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ABSTRACT

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

design earthquake resistant dams and to evaluate the earthquake safety of existing dams. The objec-

tives of this investigation are to develop an effective and computationally efficient analytical pro-

cedure for computing the earthquake response of concrete arch dams, and to investigate how this

response is affected by dam-water interaction, foundation-rock flexibility, and the alluvium and sedi-

ments usually present at the reservoir boundary.

An earlier analytical procedure for computing the response of arch dams to harmonic ground

motion including dam-water interaction and reservoir boundary absorption effects has been extended

to consider the flexibility of the foundation rock and to include Fourier synthesis of harmonic

responses to obtain earthquake responses. The computational efficiency of the extended analytical

procedure has been improved by an order of magnitude by developing more efficient analytical for-

mulations and computational procedures for evaluating the hydrodynamic terms, and by developing

procedures for interpolation of the frequency response functions.

Utilizing the resulting analytical procedure and computer program, the response of a selected

arch dam to harmonic and earthquake ground motion has been 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. This investigation led to the following conclu-

sions: (a) dam-water interaction generally increases the earthquake response of arch dams, especially

the response to vertical ground motion; (b) reservoir boundary absorption generally reduces the dam

response, most significantly that due to vertical ground motion; however, increasing wave absorption

may in some cases increase the response to upstream or cross-stream ground motions; (c) foundation-

rock flexibility increases the response of the dam and has little influence on dam-water interaction

and reservoir boundary absorption effects; (d) an absorptive reservoir boundary gives a more realistic

estimate of the earthquake response of arch dams, especially of the response to the vertical com-

ponent of ground motion; and (e) water compressibility should be considered in the earthquake

analysis of arch dams because the effects of dam-water interaction and reservoir boundary absorption

are not properly represented by the assumption of incompressible water.
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1. INTRODUCTION

Reliable analytical procedures to evaluate the earthquake response of arch dams are necessary to

design earthquake resistant dams and to evaluate the earthquake safety of existing dams. ADAP [1]

was one of the earliest computer programs developed for analysis of arch dams by the finite element

method. While foundation flexibility effects were included in this computer program, it was only

recently that an added mass approximation of hydrodynamic effects was included [2]. In order to

develop better representations of hydrodynamic effects in the earthquake response of dams, consider

able work has been reported on analysis of hydrodynamic pressures on arch dams [3,4,5,6]. While

the earthquake analysis of arch dams has been implemented in the time domain including the hydro

dynamic effects of the impounded water discretized by the finite difference method [7], the most

promising approach seems to be a substructure method implemented in the frequency domain. In

this method, the finite element equations of motion for the dam are modified by hydrodynamic terms

arising from dam-water interaction. These hydrodynamic terms, which are functions of the excitation

frequency, are determined from solutions of the wave equation over the fluid domain for appropriate

boundary conditions.

For a simple geometry of the arch dam and fluid domain -- the dam assumed to be a segment of

a circular cylinder, bounded by vertical, radial banks of the river canyon enclosing a central angle of

90° -- mathematical solutions of the wave equation were obtained to determine the hydrodynamic

terms [6]. For arch dam-reservoir systems of realistic geometry, the hydrodynamic terms were deter

mined from analysis of finite element models of the fluid domain [5].

Utilizing these hydrodynamic solutions, the substructure method has been implemented to

analyze the response of arch dams supported on rigid foundation rock to harmonic ground motion,

including the dynamic effects of the impounded water and the wave absorptive effects of the alluvium

and sediments that may be present at the boundary (bottom and sides) of actual reservoirs [5,8].

Although only limited response results obtained by these analytkal procedures were presented, they

were sufficient to indicate that the response of arch dams may be significantly influenced by dam

water interaction, water compressibility, and absorption of hydrodynamic waves at the reservoir
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boundary [5,8].

In the above-mentioned analytical procedure [5], the hydrodynamic terms in the equations of

motion for the dam were determined from analysis of finite element models of the impounded water.

