Dam. The finite element idealization selected

for the dam body, the combined finite element and continuum idealization of the impounded water,
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and the boundary element idealization for the foundation rock region are presented in Chapter 3. The

refined boundary element mesh [Figure 4.4(b)] is chosen for the foundation rock region to compute

accurately the foundation impedance matrix (see Section 4.4). The reservoir is considered either

empty or full. Le., H/Hs = 0 or 1. where H is the depth of water and Hs is the dam height. except that

additional partially-full reservoir cases (H/Hs =0.4. 0.6, 0.7, 0.8 and 0.9) are considered for

studying the influence of reservoir level on the fundamental resonant period of the system.

The material properties of the dam-water-foundation rock system for this study are as follows.

For the mass concrete of the dam, Young's modulus Es =4 million psi, unit weight Ws =155 pcf.

Poisson's ratio vs = 0.2. and the constant hysteretic damping factor TIs = 0.1. This corresponds to a

viscous damping ratio of 0.05 in all natural vibration modes of the dam supported on rigid foundation

rock with empty reservoir. For the foundation rock. Young's modulus EI is varied so that EI / Es =00,

2. 1. 1/2 or 1/4. unit weight WI =165 pcf. Poisson's ratio vI =0.2, and constant hysteretic damping

factor TIl = 0.1. The unit weight of water ww=62.4 pcf and the velocity of pressure waves in water

C = 4720 ft/sec. The wave reflection coefficient ex of the reservoir boundary materials is varied over a

wide range: ex = 1.0 (non-absorptive reservoir boundary). 0.95. 0.90, 0.75. 0.50, and O.

5.2.2 Ground Motion

The excitation for the dam-water-foundationrock system is defined by three component~ of

free-field ground acceleration: the upstream (x) component a;(t), the vertical (y) component a; (t).

and the cross-stream (z) component a; (t). Each component of ground acceleration is assumed to be

harmonic, Le.. air) =eiwt
• with the excitation frequency (0 to be varied over a wide range.

5.2.3 Cases Analyzed

The frequency response functions are presented for several dam-water-foundation rock systems,

defined by the chosen values for th~ important system parameters, Es ' Et/Es • H/Hs ' and ex (Table

5.1). The response results for various systems are organized to facilitate interpretation of the effects
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Table 5.1 Cases of Dam-Water-Foundation Rock System Analyzed

Case Es Foundation Rock Impounded Water Reservoir Boundary

(million psi) Condition EtfE, Condition H/H, Condition a

1 * rigid empty 0any 00 - -
2 4 flexible 2 empty 0 - -
3 4 flexible 1 empty 0 - -
4 4 flexible 1/2 empty 0 - -
5 4 flexible 1/4 empty 0 - -
6 * rigid full 1 non-absorptive 1any 00

7 * rigid full 1 absorptive 0.95any 00

8 * rigid full 1 absorptive 0.90any 00

9 * rigid full 1 absorptive 0.75any 00

10 * rigid full 1 absorptive 0.5any 00

11 * rigid full 1 absorptive 0any 00

12 4 flexible 2 full 1 non-absorptive 1

13 4 flexible 2 full 1 absorptive 0.5

14 4 flexible 1 full 1 non-absorptive 1

15 4 flexible 1 full 1 absorptive 0.95

16 4 flexible 1 full 1 absorptive 0.90

17 4 flexible 1 full 1 absorptive 0.75

18 4 flexible 1 full 1 absorptive 0.5

19 4 flexible 1 full 1 absorptive 0

20 4 flexible 1/2 full 1 non-absorptive 1

21 4 flexible 1/2 full 1 absorptive 0.5

22 4 flexible 1/4 full 1 non-absorptive 1

23 4 flexible 1/4 full I absorptive 0.5

* Response results for these cases, when presented in normalized form, are valid for all E,.
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5.2.4 Response Quantities

The complex-valued frequency response functions presented are dimensionless response factors

that represent the acceleration components in selected directions at a few locations in the dam due to

unit hannonic, free-field ground acceleration. The frequency response function for radial acceleration

at one location at the dam crest is presented; the location is defined by an angle value e measured

from the crown (plane of symmetry) along the dam crest, which is selected as: e=0° (nodal point 60

in Figure 3.1) for upstream and vertical ground motions and e=13.25° (nodal point 54 in Figure 3.1)

for cross-stream ground motion. The frequency response functions are for acceleration relative to the

free-field ground motion; they are not direct measures of def0llIlation.

The frequency response functions were detennined using the analytical procedure described in

Chapter 4 with the excitation frequency 00 varied over a relevant range of interest. For all cases in

Table 5:1, the first 20 generalized coordinates were included in computing the response, although the

number can be reduced for cases with larger Ef / Es ratio. The results should be accurate for

excitation frequencies up to approximately four times the fundamental natural frequency 001 of the

dam supported on rigid foundation rock with empty reservoir.

For each case in Table 5.1 the absolute value of the complex-valued frequency <response

function for acceleration is plotted against the nonnalized excitation frequency parameter w/w\,

where WI = w: for symmetric (upstream and vertical) ground motions and WI = wf for antisymmetric
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(cross-stream) ground motion (Chapter 3). If the reservoir is empty, these response results plotted in

this manner are independent of Es and ex.

5.3 Dam-Foundation Rock Interaction Effects

The effects of dam-foundation rock interaction on the dam response to upstream, vertical, and

cross-stream ground motions are studied first; the reservoir is assumed empty. The upstream and

vertical ground motions excite only the symmetric modes of vibration of the dam whereas the cross

stream ground motion excites only the antisymmetric modes of vibration. The frequency response

functions for the dam supported on foundation rock with varying modulus Ef are shown in Figure 5.1

(Cases 1 to 5 in Table 5.1). When presented in this form, these functions do not depend separately on

Es or Ef but only on the ratio EriEs. Results are presented for five values of EriEs =00, 2, I, 1/2

and 1/4. The first represents rigid foundation rock whereas in the last case the elastic modulus of the

foundation rock is one-fourth of the modulus for dam concrete, an assumption that may be

appropriate if the foundation rock is severely fractured.

As the EriEs ratio decreases, which for a fixed concrete modulus Es implies decreasing

foundation modulus Ef , the fundamental resonant frequency of the dam decreases because of

increasing foundation flexibility (Figure 5.1). Furthermore, as the EriEs ratio' 'decreases, the

response at the fundamental frequency decreases and the frequency bandwidth at resonance widens.

implying an increase in the apparent damping of the structure, resulting from material damping in the

foundation rock and the radiation damping associated with wave propagation away from the dam into

the unbounded foundation rock region. The amplitude of resonant response to vertical and cross

stream ground motions shows somewhat different trends as the EriEs ratio decreases. In the case of

vertical ground motion, the fundamental resonant peak is essentially unaffected by Ef fEs in the range

EtiEs =00 to 2 [Figure 5.1 (b)]. For cross-stream ground motion, the fundamental resonant response

is essentially independent of EriEs over the range EffEs =00 to 1/2 [Figure 5.I(c)]. Dam-foundation

rock interaction also reduces the higher resonant frequencies to a similar degree as the fundamental
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Figure 5.1 Influence of moduli ratio EdEs on response of dams with empty reservoir to harmonic
upstream, vertical and cross-stream ground motions (Cases 1 to 5 of Table 5.1).
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resonant frequency. For all three components of ground motion, the amplitude of the second resonant

peak decreases systematically as EJ / Es decreases.

Table 5.2 shows that as the moduli ratio EdEs decreases the fundamental resonant period of

the symmetric as well as the antisymmetric mode of vibration lengthens. The ratio Tf IT; of the

fundamental resonant period TJ of the dam supported on flexible foundation rock to Ii on rigid

foundation rock is plotted in Figure 5.2 as a function of Ef / Es . Presented in this form. these results

are applicable to dams of any height with the specific geometry and chosen values for Poisson's ratio

and density of concrete and rock. For a fixed Ef / Es value, the period of the symmetric mode is

lengthened more than that of the antisymmetric mode. In particular. for EdEs = 1/4, the period is

lengthened by 32% for the symmetric mode compared to 25% for the antisymmetric mode. Also

presented in Figure 5.2 is the period ratio for a gravity dam [12]. which indicates that the elongation

of the vibration period of gravity dams due to dam-foundation rock interaction is two to three times

greater than for arch dams. These interaction effects are more significant for gravity dams. in part,

because they are massive compared to arch dams.

The effective damping ratio of the dam for Cases 1 to 5. estimated by the half-power bandwidth

method applied to the frequency response function near the fundamental resonance, is presented in

Table 5.2 and plotted in Figure 5.3. Dam-foundation rock interaction has the effect of increasing the

effective damping ratio, assumed to be 5% for the dam on rigid foundation rock. as EriEs decreases.

suggesting that radiation damping associated with interaction increases as the foundation rock

becomes more flexible since the selected foundation material damping is the same for all Ef / Es

values. For a fixed EriEs value, the effective damping ratio of the symmetric mode is increased more

than that of the antisymmetric mode. In particular, for EriEs = 1/4, the effective damping ratio

increases from 5% to 9.3-9.6% in the symmetric vibration mode; and from 5% to 6.3% in the

antisymmetric vibration mode. Also presented in Figure 5.3 is the effective damping ratio for a

gravity dam [12]. which indicates that the increase of the damping of gravity dams due to dam-
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Table 5.2 Fundamental Resonance Period (seconds) and Damping Ratio at Fundamental
Resonance of Morrow Point Dam with Empty Reservoir

Resonant Period Damping Ratio
Foundation Rock

Case
Condition

EJlEs Symmetric Antisymmetric Symmetric Antisymmetric

Mode Mode Mode Mode

1 rigid 00 0.234 0.263 5.0 5.0

2 flexible 2 0.245 0.273 5.4-5.6t 5.1

3 flexible 1 0.255 0.284 6.0 5.4

4 flexible 1/2 0.277 0.302 7.2-7.4 5.8

5 flexible 1/4 0.315 0.332 9.3-9.6 6.3

t The two values are from frequency response curves associated with upstream and vertical ground
motions, respectively.
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foundation rock interaction is much larger than for arch dams, confirming that dam-foundation rock

interaction effects are more significant for gravity dams.

The preceding results indicate that dam-foundation rock interaction affects the response of the

dam in its symmetric vibration modes, excited by upstream and vertical ground motions, more than in

its antisymmetric modes. excited by cross-stream ground motion.

5.4 Foundation Idealization

In this section· we study how the response of the dam is affected if only the foundation

flexibility is considered but the other effects of dam-foundation rock interaction are ignored. Figures

5.4, 5.5 and 5.6 show the frequency-response curves for the dam due to upstream, vertical and cross

stream ground motions. respectively, considering (1) foundation flexibility only and (2) all effects of

dam-foundation rock interaction; also included for reference is the response of the dam on rigid

foundation rock. It is clear that the fundamental resonant frequency is essentially the same for both

idealizations of foundation rock, implying that the lowering of this frequency is almost entirely due to

foundation flexibility with negligible influence of foundation mass, material damping, or radiation

damping. However, the response amplitudes at the fundamental and higher resonant frequencies are

too large when only foundation flexibility is considered because the reduction in response due to

foundation material and radiation damping is ignored. For the smaller values of EriEs, the

overestimation of response by considering foundation flexibility only is especially large because the

substantial damping due to dam-foundation rock interaction discussed in the previous section is

ignored.

. It is clear that the standard analysis commonly used in engineering practice, which considers

only the flexibility of the foundation rock, ignores important effects of dam-foundation rock

interaction. Therefore these effects are included in all subsequent response results presented in this

chapter.
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5.5 Dam-Water-Foundation Rock Interaction Effects

The simultaneous effects of dam-foundation rock interaction and dam-water interaction on the

response of the dam to upstream, vertical, and cross-stream ground motions are investigated in this

section. Water compressibility is considered, allowing pressure waves to propagate in the upstream

direction when the excitation frequency is greater than the fundamental natural frequency roi of the

infinite uniform channel of water (Figure 3.2): ro~ for the symmetric mode and ro~a for the

antisymmetric mode [7]. Results are presented in Figures 5.7, 5.8 and 5.9 for four systems: dam on

rigid foundation rock with empty reservoir (Case 1); dam on flexible foundation rock with empty

reservoir (Case 3); dam on rigid foundation rock with full reservoir (Cases 6 and 10); and dam on

flexible foundation rock with full reservoir (Cases 14 and 18).