The finite element procedure was developed for fluid domains extending to infinity in the upstream

direction, consisting of an irregular region of finite size connected to a region of uniform cross-section

and infinite length in the upstream direction. For the latter region, a finite element discretization

within the cross-section combined with a continuum representation in the infinite direction provides

for the proper transmission of pressure waves. However, as originally developed [5,9], considerable

computational effort is required in finite element analysis of reservoirs of complex geometry extend··

ing to large distances in the upstream direction, especially when effects of water compressibility and

of sediments at the reservoir boundary are included.

The objectives of this investigation are: (a) to develop an effective and computationally efficient

analytical procedure for computing the earthquake response of concrete arch dams; and (b) to study

how dam-water interaction, reservoir boundary absorption, and foundation-rock flexibility affect the

earthquake response of arch dams.

The earlier analytical procedure [9] is first summarized in Chapter 3, with an extension to

include Fourier synthesis of responses to harmonic ground motions and thus obtain dam response to

earthquakes. Furthermore, as a first step towards considering the effects of dam-foundation rock

interaction, the analysis procedure is extended to include a massless finite element model for the

foundation rock. Efficient analytical formulations and computational procedures are presented for

evaluation of the hydrodynamic terms and computation of dam response. The resulting response

analysis procedure and its implementation in a computer program are described.

Utilizing the analytical procedure presented in Chapter 3, the responses ofMorrow Point Dam

to harmonic ground motions in the upstream, vertical and cross-stream directions are determined and

presented in Chapter 4. The response results are 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. Based on the frequency
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response results, the effects of dam-water interaction, reservoir boundary absorption, and foundation

rock flexibility on the response of the dam are investigated, and shown to influence significantly the

response of arch dams in many cases.

Presented in Chapter 5 is the response of Morrow Point Dam to the three components of Taft

ground motion, determined for a range of properties of the reservoir boundary materials and various

assumptions for the impounded water and foundation rock. Based on these response results, the

effects of dam-water interaction, reservoir boundary absorption, and foundation-rock flexibility on the

earthquake induced displacements and stresses in the dam, and the relative significance of the

response to the three components of ground motion, are investigated. The results of practical earth

quake analyses of the arch dam are also presented to demonstrate the effectiveness and efficiency of

the analytical procedure.

Chapter 6 presents the principal conclusions regarding the analytical procedure developed and

the effects of dam-water interaction, reservoir boundary absorption, and foundation-rock flexibility on

the earthquake response of arch dams.



2. SYSTEM AND GROUND MOTION

2.1 Arch Dam

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

a canyon and impounding a reservoir of water (Figure 2.1). 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 the construction joints of the dam opening during

vibration is not considered.

The dam is idealized as an assemblage of finite elements [Figure 2.2(a)], with a major part of the

dam represented by thick shell finite elements [10], and the part of the dam near its junction with

foundation rock represented by transition elements [1,10], designed to connect thick shell elements in

the dam to three-dimensional solid elements employed in idealizing the foundation rock. The proper

ties 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 7/s.

2.2 Foundation Rock

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

frequency-dependent stiffness (or impedance) matrix for the foundation rock, defined at the nodal

points on the dam-foundation rock interface. This matrix for a viscoelastic half plane was deter

mined for two-dimensional analysis of concrete gravity dams supported on the horizontal surface of

foundation rock [11]. However, such a foundation model is inappropriate for analysis of arch dams

because they are usually built in narrow canyons with the dam boundary in contact with the founda

tion rock extending over the height of the dam.

An alternative approach is to idealize a portion of the foundation rock as a finite element sys

tem and to determine the impedance matrix for this idealization. The principal decision required in

defining this idealization is the three-dimensional extent and boundary conditions of the foundation

4
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rock to be included in the analysis. For arch dam sites where typically similar rocks extend to consid

erable distances, wave-transmitting boundaries are necessary if the finite sized foundation-rock region

is to represent the unbounded extent in the field. Such transmitting boundaries have been developed

for two-dimensional analysis [12] with seemingly ad-hoc extensions proposed for three-dimensional

analyses. The latter, if developed properly, would be computationally expensive perhaps to the point

of being prohibitive for practical problems.

For these reasons and because it is virtually impossible to rationally specify the free-field earth

quake motions at an arch dam-rock interface, an extremely simple idealization for the foundation

rock is used here [13]. Only the foundation rock flexibility is considered in this investigation; i.e. the

inertial and damping effects of the foundation rock are ignored in considering dam-foundation

interaction effects. As shown in Figure 2.2(b), an appropriate portion of the foundation-rock region is

idealized as an assemblage of three-dimensional solid finite elements, with the finite element meshes

of the dam and foundation rock matching at their interface. The properties of each finite element are

characterized by the Young's modulus Ef and Poisson's ratio vf.

2.3 Impounded Water

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

the site. Typically the.impounded water extends to great distances, up to a few tens of miles, in the

upstream direction. Finite element idealizations are necessary to properly represent the complicated

geometry of the impounded water. But such an idealization would be exorbitantly expensive, to the

point of becoming impractical, if the standard finite element idealization was employed to large dis

tances in the upstream direction.

An effective approach is to idealize the fluid domain as shown in Figure 2.1, with a finite region

of irregular geometry adjacent to the dam connected to an infinite uniform channel -- a region that

extends to infinity along the upstream direction (x axis) with uniform y-z cross-section. This restric

tion of a uniform cross-section for the fluid domain upstream of some cross-section is imposed

because it permits uncoupling of the three-dimensional boundary value problem for the infinite
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channel into two problems: a one-dimensional problem in the upstream direction and a two

dimensional problem over the cross-section. With this restriction, it is possible to efficiently recog

nize the infinite extent of the reservoir in the upstream direction.

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

elements as shown in Figure 2.2(c), with the finite element mesh compatible with that of the dam at

its upstream face. For the infinite channel, a finite element discretization of the cross-section, compa

tible with the discretization of the irregular region over the common cross-section -- the transmitting

plane in Figure 2.2(c) -- combined with a continuum representation in the infinite direction provides

for the proper transmission of pressure waves. Physically this treatment can be interpreted as a

discretization of the fluid domain into sub-channels of infinite length [Figure 2.2(c)]. The properties

of the impounded water are characterized by the velocity of pressure waves C and the mass density p

or unit weight Ww.

2.4 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 the modelling of these materials is taken from a recent

work on concrete gravity dams [14].

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 paper 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 are 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 dom

inated 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 pres

sure wave impinging on such materials will partially reflect back into the water and partially refract,
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primarily as a dilatational wave, into the layer of reservoir boundary materials. Because of the con-

siderable 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 dis--

sipated before reaching the underlying foundation rock.

The absorption of hydrodynamic pressure 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 [9,14,15]. The

fundamental parameter characterizing the effects of absorption of hydrodynamic pressure waves at

the reservoir boundary is the admittance or damping coefficient q = P j Pr C, in which Cr = YErjPr

where Er is the Young's modulus and Pr is the mass density of the materials at the reservoir boun-

dary. The wave reflection coefficient a, which is the ratio of the amplitude of the reflected hydro-

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

reservoir boundary, is related to the damping coefficient [5,15] by

a=
1 - qC
1 + qC

(2.1)

The wave reflection coefficient a 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 a for normally incident waves, as given by equation (2.1) is used here for con-

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

rigid reservoir boundary materials, Cr = 00 and q = 0 resulting in a = 1. For very soft reservoir boun-

dary materials, Cr approaches zero and q = 00, resulting in a = - 1. It is believed that a values from 1

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



10

2.5 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 [9]. This free-field

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

gravity dams [14]. This approach of specifying the same motion over the entire dam-foundation rock

interface is not appropriate for arch dams because the dam boundary in contact with the foundation

rock extends through the height of the dam, and the free-field motion is expected to vary significantly

over the height. Non-uniform boundary motions can be included in finite element analysis of struc

tures [16]. The principal difficulty, however, is in rationally defining the variations in motions over

height because no measurements have been obtained of actual ground motion variations in arch dam

locations. Another possible approach is to define the earthquake input as a rigid-body translation of

the basement rock on which the finite element model of the dam and foundation is supported. How

ever, very little is known about earthquake motion at depth because most of the available strong

motion records are from accelerographs located at the ground surface or in basements of buildings.