Interaction between the dam and flexible foundation rock affects the response of the dam in a

simpler manner than does dam-water interaction (compare curve 2 to 3 in each of Figures 5.7, 5.8 and

5.9), because the impedances of the semi-infinite foundation-rock region are slowly-varying, smooth

functions of excitation frequency (see Section 4.4), whereas the added hydrodynamic forces, mass,

and damping display sharp resonant peaks at ro~ [7]. In particular, these resonant peaks are

unbounded for vertical and cross-stream ground excitations if the reservoir boundary is non

absorptive.

5.5.1 Hydrodynamic and Reservoir Boundary Absorption Effects

The effects of dam-water interaction on the darn response to each of the three ground motion

components are qualitatively similar for rigid and flexible foundation rock (Figures 5.7, 5.8 and 5.9).

The change in the amplitude of the fundamental resonant peak depends on the contribution of

damping from dam-foundation rock interaction, darn-water interaction and reservoir boundary

absorption, and on the added hydrodynamic forces. For the response of the dam with non-absorptive

reservoir boundary to upstream ground motion [Figure 5.7(a)], dam-water interaction increases· the

added force and decreases the effective damping at the fundamental resonant frequency, resulting in
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increased fundamental resonant response, whether the foundation rock is rigid or flexibl~ (compare

curve I to 3 and curve 2 to 4). The added hydrodynamic forces have less influence on the dam

response if the foundation rock is flexible than if it is rigid (compare the change from curve 2 to 4

with the change from curve I to 3) because of the material and radiation damping resulting from dam

foundation rock interaction. If the reservoir boundary is absorptive [Figure 5.7(b)], the trends are

opposite: dam-water interaction increases the effective damping at the fundamental resonant

frequency, resulting in reduced resonant response. whether the foundation rock is rigid or flexible

(compare curve I to 3 and curve 2 to 4).

The amplitude of the fundamental resonant peak due to vertical ground motion (Figure 5.8) is

affected more by the added hydrodynamic force and less by the previously discussed trends in added

damping. However, the fundamental resonant response is much less affected by dam-water interaction"

if the foundation rock is flexible (compare the change from curve 2 to 4 with the change from curve I

to 3). If the reservoir boundary is non-absorptive [Figure 5.8(a)], dam-water interaction greatly

increases the added force and reduces the effective damping ratio at the fundamental resonant

frequency, leading to much increased resonant response and a double resonant peak. of which the

second peak is unbounded. whether the foundation rock is rigid or flexible (compare curve I to 3 and

curve 2 to 4). If the reservoir boundary is absorptive [Figure 5.8(b)). dam-water interaction still

increases the fundamental resonant response because of the added hydrodynamic force. whether the

foundation rock is rigid or flexible (compare curve I to 3 and curve 2 to 4). The higher resonant

peaks associated with O)~ are reduced to bounded values.

The amplitude of the fundamental resonant peak due to cross-stream ground motion

(Figure 5~9) is also affected more by the added hydrodynamic force and less by the previously

discussed trends in added damping. In this case the total earthquake force decreases at the

fundamental resonant frequency because the hydrodynamic force is of opposite-phase relative to the

inertia force of the dam [7], leading to reduced resonant response. whether the foundation rock is rigid

or flexible (compare curve I to 3 and curve 2 to 4). The fundamental resonant response is essentially
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unaffected by reservoir boundary absorption [compare parts (a) and (b) of Figure 5.9] and by dam

foundation rock interaction (compare curve 3 to 4). However, when the reservoir boundary is

absorptive, the resonant peaks at ro~ are reduced to bounded values.

The effects of reservoir boundary absorption on the response of the dam to upstream, vertical

and cross-stream ground motions are shown in Figures 5.10 and 5.11 for Ef / Es =00 and 1,

respectively, For this purpose frequency response functions are presented for six values of the wave

reflection coefficient ex = 1 (non-absorptive reservoir boundary), 0.95, 0.9, 0.75, 0.5 and 0 (Cases 6

to 11 for EdEs=oo, and Cases 14 to 19 for Ef/Es = 1). Comparison of Figures 5.10 and 5.11

'indicates that the effects of reservoir boundary absorption on the dam response are similar whether

the foundation rock is rigid or flexible. For upstream and vertical ground motions, reservoir boundary

absorption mainly affects the fundamental resonant response, reducing its amplitude with little change

in the resonant frequency,. except when double peaks for lower ex values merge into a single peak.

Response at higher frequencies is less affected by reservoir boundary absorption. except that the

unbounded peaks at ro~ due to vertical ground motion are reduced to bounded values if the reservoir

boundary is absorptive. For cross-stream ground motion, reservoir boundary absorption has little

influence on the fundamental resonant response but reduces the unbounded peaks at ro~ to bounded

values. However, the second resonant peak (between the fundamental resonant peak and the resonant

peak at ro;a) decreases as ex decreases from 1 to 0 if the foundation rock is rigid [Figure 5.1O(c)],·

whereas it increases as ex decreases from 1 to 0 if the foundation rock is flexible [Figure 5.11 (c)].

The amplitude of the fundamental resonant peak of the response curves in Figures 5.10 and

5.11 is listed in Table 5.3. The data for upstream and vertical ground motions, indicates that the

radiation damping due to reservoir boundary absorption is more effective in reducing the response of

the dam if the foundation rock is rigid, and the damping - material and radiation - due to dam

foundation rock interaction is more effective in reducing the response of the dam if the reservoir

boundary is less absorptive (some exceptions to this trend are seen in Table 5.3). This observation

can be explained based on energy dissipation concepts. Damping due to dam-foundation rock
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Table 5.3 Amplitude of the Fundamental Resonant Peak of Morrow Point Dam with Full
Reservoir, due to Upstream. Vertical and Cross-stream Ground Motions

Rigid Foundation Rock (EtiE. =00) Flexible Foundation Rock (EtiE. = 1)

a Upstream· Vertical Cross- Upstream Vertical Cross-
stream. stream

1 ~0.5 98.4 4.51 31.0 46.7 4.64

0.95 23.2 54.5 4.46 23.6 35.4 4.57

0.9 16.9 35.7 4.41 19.1. 28.1 4.51

0.75 13.9 17.8 4.33 13.3 17.0 4.38

0.5 16.5 11.6 4.50 13.3 10.4 4.38

0 20.2 5.46 5.93 16.5 4.98 5.43
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interaction is more influential without hydrodynamic damping (non-absorptive reservoir boundary)

but less effective when combined with hydrodynamic damping (arising from reservoir boundary

absorption). Moreover, hydrodynamic damping is more influential without damping due to dam-

foundation rock interaction (rigid foundation rock) but less effective when combined with damping

due to dam-foundation rock interaction (arising from flexible foundation rock).

The fundamental resonant frequency WI of the dam alone (without water, supported on rigid

foundation rock) is reduced to OJf due to dam-foundation rock interaction, to OJ, due to dam-water

interaction, and to OJ due to both effects simultaneously. The vibration periods corresponding to these

frequencies are denoted as ~, if' f" and i, respectively. The period ratio ilif is plotted in Figure

5.12(a) against nonnalized water depth ratio HJHs (where H is the water depth and Hs is the dam

height) for three values of EdEs. Dam-water interaction lengthens the fundamental resonant period

rapidly for HJHs greater than 0.5, especially for the symmetric vibration mode. To examine how the

increase in period due to dam-water interaction is affected by dam-foundation rock interaction, the

data of Figure 5.12(a) is replotted in Figure 5.12(b) where the period ratio is plotted against Jhe

EtiEs ratio for different values of HJHs' For a fixed HJHs' this plot would have been a horizontal

line if the increase in period due to dam-water interaction was completely independent of Ef / Es • It is

apparent that the effects of dam-foundation rock interaction, characterized by EdEs' ,on the period

ratio are small if the reservoir is close to full. This implies that the fundamental resonant period

satisfies the approximate equation suggested earlier [7,12]:

i i, if
-::=:::--
1j 1j 1j

This approximate relationship, valid for arch dams with non-absorptive reservoir boundary (Figure

5.12) as well as absorptive reservoir boundary (figures not presented), implies that the increase in

period due to dam-water interaction is essentially unaffected by dam-foundation rock interaction.

Also presented in Figure 5.12 are the period ratio ilif curves for a gravity dam [12]. Dam

water interaction lengthens the vibration period of the symmetric mode of arch dams more than that of
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gravity dams for all values of the moduli ratio EtiEs because the added hydrodynamic mass has more

effect on the mass of a slender arch dam than of a massive gravity dam. Dam-water interaction

lengthens the vibration period of the antisymmetric mode of an arch dam to a lesser degree than the

period of its symmetric vibration mode or the vibration period of a gravity dam.

5:5.2In[luence ofModuli Ratio EtiEs

To understand how the effects of reservoir boundary absorption are influenced by dam

foundation rock interaction, the response of the dam with full reservoir to upstream, vertical, and

cross-stream ground motions is presented in Figures 5.13, 5.14 and 5.15 , respectively, for five values

of EdEs =00, 2, I, 1/2 and 1/4. Response results are included for dam on rigid foundation rock with

non-absorptive reservoir boundary (a =1, Case 6); dam on rigid foundation rock with absorptive

reservoir boundary (a =0.5, Case 10); dam on flexible foundation rock with non-absorptive reservoir

boundary (a =1; Cases 12, 14, 20 and 22); and dam on flexible foundation rock with absorptive

reservoir boundary (a =0.5; Cases 13, 18, 21 and 23). The response functions for the first two

systems (Cases 6 and 10) are repeated in parts (a), (b) (c) and (d) of Figures 5.13, 5.14 and 5.15;

they show the effects of reservoir boundary absorption on the response of the dam supported on rigid

foundation rock which were discussed in the previous section. The remaining curves in Figure 5.13

show that, as the moduli ratio EtiEs decreases, which fora fixed Es means increasingly flexible

foundation. rock, reservoir boundary absorption has less effect on the response of the dam to upstream

ground motion, especially at higher excitation frequencies. The effects of reservoir boundary

absorption are small at excitation frequencies greater than the fundamental resonant frequency, even

if the foundation rock is stiff with EtlEs = 2. However, the effects of reservoir boundary absorption

are significant near the fundamental resonant frequency even if the foundation rock is very flexible,

e.g. EtlEs = 1/4. Similarly, as EIIEs decreases, reservoir boundary absorption has less effect on the

response of the dam to vertical and cross-stream ground motions, except at excitation frequencies

near the natural vibration frequencies ffi~ of the infinite water channel (Figures 5.14 and 5.15).

Furthennore, in the case of cross-stream ground motion, reservoir boundary absorption effects are
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negligible near the fundamental resonant frequency whether the foundation rock is rigid or flexible.

The reduced importance of reservoir boundary absorption as EriEs decreases was explained in

the previous section by considering the contribution of damping from dam-foundation rock

interaction, dam-water interaction and reservoir boundary absorption. In particular, the effects of

reservoir boundary absorption are most significant if the foundation rock is rigid because, except for

material damping in the dam, there is no other damping mechanism at the fundamental resonant

frequency of the dam-water system. As the foundation rock becomes more flexible, more energy

radiates into the semi-infinite foundation rock region because of dam-foundation rock interaction, so

that the additional damping due to ,reservoir boundary absorption is not as effective in further

reducing the response.

The frequency response curves of Figures 5.13, 5.14 and 5.15 are reorganized in Figures 5.16.

5.17 and 5.18 to show further the influence of the moduli ratio Ef/Es on the response of the dam. As

EdEs decreases, which for a fixed Es means an increasingly flexible foundation rock, the

fundamental resonant frequency decreases; the dam response to upstream and vertical ground motions

at this frequency decreases and the frequency bandwidth widens irrespective of whether the reservoir

boundary is non-absorptive [Figures 5.16(a) and 5. 17(a)]or absorptive [Figures 5.16(b) and 5.17(b)].

It is apparent from Figures 5.16 and 5.17 that the effects of decreasing moduli ratio EdEs on the

fundamental resonant response of the dam are qualitatively similar' for upstream and vertical

excitations, whether the reservoir boundary is non-absorptive or absorptive; but quantitatively, the

relative decrease in amplitude of the fundamental resonant peak depends on the wave reflection

coefficient n, being less pronounced for an absorptive reservoir boundary. However as EriEs

decreases, the dam fundamental resonant response due to cross-stream ground motion increases

slightly and then decreases; and the frequency bandwidth widens only slightly whether the reservoir

boundary is non-absorptive [Figure 5.18(a)] or absorptive [Figure 5.18(b)].

As the moduli ratio Ef / Es decreases, the response' amplitudes at the higher resonant

frequencies of the dam also decrease, except that the response to vertical and cross-stream ground
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motions remains unbounded at the natural frequencies c.o~ of the infinite water channel if the reservoir

boundary is non-absorptive. As EtiEs decreases, dam-foundation rock interaction introduces

increased radiation damping at the higher resonant frequencies, in addition to the damping from

hydrodynamic effects, thus reducing the amplitude of the higher resonant peaks. This reduction is

small for upstream or vertical ground motion (Figures 5.16 and 5.17), but is significant for cross

stream ground motion (Figure 5.18), whether the reservoir boundary is non-absorptive or absorptive.

When the foundation rock is very flexible and the reservoir boundary is absorptive, some higher

resonant peaks are completely suppressed by the large damping in the system.
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6 EARTHQUAKE RESPONSE OF MORROW POINT DAM

6.1 Introduction

Previous investigations have shown that the earthquake response of concrete arch dams is

affected by the interaction between the dam and impounded water, by water compressibility, and by

the absorption of hydrodynamic pressure waves at the reservoir boundary [4,8,9]. Presented in this

chapter is the earthquake response of Morrow Point Dam to Taft ground motion, determined for a

wide range of parameters characterizing the properties of the dam, foundation rock, impounded water

and reservoir boundary materials, using the new analytical procedure developed in Chapter 4. The

response results presented are the time variations of radial displacements at the dam crest and the

envelope values of the maximum tensile stresses at the upstream and downstream faces of the dam.

Based on these response results, the effects of dam-foundation rock interaction with empty reservoir

are studied first. The significance of these interaction effects ignored in standard analyses that

consider flexibility of the foundation rock but not its inertia or damping - material and radiation 

effects are then identified. The combined effects of dam-foundation rock interaction, dam-water

interaction, and reservoir boundary absorption are studied next. The relative significance of the

response to the three components of ground motion are also investigated. Finally, the results of a

practical earthquake analysis of the arch dam are presented to demonstrate the effectiveness of the

analytical procedure. This study emphasizes the effects of dam-foundation rock interaction compared

to those of dam-water interaction which have been studied extensively [8].

6.2 System and Ground Motion

6.2.1 Dam-Water~Foundation Rock System

The finite element idealization selected for Morrow Point Dam, the"combined finite element and

continuum idealization of the impounded water, and the boundary element idealization for the
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foundation rock region are presented in Figures 3.1, 3.2 and 3.3. For the mass concrete of the dam,

Young's modulus Es =4 million psi, unit weight W s =155 pcf, Poisson's ratio Vs =0.2, and the

constant hysteretic damping factor 11s =0.1. This corresponds to a viscous damping ratio of 0.05 in

all natural vibration modes of the dam supported on rigid foundation rock with empty reservoir. For

the foundation rock, Young's modulus Ef is varied so that EriEs =00, 2, I, 1/2 or 1/4, unit weight

wI =165 pcf; Poisson's ratio vf =0.2, and constant hysteretic damping factor 11f =0.1. The unit

weight of water Ww =62.4 pet and the velocity of pressure waves in water C =4720 ft/sec. For the

reservoir boundary materials, the wave reflection coefficient a varies over a wide range; the values

considered are: a = 1 (non-absorptive reservoir boundary), 0.95, 0.5 and O.

6.2.2 Ground Motion

The ground motion recorded at Taft Lincoln School Tunnel during the Kern County, California,

earthquake of 21 July 1952 is selected as the free-field ground acceleration for the analysis of

Morrow Point Dam. The ground motion acting in the upstream (x), vertical (y), and cross-stream (z)

directions is defined as the S69E, vertical, and 521 W components of the recorded ground motion,

respectively. The time variation of these three components of ground acceleration and their peak

accelerations are shown in Figure 6.1.

6.3 Response Results

The response of Morrow Point Dam was analyzed for a total of 13 sets of assumptions and

conditions listed in Table 6.1 for the dam, foundation rock, impounded water, and reservoir boundary

materials. For each of these 13 cases, the response of the dam was computed for four excitations:

upstream ground motion, only; vertical ground motion, only; cross-stream ground motion, only; and

all three ground motion components, simultaneously, of Taft ground motion; the effects of static loads

were excluded.
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1.0
N

Table 6.1 Cases of Morrow Point Dam Analyzed, Fundamental Resonant Periods of Vibration, Damping Ratios, and Response
Spectrum Ordinates for the Three Components of Taft Ground Motion

Fundamental Mode Properties

Case Foundation Rock Water a Upstream Ground Motion Vertical Ground Motion Cross-stream Ground Motion

Resonant Damping S.(1t ,~:) Resonant Damping S.(1?,W Resonant Damping S.(Tlz,~:)

Period Ratio Period Ratio Period Ratio

EtfE, Condition Tt (sec) ~: (%) (g) T( (sec) ~i (%) (g) Tt (sec) ~: (%) (g)

1 00 Rigid Empty - 0.234 5.0 0.433 0.234 5.0 0.299 0.263 5.0 0.370

2 2 Interaction Empty - 0.245 5.4 0.376 0.245 5.6 0.249 0.273 5.1 0.373

3 1 Interaction Empty - 0.255 6.0 0.351 0.255 6.0 0.223 0.284 5.4 0.334

4 1/2 Interaction Empty 0.277 7.2 0.319 0.277 7.4 0.203 0.302 5.8 0.362

5 1/4 Interaction Empty - 0.315 9.3 0.343 0.315 9.6 0.244 0.332 6.3 0.417

6 00 Rigid Full 1 0.355 2.2 0.661 0.353 4.4 0.366 0.340 4.9 0.526

7 00 Rigid Full 0.95 0.355 3.8 0.498 0.349 4.9 0.364 0.340 5.0 0.522

8 00 Rigid Full 0.5 0.310 11.8 0.316 0.310 11.3 0.225 0.338 5.9 0.467

9 00 Rigid Full 0 0.305 7.6 0.364 0.304 7.7 0.226 0.334 7.2 0.399

10 1 Aexible Full I 0.385 3.7 0.356 0.383 4.5 0.229 0.367 5.2 0.524

II I Flexible Full 0.95 0.385 4.8 0.338 0.381 10.5 0.208 0.367 5.2 0.519

12 I Flexible Full 0.5 0.353 14.9 0.267 0.349 14.3 0.220 0.367 6.3 0.465

13 I Flexible Full 0 0.336 9.7 0.312 0.334 9.8 0.273 0.361 8.0 0.426



The earthquake response of the dam was computed under the assumption of linear behavior of

the dam-water-foundation rock system, using the analytical procedure developed in Chapter 4, where

the displacement-time history was obtained by Fourier synthesis of the complex-valued frequency

response functions for the generalized coordinates. These response functions were computed for the

excitation frequency range 0 to 25 Hz, which has been tested to be adequate for the selected dam and

the Taft ground motion. The first 20 generalized coordinates were included in the analyses for all

cases.

The fundamental resonant period and effective damping ratio at that period, determined by the

half-power bandwidth method from the frequency response function for the crest displacement due to

each of the three ground motion components. are presented in Table 6.1. Strictly speaking, the half

power bandwidth method does not apply to dams because hydrodynamic and foundation interaction

introduces frequency-dependent added mass, damping and force. However, the method is employed

here to obtain a rough measure of damping to assist in interpretation of response results. As seen in

Table 6.1, the fundamental resonant periods Jix andJiY obtained from the response to upstream (x) or

vertical (y) ground motion are the same; it is the period of the fundamental, symmetric mode of

vibration, modified by the added mass from dam-water interaction and the flexibility of the foundation

rock. The frequency-dependent hydrodynamic force which is not the same for the two ground motions

influences the resonant period slightly. If the reservoir is empty, the damping ratios ~; and ~i

corresponding to the upstream and vertical ground motions, respectively, have the same value if the,

foundation rock is rigid; however, they are slightly different if the foundation rock is flexible because

dam-foundation rock interaction effects are not identical for the two excitations. When the reservoir is

full, the damping ratios ~; and ~i are different because the frequency-dependent added hydrodynamic

force is not the same for the two ground motions. The fundamental resonant period Jiz and damping

ratio ~:' obtained from the response to cross-stream ground motion, are the period and damping ratio

of the fundamental, antisymmetric mode of vibration, ·modified by dam-water interaction and dam

foundation rock interaction. For each of the 13 cases, the pseudo-acceleration Sa corresponding to the
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fundamental vibration period and damping ratio. determined from the response to each ground motion

component, is obtained from the response spectrum for that particular ground motion and is listed in

Table 6.1.

The response results selected to illustrate the different effects consist of displacement-time

histories and contours of envelope values of maximum tensile stresses. The radial component of the

displacement at the dam crest nodal point defined by 8 =13.25° (nodal point 54 in Figure 3.1). where

8 is the angle measured from the x-y plane along the dam crest arch. is presented. The distributions of

envelope values of the maximum tensile stresses in the arch and cantilever directions are presented for

both the upstream and downstream faces of the dam. The maximum radial displacement at the dam

crest nodal point 54 (8 = 13.25°. Figure 3.1), and the maximum tensile values of arch and cantilever

stresses. over the upstream and downstre~m dam faces. are also summarized and grouped into Tables

6.2, 6.4. 6.6 and 6.7 in the following sections for convenient comparison of the results.

A point worth mentioning concerns the stress contour presentation in this chapter. The envelope

values of maximum tensile stresses are shown for the right half of the dam when looking from the

downstream side in the upstream direction. Because the Morrow Point Dam system is assumed to be

symmetric about the x-y plane. the maximum tensile stresses are symmetric about this plane for the

dam subjected to upstream or vertical component of ground motion; and, as explained in Reference

[8]. they are approximately symmetric about the x-y plane for the dam subjected to the cross-stream

component of ground motion. However. the maximum tensile stresses due to all three components of

ground motion acting simultaneously are shown for the whole dam since they are not symmetric about

the x-y plane.

The displacement and stresses due to static loads such as the dead weight of the dam and the

hydrostatic pressure on the upstream face of the dam are not included in most of the results presented

here to study the effects of dam-foundation rock interaction, dam-water interaction, and reservoir

boundary absorption on dynamic response. The static loads should be included, however. for practical

earthquake analyses of the dam; an example is given at the end of this chapter.
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6.4 Dam-Foundation Rock Interaction Effects

Dam-foundation rock interaction effects in the earthquake response of Morrow Point Dam are

studied first; the reservoir is assumed empty. These effects can be visualized as arising partly from

the change in the complex-valued frequency response functions of the dam (Chapter 5), and partly

from the change in the response spectrum ordinate corresponding to each resonant peak, especially the

fundamental resonant peak, corresponding to the changes in resonant period and damping. As the

moduli ratio Ef / Es decreases, which for a fixed concrete modulus Es means increasingly flexible

foundation rock, the period and the effective damping ratio at the fundamental resonance of the

symmetric and antisymmetric modes of vibration increases. For example, as EJ / Es decreases from 00

to 1/4, the fundamental resonant period of Morrow Point Dam lengthens from 0.234 sec to 0.315 sec

for the symmetric vibration mode and from 0.263 sec to 0.332 sec for the antisymmetric vibration

mode; and the effective damping at the fundamental resonant period increases from 5% to 9:3%, 9.6%

or 6.3% due to upstream, vertical or cross-stream ground motion, respectively (Table 6.1). As

discussed in Chapter.5, the fundamental resonant period is affected almost entirely by the flexibility

of foundation rock; whereas the effective damping ratio at the fundamental resonance is affected

primarily by material and radiation damping resulting from dam-foundation rock interaction. As the

moduli ratio EdEs decreases, the radiation damping from dam-foundation rock interaction increases,

resulting in larger effective damping ratio (Table 6.1). The combined change in the vibration period

and damping ratio results in a change in the pseudo~acceleration response spectrum ordinate for each

of the three components of Taft ground motion. For the selected dam and excitation, as the moduli

ratio EdEs changes from 00 to 1/4, S,,(1t,~~) changes from 0.433g to 0.343g; S,,(1?,~j) changes

from 0.299g to 0.244g; and S,,(1t ,~:) changes from 0.370g to 0.417g (Tabie 6.1).