From the preceding discussion it is clear that it is difficult to define a suitable earthquake input

mechanism for an arch dam. Neither of the two approaches can be justified rationally, thus a much

simpler approximation is employed in this investigation. Specifically, a sufficient portion of the foun

dation rock is included to represent only the static foundation flexibility effects; the foundation rock

is assumed to be massless for the dynamic analysis, and the earthquake input is specified as spatially

uniform motion of the basement rock [13]. Since there is no wave propagation mechanism in the

massless foundation rock, the specified basement rock motion is transmitted without modification to

the dam-foundation rock interface. In the context of the substructure method of analysis, the above

mentioned approximation is equivalent to specifying the same free-field ground motion throughout

the dam-foundation rock interface with the foundation rock assumed to be massless in computing the

foundation impedance matrix. The ground acceleration is defined by its three components: at (t) in

the upstream direction, a; (t) in the cross-stream direction, and aI (t) in the vertical direction.
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2.6 Morrow Point Dam-Water-Foundation Rock System

2.6.1 Morrow Point Dam

Numerical results are presented later to demonstrate the effectiveness of the various concepts

and procedures developed in Chapter 3 for efficient earthquake response analysis of arch dams. In

addition, results are presented later in Chapters 4 and 5 respectively for the harmonic response and

earthquake response of an arch dam. These response results 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. A detailed description of the geometry of the dam is available in references [5] and [17].

For the purpose of dynamic analysis, the dam is assumed to be symmetric about the x-y plane with

the dimensions averaged from the two halves. The foundation and fluid domains are also assumed

symmetric about the x-y plane, with the fluid domain extending to infinity in the upstream direction.

Since the dam, fluid domain, and the foundation rock are assumed symmetric about the x-y plane,

only one-half of the dam-fluid-foundation rock system will be analyzed. The response to upstream (x)

or vertical (y) components of ground motion, which is symmetric about the x-y plane, is determined

by analyzing one-half the system with symmetric boundary conditions on the x-y plane. The response

to cross-stream (z) ground motion, which is antisymmetric about the x-y plane, is determined by

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

The finite element idealizations of one-half of the arch dam, foundation rock and the

impounded water are shown in Figure 2.3. The finite element idealization of the dam, shown in Fig

ure 2.3(a), consists of 8 thick shell finite elements in the main part of the dam and 8 transition ele

ments in the part of the dam near its junction with foundation rock, with a total of 61 nodal points.

When foundation-rock flexibility is considered, this idealization has 296 degrees of freedom for sym

metric (x and y components) ground motion and 284 degrees of freedom for antisymmetric (z com

ponent) ground motion. The mass concrete in the dam is assumed to be homogeneous, isotropic and

linearly elastic with the following properties: Young's modulus = 4.0 million psi, unit weight = 155

pcf and Poisson's ratio Vs = 0.2, except that the Young's modulus is varied as discussed in Section

4.2.1 for the frequency response functions presented in Chapter 4. A constant hysteretic damping
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factor TIs == 0.10, which corresponds to five percent damping in all natural vibration modes of the

dam with empty reservoir on rigid foundation rock, is selected.

2.6.2 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. However, for computational convenience, if the

reservoir is not empty, the water level is assumed to be at the crest level in this investigation unless

stated otherwise. The finite element idealization of the fluid region [Figure 2.3(c)] consists of 27

three-dimensional finite elements for the irregular fluid region with 189 nodal points; and has 157

pressure degrees of freedom for symmetric (x and y components) ground motion and 132 degrees of

freedom for antisymmetric (z component) ground motion. Special equilibrium and compatibility

conditions are imposed on the transmitting plane e-f-g-h-e [Figure 2.3(c)] connecting the irregular

region with the infinite channel, to represent the upstream transmission of the hydrodynamic pressure

waves. The following properties are assumed for the impounded water: velocity of pressure waves C

= 4720 ft/sec and unit weight = 62.4 pcf.