The effects of dam-foundation rock interaction on the response of the dam with an empty

reservoir are identified by examining the results presented for the various EdEs values (Table 6.2

and Figures 6.2-6.8). The displacement histories in Figure 2 indicate that, as EdEs decreases, the

fundamental resonant period is lengthened and the contributions of the higher vibration modes of the
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Table 6.2 Summary of Responses· of Morrow Point Dam with Empty Reservoir,
Including Dam-Foundation Rock Interaction, to Taft Ground Motion

Foundation Maximum Maximum Tensile Stress (psi)

Case Rock Radial Crest Upstream Face Downstream Face

Displacement Arch Cantilever Arch Cantilever

E,IE, Condition (inches) Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Motion

1 00 Rigid 0.382 268 100 244 65

2 2 Interaction 0.396 262 104 239 67

3 1 Interaction 0.438 271 100 251 62

4 112 Interaction 0.451 289 102 274 71

5 1/4 Interaction 0.635 293 96 301 62

(b) Response to Vertical Component of Taft Ground Motion

I 00 Rigid 0.068 55 48 43 41

2 2 Interaction 0.069 57 54 44 44

3 I Interaction 0.075 63 66 45 38

4 112 Interaction 0.072 70 81 51 35

5 1/4 Interaction 0.095 70 86 75 36

(c) Response to Cross-stream (521 W Component of Taft) Ground Motion

1 00 Rigid 0.368 153 100 209 90

2 2 Interaction 0.453 169 107 181 77

3 1 Interaction 0.438 173 96 185 76

4 112 Interaction 0.544 184 113 231 96

5 1/4 Interaction 0.726 260 157 316 157

(d) Response to Upstream, Vertical, and Cross-stream Components,

Simultaneously, of Taft Ground Motion

1 00 Rigid 0.486 336 118 307 137

2 2 Flexible 0.615 301 119 337 140

3 I Flexible 0.658 313 125 292 128

4 112 Flexible 0.645 304 115 295 121

5 1/4 Flexible 0.950 407 191 414 178

* Effects of static loads are excluded.
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Figure 6,2 Displacement response of Morrow Point Dam on rigid and flexible foundation rock with empty reservoir due to upstream.
vertical and cross-stream components. separately. of Taft ground motion.
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dam decrease; the latter happens because the material and radiation damping arising from interaction

effects reduces the resonant amplitudes, especially at the higher resonant peaks (Section 5.3). As

EtiEs decreases, the displacements increase in spite of the reduced values of Sa primarily because of

the increase in the effective earthquake forces in individual vibration modes arising from modification

in the mode shapes due to foundation flexibility. For example, as EtiEs decreases from 00 to 1/4, the

maximum crest displacement of the dam increases from 0.382 in. to 0.635 in. due to upstream ground

motion; from 0.068 in. to 0.095 in. due to vertical ground motion; and from 0.368 in. to 0.726 in. due

to cross-stream ground motion (Table 6.2). As a result of these trends dam-foundation rock

interaction generally increases by a small amount the maximum principal stresses throughout the dam

[compare part (b) to (a) and part (e) to (d) of Figures 6.3-6.8 and compare Cases 2-5 to Case 1 of

Table 6.2]. For example, as EtiEs decreases from 00 to 1/4, the maximum arch stress increases from

268 psi to 293 psi at the upstream face and from 244 psi to 301 psi at the downstream face due to

upstream ground motion, although the maximum cantilever stress remains practically unchanged at

both upstream and downstream faces [Cases 1 and 5 of Table 6.2(a)]. However, dam-foundation rock

interaction does not significantly alter the general distribution of maximum tensile stresses on the dam

faces [compare part (b) to (a) and part (e) to (d) of Figures 6.3-6.8]. Furthermore, the arch stresses

are generally greater than the cantilever stresses over both faces of the dam, and the response to

vertical ground motion is much smaller than the response to horizontal (upstream and cross-stream)

ground motipns, both phenomena seem little affected by dam-foundation rock interaction.

The small increase in the stress response of arch dams due to dam-foundation rock interaction

is in contrast to gravity dams whose response is reduced significantly by interaction [12] because of

the significant increase in damping resulting from interaction of the massive gravity dam with its

foundation rock (Section 5.3).
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6.5 Foundation Idealization

In this section we study how the earthquake response of the dam is affected if only the

foundation flexibility is considered but its inertia and damping effects are ignored. The fundamental

mode properties of the dam and the corresponding ordinates of the response spectrum for the three

components of Taft ground motion considering (1) foundation flexibility only and (2) all effects of

dam-foundation rock interaction are summarized in Table 6.3. The fundamental resonant period is

essentially the same for both idealizations of the foundation rock but the effective damping ratio is

larger if full effects of dam-foundation rock interaction are considered. For example, for Ef / Es = 1/4,

the fundamental resonant period of Morrow Point Dam is 0.311 sec and 0.332 sec for symmetric and

antisymmetric modes of vibration, respectively, if only foundation rock flexibility effects are

considered, and they are 0.315 sec and 0.332 sec if all dam-foundation rock interaction effects are

considered (Case 5 of Table 6.3). However, for EtiEs =1/4, ~: =2.8%, ~i =2.7%, and ~: =3.3%

if only foundation rock flexibility effects are considered; whereas ~: = 9.3%, ~i =9.6%, and

~: =6.3% if all dam-foundation rock interaction effects are considered (Case 5 of Table 6.3).

Therefore, the spectral ordinates are always larger if only foundation rock flexibility is considered but

other effects of dam-foundation rock interaction are ignored (Table 6.3). For example, for

EtiEs =1/4, Sa(1t ,;f) =0.5llg, S,,(1? .~D =0.308g, and Sa(1'i
z
,~D =0.572g if only foundation

rock flexibility effects are considered are larger than S,,(1t .~n = 0.343g, Sa(1? ,~D = 0.244g, and
o

Sa(1'iz,~D = 0.4l7g if all dam-foundation rock interaction effects are considered (Case 5 of Table

6.3).

Consequently, the earthquake response of the dam is overestimated when only foundation

flexibility is considered but damping- material and radiation - arising from dam-foundation rock

interaction is excluded [see Table 6.4 and compare part (c) to (b) and part (f) to (e) of Figures 6.3-

6.8]. For example, for EtiEs =1/4, the maximum crest displacements are 0.921 in., 0.168 in., and

0.982 in. due to upstream, vertical and cross-stream components of Taft ground motion, respectively,

if only foundation flexibility is considered; whereas they are 0.635 in., 0.095 in., and 0.726 in. if all
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Table 6.3 Influence of Foundation Rock Idealization on Fundamental Resonant Periods of Vibration. Damping
Ratios. and Taft Response Spectrum Ordinates for Morrow Point Dam with Empty Reservoir

Fundamental Mode Properties

Case Foundation Rock Upstream Ground Motion Vertical Ground Motion Cross-stream Ground Motion

Resonant Damping SQ(T.~n Resonant Damping SQ(T.~j) Resonant Damping Sa(T.W

Period Ratio Period Ratio Period Ratio

of<
T (sec) ~: (%) (g) T (sec) ~{ (%) (g) T (sec) ~: (%) (g)EriE, Idealization

2 2 Flexibility 0.245 4.6 0.385 0.245 4.7 0.270 0.273 4.6 0.385

Interaction 0.245 5.4 0.376 0.245 5.6 0.249 0.273 5.1 0.373

3 I Flexibility 0.255 4.2 0.373 0.255 4.2 0.254 0.283 4.3 0.343

Interaction 0.255 6.0 0.351 0.255 6.0 0.223 0.284 5.4 0.334

4 1/2 Flexibility 0.276 3.6 0.434 0.276 3.7 0.294 0.301 3.9 0.390

Interaction 0.277 7.2 0.319 0.277 7.4 0.203 0.302 5.8 0:362

..
5 1/4 Flexibility 0.311 2.8 0.511 0.311 2.7 0.308 0.332 3.3 0.572

Interaction 0.315 9.3 0.343 0.315 9.6 0.244 0.332 6.3 0.417

'" "Flexibility" implies that only foundation flexibility effects are considered. "Interaction" indicates that dam-foundation rock interaction effects are included.

41

-----,



Table 6.4 Influence of Foundation Rock Idealization on Responses'" of Morrow Point
Dam with Empty Reservoir to Taft Ground Motion

Foundation Maximum Maximum Tensile Stress (psi)

Case Rock Radial Crest Upstream Face Downstream Face

Displacement Arch Cantilever An::h Cantilever

Et/E, Idealizationt (inches) Suess Suess Suess Suess

(a) Response to Upstream (S69E Component of Taft) Ground Motion

2 2 Flexibility 0.421 277 113 253 75

Interaction 0.396 262 104 239 67

3 1 Aexibility 0.494 317 113 288 76

InteracLion 0.438 271 100 251 62

4 112 Flexibility 0.627 418 137 374 98

Interaction 0.451 289 102 274 71

5 1/4 Aexibility 0.921 445 174 461 103

Interaction 0.635 293 96 301 62

(b) Response to Vertical Component of Taft Ground Motion

2 2 Flexibility 0.086 66 69 56 57

Interaction 0.069 57 54 44 44

3 I Aexibility 0.096 85 ·104 61 62

Interaction 0.075 63 66 45 38

4 112 . Aexibility . 0.121 132 155 83 68

Interaction 0.072 70 81 51 35

5 1/4 Aexibility 0.168 139 223 154 94

Interaction 0.095 70 86 75 36

(c) Response to Cross-stream (S21 W Component of Taft) Ground Motion

2 2 Aexibility 0.478 178 114 192 79

Interaction 0.453 169 107 181 77

3 1 Flexibility 0.487 199 108 195 80

Interaction 0.438 173 96 185 76

4 1/2 Flexibility 0.624 249 144 266 114

Interaction 0.544 184 113 231 96

5 1/4 Aexibility 0.982 438 226 443 207

Interaction 0.726 260 157 316 157

* Effects of static loads are excluded.

t "Flexibility" implies that foundation flexibility effects are considered.
"Interaction" indicates that dam-foundation rock interaction effects are included.
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effects of dam-foundation rock interaction are considered (Table 6.4). Similarly, the maximum arch

stresses are 461 psi, 154 psi, and 443 psi due to upstream, vertical and cross-stream Taft ground

motions, respectively, if only foundation flexibility is considered; whereas they are only 301 psi,

75 psi, and 316 psi if all effects of dam-foundation rock interaction are considered (Table 6.4). Such

overestimation of the response is especially significant for smaller values of EriEs because larger

radiation damping resulting from dam-foundation rock interaction is ignored (Table 6.5). For

example, for Ef / Es = 1/4, the maximum response to upstream, vertical and cross-stream ground

motions is overestimated by 45%, 77% and 35%, respectively, for the crest displacement; 53%, 105%

and 69% for the arch stress; and 81 %, 161% and 44% for the cantilever stress (Table 6.5). The

overestimation is especially large for the response to vertical ground motion. However, the

distributions of maximum tensile stresses on the dam faces are similar for the two idealizations of the

foundation rock [compare part (c) to (b) and (f) to (e) of Figures 6.3-6.8].

Based on the preceding results, it is clear that the standard procedure commonly used in

engineering practice, which considers only the flexibility of the foundation rock but ignores other

effects of dam-foundation rock interaction, significantly overestimates the earthquake response of

arch dams. Therefore, dam-foundation rock effects are included in all subsequent results presented in

this chapter.

6.6 Dam-Water-Foundation Rock Interaction Effects

6.6.1 Hydrodynamic Effects

As discussed in Section 5.5.1, hydrodynamic effects (the effects of dam-water interaction with

non-absorptive reservoir boundary; a =1) on the response of the dam to the harmonic ground motion

in the upstream, vertical or cross-stream direction are qualitatively similar whether the effects of

dam-foundation rock interaction are included or not. In particular, the percentage increase in the

fundamental resonant period due to hydrodynamic effects is approximately the same, as demonstrated

by comparing the periods for Cases 1 and 6 to those for Cases 3 and 10 of Table 6.1. The increase is
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Table 6.5 Overestimation of Responses (in %) by Ignoring Foundation
Inertia and Damping Effects

Maximum Maximum Tensile Stress

Case Ef/Es Radial Crest Upstream Face Downstream Face

Displacement Arch Cantilever Art:h Cantilever

Stress Stress Stress Stress

(a) Response to Upstream (569E Component of Taft) Ground Motion

2 2 6% 6% 9% 6% 12%

3 1 13% 17% 13% 15% 23%

4 1/2 , 39% 45% 34% 36% 38%
--

5 1/4 45% 52% 81% 53% 66%

(b) Response to Vertical Component of Taft Ground Motion

2 2 25% 16% 28% 27% 30%

3 I 28% 35% 58% 36% 63%

4 1/2 68% 89% 91% 63% 94%

5 1/4 77% 99% 159% 105% 161%

(c) Response to Cross-stream (521 W Component of Taft) Ground Motion

2 2 6% 5% 7% 6% 3%

3 1 11% 15% 13% 5% 5%

4 1/2 15% 35% 27% 15% 19%

5 1/4 35% 68% 44% 40% 32%
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about 50% for the symmetric vibration mode and about 30% for the antisymmetric vibration mode,

regardless o(the foundation rock condition [see also Figure 5.12(a) at H/ H" =1].

Hydrodynamic effects increase the displacement and stress responses of the dam on rigid

foundation rock due to upstream ground motion [compare Case 1 to 6 of Table 6.6(a)]. The increase

in the dam response is caused by the increase of the fundamental resonant peak in the frequency

response function [Figure 5.7(a)] and by the increase in the pseudo-acceleration Sa(1t,~~) from

0.433g to 0.661g because hydrodynamic effects lengthen the fundamental resonant period from

0.234 sec to 0.355 sec and decrease the effective damping ratio from 5% to 2.2% (Table 6.1). For

example, the maximum crest displacement increases from 0.382 in. to 0.806 in.; the maximum arch

stress increases from 268 psi to 686 psi at the upstream face and from 244 psi to 616 psi at the

downstream face; and the maximum cantilever stress increases from 100 psi to 286 psi at the

upstream face and from 65 psi to 218 psi at the downstream face [Cases 1 and 6 of Table 6.6(a)].

The lengthening of the fundamental resonant period can also be observed from the displacement

histories [compare the responses to upstream ground motion in Figures 6.9(a) and 6.9(b)]. When

dam-foundation rock interaction is considered, the hydrodynamic effects are smaller [compare the

change from Case 3 to 10 in Table 6.7(a) with the change from Case 1 to 6 in Table 6.6(a)] because

of the material and radiation damping effects arising from the interaction (Section 5.5.1).

Hydrodynamic effects change little the distribution pattern of the arch stresses; however, these effects

increase the cantilever stresses at the base of the dam along the abutment, with these areas becoming

the most-stressed area instead of the upper, central portion of the dam, regardless of the foundation

rock condition [compare part (a) to (b) of Figures 6.10-6.11 and 6.17-6.18]. The arch stresses are
)

generally much larger than the cantilever stresses over both faces of the dam, an observation that is

unaffected by the hydrodynamic effects [Cases 1 and 6 of Table 6.6(a) and Cases 3 and 10 of

Table 6.7(a)].

Similar to the case of upstream ground motion, hydrodynamic effects increase the displacement

and stress responses of the dam on rigid foundation rock due to vertical ground motion [compare
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Table 6.6 Summary of Responses· of Morrow Point Dam on Rigid Foundation
Rock to Taft Ground Motion

Maximum Maximum Tensile Stress (psi)

Case Water ex Radial Crest Upstream Face Downstream Face

Displacement Arch Cantilever Arch Cantilever

(inches) Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Motion'

1 None 0.382 268 100 244 65

6 Full 1.0 0.806 686 286 616 218

7 Full 0.95 0.674 574 231 513 174

8 Full 0.5 0.622 . 487 166 422 122

9 Full 0 0.622 482 147 411 III

(b) Response to Vertical Component of Taft Ground Motion

1 None - 0.068 55 48 43 41

6 Full 1.0 1.704 1348 524 1214 328

7 Full 0.95 1.243 998 398 898 231

8 Full 0.5 0.270 216 115 183 54

9 Full 0 0.107 89 55 69 39

(c) Response to Cross-stream (S21 W Component of Taft) Ground Motion·

1 None - 0.368 153 100 209 90..
6 Full 1.0 0.359 198 121 173 88

7 Full 0.95 0.331 177 102 177 84

8 Full 0.5 0.313 160 72 183 83

9 Full 0 0.365 172 93 216 99

(d) Response to Upstream, Vertical, and Cross-strearn~Components,

Simultaneously, of Taft Ground Motion

1 None - 0.486 336 118 307 137

6 Full 1.0 2.202 1784 734 1591 550

7 Full 0.95 1.546 1223 531 1093 403

8 Full 0.5 0.624 490 182 444 169

9 Full 0 0.678 491 166 441 168

• Effects of static loads are excluded.
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Figure 6.9 Displacement response of Morrow Point Dam on rigid foundation rock due to upstream, vertical and cross-stream
components, separately, of Taft ground motion.
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reservoir, supported on rigid foundation rock, due to vertical component, only, of Taft ground motion. Initial static stresses are
excluded



Downstream Face ofMorrow Point Dam

(c) Fun Reservoir
Absorptive Reservoir Boundary, (J. == 0.95

Cantilever Stress Arch Stress

i) .r''- l~( O),~
g\ 600P

~r \.~ ~~
~~

(b) Full Reservoir
Non-absorptive Reservoir Boundary, (J. == I

Cantilever Stress Arch Stress

. \}'.t \\\ (/oJij/ ~

Ilr'"~ J~g V7f
: !J O\I\~~
~ 0~ \ ~
~,\..8 0 p

~ g~
r \

Arch Stress

(a) Empty Reservoir

--0-

(d) Full Reservoir
Absorptive Reservoir Boundary, (X == 05

(e) Full Reservoir
Absorptive Reservoir Boundary, (X == 0

CantileverStress Arch Stress

(-'/\\ ~
. ~ I
\ I.

..
III
I
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Case 1 to 6 of Table 6.6(b)]. However. the increase in the dam response is caused less by the increase

in the pseudo-acceleration Sa (1'/ .~n from 0.299g to 0.366g - due to the lengthening of the vibration

period and the reduction of the effective damping ratio from 5% to 4.4% (Table 6.1) - but more by

the greatly amplified fundamental resonant peak and unbounded peaks at (J)~ in the frequency

response function due to hydrodynamic effects [Figure 5.8(a)]. Consequently, the increase in the dam

response to vertical ground motion is much larger than that due to upstream ground motion. For

example, the maximum crest displacement of the dam due to vertical ground motion increases from

0.068 in. to 1.704 in.; the maximum arch stress increases from 55 psi to 1348 psi at the upstream

face and from 43 psi to 1214 psi at the downstream face; and the maximum cantilever stress increases

from 48 psi to 524 psi at the upstream face and from 41 psi to 328 psi at the downstream face

[Cases 1 and 6 of Table 6.6(b)]. Dam-foundation rock interaction moderately reduces the

hydrodynamic effects on the dam response [compare the change from Case 3 to 10 in Table 6.7(b)

with the change from Case 1 to 6 in Table 6.6(b)] because foundation damping arising from the

interaction reduces the fundamental resonant response without eliminating the unbounded peaks at (J)~

(Section 5.5.1). Similar to the case of upstream ground motion, hydrodynamic effects change little the

distribution pattern of the arch stresses due to vertical ground motion, except greatly increasing the

cantilever stresses at the base of the dam· along the abutment, with these areas becoming the most

stressed area instead of the upper, central portion of the dam, regardless of the foundation rock

condition [compare part (a) to (b) of Figures 6.12-6.13 and 6.19-6.20]. The arch stresses over both

faces of the dam, which are about the same as the cantilever stresses when the reservoir is empty

[Case 1 of Table 6.6(b) and Case 3 of Table 6.7(b)], become much larger than the cantilever stresses

when the reservoir is full [Case 6 of Table 6.6(b) and Case 10 of Table 6.7(b)].

On the contrary, the response of the dam on rigid foundation rock due to cross-stream ground

motion is influenced by hydrodynamic effects to a much less degree than is the response due to the

upstream and vertical components of ground motion [compare Cases 1 and 6 of Table 6.6(c) to those

of Table 6.6(a)-(b)], even though the pseudo-acceleration Sa(1iz,~:) increases from 0.370g to 0.526g
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Table 6.7 Summary of Responses" of Morrow Point Dam. Considering Dam
Foundation Rock Interaction. to Taft Ground Motion; Ef / Es =I

Maximum Maximum Tensile Stress (psi)

Case Water a Radial Crest Upstream Face Downstream Face

Displacement Arch Cantilever Arch Cantilever

(inches) Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Motion

3 None 0.451 271 100 251 62

10 Full 1.0 0.835 589 212 556 124

II Full 0.95 0.802 566 203 533 115

12 Full 0.5 0.703 497 150 457 III

13 Full 0 0.708 510 134 454 113

(b) Response to Vertical Component of Taft Ground Motion

3 None - 0.072 63 66 45 38

10 Full 1.0 1.S59 1082 292 979 148

II Full 0.95 1.201 835 224 753 114

12 Full 0.5 0.414 268 107 230 63

13 Full 0 0.194 118. 89 92 53

(c) Response to Cross-stream (S21W Component of Taft) Ground Motion

3 None - 0.544 173 96 185 76

10 Full 1.0 0.342 187 92 213 80

11 Full 0.95 0.347 189 88 205 79

12 Full 0.5 0.423 218 80 212 79

13 Full 0 0.537 274 96 274 104

(d) Response to Upstream, Vertical, and Cross-stream Components,
Simultaneously, of Taft Ground Motion

3 None - 0.658 313 125 292 128

10 Full 1.0 1.605 1261 386 1115 250

II Full 0.95 1.285 973 322 898 214

12 Full 0.5 0.682 540 187 474 149

13 Full 0 0.708 565 190 464 168

.. Effects of static loads are excluded.
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due to the lengthening of the fundamental resonant period from 0.263 sec to 0.340 sec and the small

decrease in the effective damping ratio from 5% to 4.9% (Table 6.1). For example. the crest

displacement of the dam decreases slightly from 0.368 in. to 0.359 in.; the change in stress is also

small: the arch stress increases from 153 psi to 198 psi at the upstream face. but decreases from

209 psi to 173 psi at the downstream face; the cantilever stress increases from 100 psi to 121 psi at

the upstream face. but decreases from 90 psi to 88 psi at the downstream face [Cases 1 and 6 of

Table 6.6(c»). If dam-foundation rock interaction effects are included, the displacements decrease by

a greater degree (from 0.544 in. to 0.342 in.) but the stresses change very little [Cases 3 and 10 of

Table 6.7(c)]. The displacements decrease mainly because the fundamental resonant peak in the

frequency response function is reduced since the "added" hydrodynamic force is of opposite-phase

compared to the effective earthquake force associated with the mass of the dam [Figure 5.9(a)]. The

added hydrodynamic force is unbounded at the natural frequencies ro~ of the infinite water channel

(Figure 3.2), causing unbounded response peaks at these frequencies which remain unbounded when

dam-foundation rock interaction effects are included [Figure 5.9(a)]. Because of the large decrease in

the fundamental resonant peak and of the unbounded peaks at ro~a, both due to hydrodynamic effects,

the contribution of higher modes to the earthquake response greatly increases; this is evident from

observing the displacement-time histories [compare the cross-stream responses in parts (a) and (b) of

Figures 6.9 and 6.16) from the fact that the displacement decreases because of hydrodynamic effects

but the stresses increase [Tables 6.6(c) and 6.7(c»). Hydrodynamic effects do not alter much the

distribution pattern of the maximum tensile arch and cantilever stresses of the dam due to cross

stream ground motion. Similar to the response to upstream ground motion, the arch stresses due to

cross-stream ground motion are generally much larger than the cantilever stresses over both faces of

the dam, irrespective of the foundation rock condition [Cases 1 and 6 of Table 6.6(c) and Cases 3 and

10 of Table 6.7(c)).

These earthquake response results are consistent generally but not always with the conclusion

of Chapter 5 based on frequency response functions that dam-foundation rock interaction does not
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have significant influence on the ·hydrodynamit effects in the dam response. However, when the

excitation is arbitrary ground motion, there are significant differences, as noted in this section,

because of the complexity of the earthquake excitation and response [compare Cases 1 and' 6 of

Table 6.6 to Cases 3 and 10 of Table 6.7, and compare parts (a) and (b) of Figures 6.9-6.15, to parts

(a) and (b) of Figures 6.16-6.22].

Hydrodynamic effects are more significant in the earthquake response of arch dams than that of

gravity dams [12], regardless of the foundation rock condition. For example,' if the foundation rock is

rigid, hydrodynamic effects increase the maximum crest displacement of the arch dam by 110% (from

0.382 in. to 0.806 in.) due to upstream ground motion and by 2406% (from 0.068 in. to 1.704 in.)

due to vertical ground motion (Table 6.6); whereas the displacement of a gravity dam is increased

only by 37% due to upstream ground motion and 525% due to vertical ground motion [12]. If the

foundation rock "is flexible with EtiEs =I, hydrodynamic effects increase the maximum crest

displacement of the arch dam by 85% (from 0.451 in. to 0.835 in.) due to upstream ground motion

and by 2065% (from 0.072 in. to 1.559 in.) due to vertical ground motion (Table 6.7); whereas the

displacement of a gravity dam is increased only by 69% due to upstream ground motion and 500%

due to vertical ground motion [12]. Hydrodynamic effects are more significant in the response of arch

dams because the added hydrodynamic mass, damping and force have more influence on the vibration

properties of a slender arch dam than on a massive gravity dam.

6.6.2 Reservoir Boundary Absorption Effects

The main effect of reservoir boundary absorption is to reduce the larger displacement peaks due

to upstream ground motion without" significantly altering the frequency content of the response

[upstream ground motion responses in parts (b)-(e) of Figures 6.9 and 6.16]. The response of the dam

decreases as the reservoir boundary becomes more absorptive [Tables 6.6(a) and 6.7(a)]. The only

exception is when a decreases from 0.5 to 0 and dam-foundation rock interaction effects are included

[compare Case 12 to 13 of Table 6.7(a)). This is because the added damping decreases, contrary to"
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intuition, with increasing reservoir boundary absorption at the fundamental resonant frequency due to

the merging of double peaks into a single peak (Section 5.5.1), resulting in a decrease in the effective

damping ratio and a corresponding increase in Sa(1t,~f) (Table 6.1), and thus the slight increase in

some of the responses. However, reservoir boundary absorption has less influence on the dam

response when dam-foundation rock interaction effects are included [compare Table 6.7(a) to 6.6(a)].

The relatively large reduction of the displacement and stress response as ex decreases from 1 to 0.95

but smaller change in response as ex decreases from 0.95 to 0 [Table 6.6(a)] indicates that the initial

absorptiveness of the reservoir boundary materials is most effective in reducing the response of the

dam to upstream ground motion if the foundation rock is rigid. However, reservoir boundary

absorption is less effective if the foundation rock is flexible and dam-foundation rock interaction

effects are included [compare the change from Case 10 to 11 of Table 6.7(a) to the change from Case

6 to 7 of Table 6.6(a)]. Reservoir boundary absorption does not alter much the general pattern of the

maximum stresses, particularly the pattern of maximum arch stresses [parts (b)-(e) of Figures 6.10

6.11 and 6.17-6.18]. As the reservoir boundary becomes absorptive, the distribution pattern and the

magnitude of the maximum cantilever stresses approach those of the dam with empty reservoir

[compare, for example, part (a) to (e) in each of Figures 6.10-6.11 and 6.17-6.18], indicating that

reservoir boundary absorption not only reduces the maximum stresses over both faces of the dam but

also tends to eliminate the redistribution of cantilever stresses due to hydrodynamic effects mentioned

in Section 6.6.1.

Reservoir boundary absorption has significant influence on reducing the response of the dam to

vertical ground motion because it greatly reduces the fundamental resonant peak in the dam response,

and eliminates the unbounded peaks in the dam response, at excitation frequencies equal to the natural

vibration frequencies w~ of the infinite water channel [Figures 5.1O(b) and 5. 11(b)l. Contrary to the

case of upstream ground motion, increasing absorptiveness of the reservoir boundary is always

effective in further reducing the response [compare part (b) to (a) of Tables 6.6 and 6.7]. This is

because, although the effective damping ratio does not increase monotonically and the pseudo-
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acceleration SaO? ,~D does not decrease monotonically as a decreases (Table 6;1), the added

hydrodynamic force and the fundaraental resonant response of the dam continue to decrease due to

increasing reservoir boundary absorption as a decreases [Figures 5.1O(b) and 5.11(b)]. The above

mentioned reservoir boundary absorption effects on the dam response are qualitatively similar

irrespective of the foundation rock condition. However, reservoir boundary absorption is less effective

in reducing the response when the foundation rock is flexible [compare Cases 10-13 of Table 6.7(b)

to Cases 6-9 of Table 6.6(b)] due to the existence of material and radiation damping resulting from

dam-foundation rock interaction (Section 5.5.1). Similar to the case of upstream ground motion,

reservoir boundary absorption does not substantially alter the frequency content of the displacement

time histories or the general distribution pattern of the maximum stresses, whether dam-foundation

rock interaction effects are included or not [vertical ground motion responses in part (b)-(e) of

Figures 6.9 and 6.16; and parts (b)-(e) of Figures 6.12-6.13 and 6.19-6.20]. It also tends to eliminate

the redistribution of cantilever stresses caused by the hydrodynamic effects [compare parts (a) and (e)

ofFigures 6.12-6.13 and 6.19-6.20].

Reservoir boundary absorption generally has less influence on the response of the dam to cross

stream ground motion than to upstream ground motion, whether the foundation rock is rigid [Tables

6.6(c) and 6.6(a)] or flexible [Tables 6.7(c) and 6.7(a)]. If the dam is excited by cross-stream ground

motion, the fundamental resonant response is essentially unaffected by reservoir boundary absorption

and the higher modes that are most affected have smaller contribution to the dam response .[Figures

5.1O(c) and 5.11(c)]. As a decreases. from 1.0 to 0, the pseudo-acceleration Sa(1iz,~:) decreases

monotonically, irrespective of the foundation rock condition (Table 6.1). However, reservoir

boundary absorption affects the dam response differently when dam-foundation rock interaction

effects are included: the response increases as a decreases from 1.0 to,O, contrary to the case of rigid

foundation rock in which the response decreases as a decreases from 1.0 to 0.5 but increases as a

decreases from 0.5 to 0 [compare Table 6.7(c) to Table 6.6(c)]. The response increases partly

because the magnitude of the fundamental resonant response increases as a decreases from 0.5 to 0,
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and partly because as a decreases from I to 0, the second resonant peak decreases if the foundation

rock is rigid [Figure 5.1O(c)] but increases if the foundation rock is flexible [Figure 5.II(c)].

Furthermore, dam-foundation rock interaction greatly reduces the frequency response at frequencies

beyond the second resonant frequency, making the fundamental and second resonant responses more

significant [compare Figure 5.II(c) to Figure 5.1O(c)]. Reservoir boundary absorption affects the

displacement history and stress distribution pattern of the dam on rigid and flexible foundation rock in

a similar manner [compare parts (b)-(e) of Figures 6.9 and 6.14-6.15 to those of Figures 6.16 and

6.21-6.22], except that reservoir boundary absorption has less influence on the distribution pattern of

the cantilever stresses if the foundation rock is flexible [compare the cantilever stress portion of parts

(b)-(e) of Figures 6.21-6.22 to those of Figures 6.14-6.15]. As in the case of upstream and vertical

ground motions, reservoir boundary absorption also eliminates the changes due to hydrodynamic

effects in the distribution pattern of arch and cantilever stresses over the dam faces [compare part (a)

to (e) of Figures 6.14-6.15 and 6.21-6.22].

It is apparent from the preceding discussion that, regardless of the foundation rock condition,

the effects of reservoir boundary absorption are most pronounced in the dam response to vertical

ground motion and generally least pronounced in the response to cross-stream ground motion. In

general,. assuming a non-absorptive reservoir boundary leads to unrealistically large response for

dams with impounded water, particularly due to vertical ground motion.

The effects of reservoir boundary absorption on the earthquake response of arch dams

identified in the preceding discussion are generally similar to those presented earlier for gravity dams

[12]. However, dam-foundation rock interaction has less influence on the reservoir boundary

absorption effects in the earthquake response of arch dams than for gravity dams. Such is the case

primarily because the hydrodynamic terms affected by reservoir boundary absorption are relatively

more important for arch dams, and because dam-foundation rock interaction effects are relatively less

significant for arch dams. For both types of dams, the response to vertical ground motion is
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significantly affected by reservoir boundary absorption; whereas the response to upstream ground

motion is only moderately affected.

6.7 Relative Significance of Response to Ground Motion Components

As seen in Section 6.6, the earthquake response of the dam with full reservoir is increased by

dam-water interaction if the reservoir boundary is non-absorptive and generally d~creased by

reservoir boundary absorption, with the magnitude of these effects depending on the condition of the

foundation rock, rigid or flexible, and on the component of ground motion. In particular, both dam-

water interaction and reservoir boundary absorption profoundly affect the response of the dam to the

vertical component of ground motion irrespective of the foundation rock condition, but have relatively

less - although significant - effect on the response of the dam to the horizontal (upstream and

cross-stream) components of ground motion. Stated differently, the response. of the dam with an

empty reservoir due to vertical ground motion, expressed asa percentage of the response to one of the

horizontal ground motion components, is small; .the percentage greatly increases because of dam-

water interaction with a non-absorptive reservoir boundary; and from this increased value it decreases

significantly because of reservoir boundary absorption.

The earthquake response of the dam with full reservoir to the three components, separately and

simultaneously, of Taft ground motion is presented in Figures 6.23 to 6.36, with the maximum

response values summarized in Tables 6.6 and 6.7. All the conclusions stated in the pr~ceding

paragraph would be fully applicable to the total response. if the individual responses to the three

components of .ground motion were exactly in phase and the maximum responses were directly

additive. But this is not the case as is apparent from the displacement-time history at the dam crest in

-Figure 6.23 for rigid foundation rock and Figure 6.30 for fle~ible foundation rock (EdEs = 1). If the

reservoir is empty. the contribution of the response to the vertical component is very small whether

the foundation rock is rigid [Figure 6.23(a) for displacements and Figures 6.24-6.25 for stresses] or

flexible[Figure 6.30(a) for displacements and Figures 6.31-6.32 for stresses); and the contribution of
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Figure 6.23 Displacement response of Morrow Point Dam on rigid foundation rock due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion: (i) empty reservoir, (ii) full reservoir with non-absorptive reservoir boundary (a. = I),
and (iii) full reservoir with absorptive reservoir boundary (a. =0.5).



Upstream Face of Morrow Point Dam

Upstream Component Vertical Component Cross-stream Component

Cantilever Stress Arch Stress

'/ ~
~ ) (\ ~

~s /.."-'

....
w
VI

Upstream. Vertical and Cross-stream Components

Cantilever Stress

~~ ~

\(O---"'J{)
l ~75/'~

Arch Stress

~~~;![

Figure 6.24 Envelope values of maximum tensile stress (in psi) on the upstream face ofMorrow Point Dam with empty reselVoir, supported on
rigid foundation rock, due to upstream, vertical and cross-stream comPonents, separately and simultaneously. of Taft ground motion. Initial static
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Figure 6.25 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with empty reservoir, supported on
rigid foundation rock, due to upstream, vertical and cross-stream components, separately and simultaneously, of Taft ground motion. Initial static
stresses are excluded.
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Figure 6.26 Envelope values of maximwn tensile stress (in psi) on the upstream face of Morrow Point Dam with full reservoir and

non-absorptive reservoir boundary (a=I), supported on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion. Initial static stresses are excluded.
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Figure 6.27 Envelope values of maximumtensile stress (in psi) on the downstream face of Morrow Point Dam with full reservoir and
non-absorptive reservoir boundary (a=1), supported on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion Initial static stresses are excluded.
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Figure 6.28 Envelope values of maximum tensile stress (m. psi) on the upstream faCe of Morrow Point Dam with full reservoir and
absorptive reservoir boundary (a =0.5), supported on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion. Initial static stresses are excluded
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Figure 6.29 Envelope values of maximwn tensile stress (in psi) on the downstream face of Morrow Point Dam with full reseIVoir and
absorptive reseIVoir boundary (a. = 0.5), supponed on rigid foundation rock, due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion. Initial static stresses are excluded
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Figure 6.30 Displacement response of Morrow Point Dam on flexibJe foundation rock with E I Es = I due to upstream, vertical and
cross-stream components, separately and simultaneously, of Taft ground motion: (i) empty relervoir, (ii) full reservoir with non-absorptive
reservoir boundary (a =1), and (iii) full reservoir with absorptive reservoir boundary (a =0.5).
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Figure 6.31 Envelope values of maximwn tensile stress (in psi) on the upstream face of Morrow Point Dam with empty reservoir, supported on
flexible foundation rock with Ef / Es =I, due to upstream, vertical and cross-stream components, separately and simultaneously, of Taft ground
motion. Initial static stresses are excluded.
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Figure 6.32 Envelope values of maximum tensile stress (in psi) on the downstream face Of Morrow Point Dam with empty reservoir, supported on
flexible foundation rock with Ef / Es = I, due to upstream, vertical and cross-stream components, separately and simultaneously, of Taft ground
motion. Initial static stresses are excluded.
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Figure 6.33 Envelope values of maximwn tensile stress (in psi) on the upstream face of MollOw Point Dam with full reservoir and
non-absorptive reservoir boundary (a =I), supported on flexible foundation rock with Ef / Es =I , due to upstream, vertical and
cross-stream components, separately and simultaneously, ofTaft ground motion. Initial static stresses are excluded.
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Figure 6.34 Envelope values of maximum tensile stress (in psi) on the downstream face ,of Mormw Point Dam with full reselVoir and
non-absorptive reselVoir boundary (a =I), supported on flexible foundation rock with E[ / Es =I , due to upstream, vertical and
cross-stream components, separately and simultaneously, ofTaft ground motion. Initial static stresses are excluded
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Figure 6.36 Envelope values of maximum tensile stress (in psi) on the downstream face of Morrow Point Dam with full reseIVoir and
absOlptive reseIVoir boundary (a=0.5), supported on flexible foundation rock with Ef / Es =I, due to upstream, vertical and cross-stream
components, separately and simultaneously, of Taft ground motion Initial static stresses are excluded



the response to cross-stream component is generally smaller than that due to upstream ground motion

whether the foundation rock is rigid [Figure 6.23(a) for displacements and Figures 6.24-6.25 for

stresses] or flexible [Figure 6.30(a) for displacements and Figures 6.31-6.32 for stresses].

For the dam with impounded water and non-absorptive reserVoir boundary, the response to the

vertical component of ground motion is so large that it dominates the total response irrespective of the

phase differences among responses to the individual ground motion components [Figures 6.23(b) and

6.26~6.27 for· rigid foundation rock; Figures 6.30(b) and 6.33-6.34 for flexible foundation rock].

However, this dominance drastically decreases as the reservoir boundary becomes more absorptive

[Figures 6.23(c) and 6.28-6.29 for rigid foundation rock; Figures 6.30(c) and 6.35-6.36 for flexible

foundation rock]. In particular, for ex =0.5 the total response becomes dominated by the response to

upstream ground motion with increasing influence from the response to cross-stream ground motion

[Figures 6.23(c), 6.28-6.29, 6.30(c), and 6.35-6.36].

The most important implication of these response results and their interpretation is that the

assumption of a non-absorptive reservoir boundary overestimates the significance of the response of

the dam, particularly due to vertical ground motion, whether the foundation rock is rigid or flexible.

The large amplification of the response to vertical ground motion at excitation frequencies

corresponding to the natural vibration frequencies of the infinite uniform channel of the reservoir,

predicted bv the assumption of a non-absorptive reservoir boundary, is unlikely because of the

alluviu~ and sediments invariably present at the reservoir boundary. An absorptive reservoir

boundary that models the alluvium and sediments gives a more realistic estimate of the earthquake

response of concrete arch dams, especially of the response to vertical ground motion and its

contribution to the total dynamic response.

6.8 Practical Earthquake Analysis of Arch Dams

The analytical procedure and EACD-3D-95 computer program (Chapter 4) is efficient in

obtaining the earthquake response results in the preceding sections. Therefore, it is the most advanced
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tool for calculating, under the assumption of linear behavior, the earthquake response of existing arch

dams or of designs proposed for new dams. However, in such practical application, the effects of the

static loads should be combined with the earthquake response of the dam to the three components of

ground motion considering dam-water-foundation rock interaction.

A complete analysis of the response of Morrow Point Dam due to its weight, the hydrostatic

pressure and the simultaneous action of the S69E, vertical, and S21 W components of Taft ground

motion was performed. The material properties of the dam body, the foundation rock region and the

impounded reservoir were the same as described in Chapter 3. The moduli ratio EIIEs was chosen to

be 1 (Ef =Es =4.0 million psi); the reservoir was assumed to be full and the wave reflection

coefficient a at the reservoir boundary was selected as 0.5. Although the accuracy of the static

analysis of arch dams is not much affected by water-foundation rock interaction due to hydrostatic

pressure acting on the canyon boundary upstream of the dam (Appendix B), a length of the canyon

boundary about 1.5 times of the full canyon width (Figure B.l) was included in the static analysis.

Some typical response results are shown in Figures 6.37 to 6.39. Figure 6.37 shows the time

history of the radial, vertical, and tangential displacements at nodal points 44 and 60 located .at the

dam crest, and at nodal points 1 and 13 located at the dam-foundation rock interface (Figure 3.1).

Figure 6.38 shows the time history of the arch and cantilever stresses on the upstream face at stress

points 4 and 19 and on the downstream face at stress points 22 and 61 (Figure 3.1). Figure 6.39

shows the distribution of the envelope values of the maximum tensile arch and cantilever stresses on

the upstream and downstream faces of the dam. Such stress results, which include the stresses due to

the static loads, aid in identifying areas in the dam that may crack during an earthquake.

The total CPU time needed for earthquake analysis of this selected dam including 20

generalized coordinates is about 2 minutes on a CRAY X-MP ENI supercomputer or 10 minutes on

a DECstation 5000/240 machine if the frequency-dependent foundation impedance matrix is already

available. However, calculation of this impedance matrix at 13 frequency valu~s requires 20 minutes

on the CRAY computer for the. standard boundary element mesh in this example analysis.
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Figure 6.37 Displacement response of Morrow Point Dam with full reseIVoir and absorptive reservoir boundary (a =0.5),
supported on flexi~le foundation rock with EllEs =1, due to upstream, vertical, and cross-stream components, simultaneously,
of Taft ground motIOn.
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Figure 6.38 Stress response of Morrow Point Dam with full reselVoir and absorptive reselVoir boundary (a =0.5), supported
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ground motion.
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7 CONCLUSIONS

The earlier analytical procedure [5] to evaluate the earthquake response of arch dams
- . ",

considering the various effects of dam-water interaction has been extended to include the effects of

dam-foundation rock interaction with inertia and damping of the foundation rock considered. In this

extended procedure, the foundation impedance matrix is computed by a direct boundary element

method [13]. Since only the surface of the uniform canyon is discretized in the boundary element

approach, preparation of the foundation mesh is much easier than for a three-dimensional finite

element idealization of the foundation. Because computation of the foundation impedance coefficients

is extremely time-consuming and they are smooth functions of the excitation frequency, these

coefficients are calculated only at a few selected frequencies and determined at other frequencies by a

cubic interpolation scheme. The resulting computational procedure described in this report represents

the most advanced tool for calculating, under the assumption of linear behavior, the earthquake

response of existing arch dams or of designs proposed for new dams.

Utilizing this analytical procedure presented in Chapter 4, the effects of dam-foundation rock

interaction, dam-water interaction, and reservoir boundary absorption on the response of Morrow

Point Dam to harmonic ground motion have been studied. The frequency-response functions presented

for a wide range of system parameters lead to the following conclusions:

1. Dam-foundation rock interaction reduces the fundamental resonant frequency of the dam

primarily because of foundation flexibility, and widens the frequency bandwidth at the

fundamental resonance because of material damping in the foundation rock and radiation damping

associated with wave propagation away from the dam into the unbounded foundation rock region;

as a result, the fundamental resonant response of the dam is generally reduced. These effects of

dam-foundation rock interaction increase as EtiEs decreases.
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2. Dam-foundation rock interaction also reduces the amplitude of higher resonant peaks and their

resonant frequencies. It is more effective in reducing the fundamental resonant peak due to

upstream and vertical ground motions than due to cross-stream ground motion, and in reducing

the higher resonant peaks than the fundamental resonant peak due to cross-stream ground motion.

3. Dam-foundation rock interaction affects the response of the dam in its symmetric vibration

modes, excited by upstream and vertical ground motions, more than its antisymmetric vibration

modes, excited by cross-stream ground motion. These interaction effects for slender arch dams

are less significant compared to gravity dams which are more massive.

4. The commonly used "standard" analysis, which considers only the flexibility of the foundation

rock, ignores important effects of dam-foundation rock interaction. This procedure predicts the

fundamental and higher resonant periods fairly accurately but overestimates the response

amplitudes at these periods.

5. The fundamental resonant period 1) of the dam alone (without water, and supported on rigid

foundation rock) is lengthened to ~ due to dam-water interaction, to Tf due to dam-foundation

rock interaction, and to T due to both interaction effects simultaneously. Dam-water interaction

effect is very small when the reservoir is less than half full, but increases rapidly with water depth

thereafter. Dam-foundation rock interaction has little effect on the percentage increase in the

resonant period due to dam-water interaction, especially if the reservoir is close to full.

6. The radiation damping due to reservoir boundary absorption is more effective in reducing the

response of the dam if the foundation rock is rigid. and the damping - material and radiation 

due to dam-foundation rock interaction is more effective in reducing the response of the dam if the

reservoir boundary is less absorptive.

Utilizing the new analytical procedure presented in Chapter 4, the effects of dam-foundation

rock interaction, dam-water interaction, and reservoir boundary absorption on the earthquake-induced
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displacements and stresses of Morrow Point Dam due to Taft ground motion have also been studied

for a wide range of system parameters. These results lead to the following conclusions:

1. The "standard" procedure commonly used in engineering practice, which considers only the

flexibility of the foundation rock but ignores other effects of dam-foundation rock interaction,

significantly overestimates the earthquake-induced stresses in arch dams. This discrepancy is

especially significant in evaluating the seismic safety of existing dams because the standard

procedure may lead to the erroneous conclusion that a dam is unsafe.

2. Dam-foundation rock interaction generally increases by a small amount the maximum tensile

stresses computed for the dam on rigid foundation rock, but does not significantly alter the

distribution of stresses over the dam faces.

3. The water impounded behind the dam increases the displacement and stress responses of the dam

on rigid foundation rock to upstream and vertical ground motions, with the increase being much

larger if the excitation is vertical ground motion. These hydrodynamic effects are smaller if dam

foundation rock interaction is considered. The response of the dam on rigid foundation rock to

cross-stream ground motion is influenced by hydrodynamic effects to a much less degree than is

the response to upstream and vertical ground motions. Hydrodynamic effects decrease the

displacement response but increase some stress responses due to cross-stream ground motion. The

displacement response decreases further but the stress responses change very little due to dam

foundation rock interaction effects.

4. The earthquake response of the dam on rigid foundation rock to upstream and vertical ground

motions is generally decreased due to reservoir boundary absorption; this reduction of response is

especially significant in the case of vertical excitation. However, reservoir boundary absorption is

less effective in reducing the dam response if dam-foundation rock interaction effects are

included. Reservoir boundary absorption has less influence on the response of the dam to cross-
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stream ground motion than to upstream ground motion, whether the foundation rock is rigid or

flexible.

5. The relative significance of the response of arch dams to the three components of ground motion

depends on the assumptions implied in the response analysis. For the dam with impounded water

and non-absorptive reservoir boundary, the response to the vertical component of ground motion

is so large that it dominates the total response. However, this dominance drastically decreases as

the reservoir boundary becomes more absorptive.

6. The small increase in stresses in an arch dam due to dam-foundation rock interaction is in

contrast to gravity dams whose response is reduced significantly by interaction. However, dam

water interaction and reservoir boundary absorption effects have more significant influence on the

earthquake response of arch dams than on the response of gravity dams.

The above conclusions deduced from the dynamic responses of the selected arch dam to

hannonic ground motion and to earthquake-induced Taft ground motion may not apply to all arch

dams and ground motions because the effects of dam-foundation rock interaction, dam-water

interaction, and reservoir boundary absorption depend, in part, on the particular dam and earthquake

ground motion. Although the detailed observations may be problem-dependent, the broad conclusions

should apply to many cases.

The results presented demonstrate that foundation-rock inertia and damping, dam-water

interaction, and reservoir boundary absorption may significantly affect the earthquake response of

arch dams. Similarly, water compressibility may be an important factor [9]. Therefore, these effects

should be included in the design of new arch dams and in the seismic safety evaluation of existing

dams. Such analyses of arch dams can be effectively accomplished by the analytical procedure and

the EACD-3D-95 computer program described in Chapter 4.
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APPENDIX A: NOTATIONS

non-dimensional frequency defined in Equation (4.34)

I-component free-field ground acceleration; 1= x,y,z

Fourier transfonn.of a~(t)

complex-valued coefficients co' c1 ' c2 ' and c3 · for the complex-valued cubic function
1(0) defined as 1(0) = C30)3 + C2002 + cIO) + Co

damping matrix of the finite element idealization of the dam

velocity of pressure wave in water

velocity of compression wave in the materials at reservoir boundary; defined as

C, =JE,/p,

velocity of shear wave in foundation rock computed as Cs =(g I!t /wt )1/2

velocity of shear wave in foundation rock with Young's modulus Eto

duration of the free-field ground motion

Young's moduli of the foundation rock

Young's moduli of the foundation rock for computing the "base" foundation
impedance matrix S fa (ao)

Young's modulus of the reservoir boundary materials

Young's modulus of the dam

cyclic frequency

complex-valued function of circular frequency 0)

the acceleration due to gravity

complex-valued cubic function of circular frequency 00 defined in Equation (4.37)

y-coordinate of the free surface of water measured from the base of the dam

height of the dam

=~
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J number of generalized coordinates

k, k b , k bb submatrices of ke

kc stiffness matrix of the finite element idealization of the dam

I direction of the free-field ground motion; I =x, y, z

L reference length taken as the half width of the canyon

V(ro) forcing vector of the dam-water-foundation rock system containing terms L',,(ro)

defined in Equation (4.16)

m, mb submatrices of m:;

me mass matrix of the finite element idealization of the dam

n inward normal direction at the free surface, upstream dam face or reservoir boundary
as illustrated in Figure 4.3

N number of nodal points of the dam not at the abutment

Nb number of nodal points at the abutment of the dam

p(x,y,z,t) hydrodynamic pressure in the impounded water; p'(x,y,z,t) denotes the pressure due
to the IIh component of ground acceleration

p(x,y.z,ro) frequency response function for p(x,y,z.t)

p'(x,y,z,ro) frequency response function for p'(x,y,z,t) due to the I tn component of ground
acceleration

pb(x,y,z,ro) frequency response function for hydrodynamic pressure due to the Ilh component of
unit harmonic acceleration with a rigid dam and reservoir boundary

pb(s,r,ro) pb(x,y,z,ro) at the upstream face of the dam due to boundary condition of Equation
(4.20)

pI(X,y,z,ro) frequency response function for hydrodynamic pressure due to normal hannonic
acceleration of dam in the lh natural vibration mode corresponding to the ph
generalized coordinate, without any reservoir boundary motion

pI(s,r.ro) pf(X,y,z,ro) at the upstream face of the dam due to boundary condition of Equation
(4.21)

q admittance or damping coefficient of the reservoir boundary materials; defined as

q =P/PrCr
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r(t)

rt(oo)

f~(oo)

R(t)

~(oo)

R~(oo)

R~(oo)

Rk(OO)

Rf (00)

vector ofdisplacements in time domain at the dam-foundation rock interface

subvector of f; (00) corresponding to nodal points other than on the abutment of the
dam

subvector of f; (00) corresponding to nodal points on the abutment of the dam

vector of nodal point displacements relative to the free-field ground displacement;
r: (t) denotes the vector due to the I-component of ground motion

vector of frequency response functions for r: (t) due to the I-component of ground
motion

vector of frequency response functions for displacements of nodal points of
foundation rock at the dam-foundation rock interface due to the I-component of
ground motion

nodal relative displacement vector for finite element p of the dam

vector of 6 frequency response functions for displacements at the dam-foundation
rock interface moved as a rigid body; defined in Equation (4.30)

radius parameter describing the size of the foundation rock for finite element modeling.
shown in Figure 3.5

vector of interaction forces in time domain at the dam-foundation rock interface

vector of nodal forces statically equivalent to the pressure function -p~(x,y,z,oo)

force vector at the abutment of the dam due to dam-foundation rock interaction; R~(t)

denotes the vector due to the I-component of ground motion

vector of frequency response functions for R~ (t)

vector of frequency response functions for forces of nodal points of foundation rock at
the dam-foundation rock interface due to the I-component of ground motion

hydrodynamic force vector at the upstream face of the dam; R~(t) denotes the vector
due to the I-component of ground motion

vector of frequency response functions for R~ (t)

vector of nodal forces statically equivalent to the pressure function -pf(x,y,z,OO)

vector of 6 frequency response functions for forces at the dam-foundation rock
interface moved as a rigid body; defined in Equation (4.31)
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s, ,

s', "

S(ro)

T

spatial coordinates on the upstream dam face boundary of the fluid as illustrated in·
Figure 4.3

spatial coordinates on the reservoir boundary as illustrated in Figure 4.3

non-dimensional frequency-dependent coefficients of the 6 x 6 impedance matrix

SlriliJ(ro); i,j =x, y, Z, " t, m

pseudo-acceleration value of a component of ground motion at period 1i and damping
ratio ~I; 1i is the fundamental vibration period, associated with the symmetric mode
for the x- or y-component of ground motion, or associated with the anti symmetric
mode for the z-component of ground motion; ~l = ~~, ~i, or ~: respectively for the
X-, y-, or z-component of ground motion

matrix of the dam-water-foundation rock system containing elements Snj(ro) defined
in Equation (4.16)

frequency-dependent impedance matrix for the foundation rock region

"base" foundation impedance matrix corresponding to the foundation rock with
Young's modulus Elo as a function of dimensionless frequency ao

6 x 6 frequency-dependent impedance matrix of the dam-foundation rock interface
moved as a rigid body; defined in Equation (4.32)

expanded foundation impedance matrix that includes all degrees of freedom of nodal
points on the dam defined in Equation (4.14)

time

fundamental vibration period of the dam on rigid foundation rock with no water; 1;s
and 1;a denote periods associated with symmetric and antisymmetric modes,
respectively

fundamental vibration period of the dam on flexible foundation rock including dam
water interaction; is and i a denote periods associated with symmetric and
antisymmetric modes, respectively

fundamental vibration period of the dam supported on flexible foundation rock with
no water; T; and Tj denote periods associated with symmetric and antisymmetric
modes, respectively

fundamental vibration period of the dam on rigid foundation rock including dam-water
interaction; i: and f,a denote periods associated with symmetric and antisymmetric
modes, respectively

stress-displacement transformation matrix for finite element p of the dam
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E '(s.r)

r.
I

111

A·i

III

e

P

Pr

ro

unit weight of the foundation rock

unit weight of the concrete

unit weight of water

generalized coordinate corresponding to the /' Ritz vector

generalized coordinate corresponding to the /' Ritz vector due to the I-component of
ground motion

frequency response function for Z)(t)

vector of frequency response of generalized coordinates zj(ro) of the dam-water
foundation rock system

wave reflection coefficient of the reservoir boundary materials as computed in
Equation (2.2)

Kroneker delta function

function illustrated in Figure 4.3; when represented by E '(s' ,r'). it refers to s', r'

coordinates

dam-foundation rock interface

constant hysteretic damping factor of the foundation rock

constant hysteretic damping factor of the dam

/' eigenvalue from the eigenvalue problem defined in Equation (4.13)

shear modules of the foundation rock computed as III =E1/2(1 + vI)

Poisson's ratio for the foundation rock

Poisson's ratio fpr the dam

angle describing the position along the dam crest measured from the x-y plane

unit mass of water

unit mass of the materials at reservoir boundary

stress vector for finite element p of the dam

circular or radial frequency
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00,

~l

"'~ (s,r)

fundamental natural frequency of the dam supported on rigid foundation rock with an·
empty reservoir; 00: and oor denote natural frequencies associated with symmetric and
antisymmetric modes, respectively

four different circular frequencies in ascending order to obtain values Of /(00)

nth natural frequency of the infinite fluid channel; 00: and oo~a denote frequencies
associated with symmetric and antisymmetric eigenfunctions, respectively

fundamental natural frequency of the dam on flexible foundation rock including dam
water interaction

fundamental natural frequency of the dam on flexible foundation rock with no water

fundamental natural frequency of the dam on rigid foundation rock including dam
water interaction

damping ratio at the fundamental period estimated using the half-power bandwidth
method; ~~, ~r, and ~~ denote the fundamental damping ratio associated with the x-,
y-, and z-components of ground motion, respectively

function representing the normal component of the /' natural vibration mode shape
on the dam-water interface

jth Ritz vector of the associated dam-foundation rock system

subvector of 'IIn that contains only the elements corresponding to the nodal points at
. the dam-foundation rock interface

subvector of 'IIn that contains only the elements corresponding to the nodal points at
the dam-water interface

subvector of l~ corresponding to nodal points other than on the abutment of the dam

subvector of l~ corresponding to nodal points on the abutment of the dam

vector contains ones in positions corresponding to the I translational degrees of
freedom of the dam, and zeros elsewhere; I =x, y. z
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APPENDIX B: INFLUENCE OF WATER-FOUNDATION ROCK

INTERACTION ON THE STATIC RESPONSE OF ARCH DAMS

Water-foundation rock interaction effects have been ignored in the dynamic analysis of arch

dams and gravity dams because in the mathematical formulation the terms relating to water

foundation rock interaction are relatively small compared to the terms relating to dam-foundation rock

interaction and dam-water interaction [5,12]; therefore, these effects are ignored in the new analytical

procedure presented in Chapter 4. For the static analysis, the water-foundation rock interaction

effects are excluded in the EAGD-84 computer program for gravity dams [22], but are included as an

option in the EACD-3D program for arch dams [6]. This is easily done by retaining some DOFs on

the water-foundation rock interface during the condensation of the DOFs not on the dam-foundation

rock interface to obtain the static foundation impedance matrix because the foundation rock region is

discretized as finite elements in the EACD-3D program. However, it is much more complicated in

processing and time-consuming in computing to have such an option in the EACD-3D-95 program

wherein the foundation rock region is modeled by boundary elements. An extended boundary element

.mesh containing the dam-foundation rock interface and portion o,f the water-foundation rock interface

must be used to compute the static impedance matrix (at (0 =0). Therefore, it is important as well as

interesting to see how water-foundation rock interaction affects the static response of arch dams and

if it can also be ignored.

The water-foundation rock interaction effects are included in the static analysis of Morrow

Point Dam with an extended boundary element mesh shown in Figure B.1; whereas these effects are

ignored if only the "standard" boundary mesh [Figure 4.4(a)] is used. The extended mesh consists of

six boundary elements along the dam-foundation rock interface (which is identical to the "standard"

mesh) and additional thirty elements along the water-foundation rock interface extending

approximately 1000 ft (about 3 times of the half canyon width) in the upstream direction from the

upstream face of the dam. Material properties for the dam, foundation rock and impounded water are
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the same as described in Chapter 3. The Young's moduli of the dam and foundation rock are

Es =Ef =4 million psi, and the reservoir is assumed full. Figure B.2 shows the static displacements

along the crown cantilever and the arch stresses adjacent to the crown cantilever section due to

hydrostatic pressure. The displacements are apparently little affected by water-foundation rock

interaction; the arch stresses are more affected by the interaction especially at the lower portion of the

dam over the downstream dam face. However, because the arch stresses over the downstream face are

much smaller in scale than those over the upstream face of the dam, the overall water-foundation rock

interaction effects on the static response of the dam are quite small and can be ignored. Consequently,

water-foundation rock interaction is not considered in the EACD-3D-95 program. This finding also

partially justifies the exclusion of these interaction effects in the dynamic analysis of arch dams.
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Figure B.l Plan view of boundary element mesh of one-half of the dam-foundation rock interface
and water-foundation rock interface of Morrow Point Dam on an infInitely-long uniform canyon
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Figure B.2 Variation of static responses of Morrow Point Dam due to hydrostatic pressure only;
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