There are no data available for the alluvium and sediments at the bottom and sides of the reser

voir impounded by Morrow Point Dam, or for that matter at any other dam. The wave reflection

coefficient a is varied between 0 and 1 in this investigation.

2.6.3 Shape of the Foundation-Rock Region

The flexibility effects of the foundation rock is included in the response analysis procedure to be

described in Section 3.1 by including a certain volume of the foundation rock under the dam in

modelling the complete dam-water-foundation rock system. Because the finite element method is

used to discretize the foundation rock, there is no restriction to the geometry of the foundation model

in the analysis procedure. In fact, the shape of the foundation can be selected to resemble, to a cer

tain extent, the actual topography of the foundation rock at the dam site.

In analyzing Morrow Point Dam, the shape of the foundation rock is idealized using a pro

cedure that has been adopted in the computer program ADAP [1]. Basically, this procedure assumes
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that the dam canyon is prismatic in the upstream direction (x direction), as shown in Figure 2.4, and

the volume of the foundation rock is described by a size parameter Rf. The shape of this

foundation-rock region is further explained below.

First, let's assume that the thickness of the dam at the abutment is so small compared to the

other dimensions that the dam-foundation rock interface can be represented by a line in space. The

shape of the foundation rock can then be visualized as the volume in space described by moving a

semicircular plane with its straight edge always parallel to the x axis (i.e. pointing in the upstream

direction) and its center always lying on and moving along the dam-foundation line, as shown in Fig

ure 2.5 for one-half of the dam-foundation rock system. As the semicircular plane is moved, it is also

rotated simultaneously such that its plane is always perpendicular to the projection of the dam

foundation line on the y-z plane (Figure 2.5). The radius of the semicircular plane is the parameter

Rf which controls the size of the plane and thus the volume covered by the moving plane.

Because the dam-foundation rock interface is not the single line shown in Figure 2.5, but a sur

face with finite width, the shape of the volume of foundation rock as described above is modified to

recognize this finite width of the dam at the abutment. Since the dam-foundation rock interface usu

ally intersects the straight edge of the semicircular plane at an oblique angle, a connection surface

needs to be developed between the semicircular plane and the dam-foundation rock interface. The

construction of such a connection surface is illustrated in Figures 2.6 and 2.7. The projection of the

nodal points (in the finite element idealization of the dam) at its abutment on the y-z plane is shown

in Figure 2.6, where AI, B" "', M 1 represent the nodal points on the downstream face; A 2, B 2,

... , M 2 represent the corresponding nodal points on the upstream face; and A, B, "', M

represent the mid-surface nodal points (midway between the corresponding surface nodal points)..

The projection of the dam abutment on the y-z plane may be symmetric or non-symmetric about the

y axis, depending on the geometry of the dam. The mid-surface points A, B, "', M have been

joined together by the smooth curve shown as a dotted line, which can be regarded as the above

described dam-foundation line (Figure 2.5). Lines normal to this curve are extended from each of

these mid-surface points with a length Rf . Denoted by AA*, BB*, "', MM* in Figure 2.6, these
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y-z PLANE

PROJECTION OF
DAM-FOUNDATION
LINE ON y- z PLANE

Figure 2.5 Illustrative sketch of the shape of the foundation-rock region. Only half of the region is
shown.
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Figure 2.6 Projection of the shape of the foundation-rock region on y-z plane.
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lines represent the projection on the y-z plane of the above-mentioned semicircular plane at the

different positions along the dam-foundation line. Figure 2.7(a) shows the semicircular plane at one

of the mid-surface nodes X and a connection surface connecting the plane to the dam-foundation

interface. This connection surface, which is defined by points P, T, U, V, W, R, X b and X 2 in Fig

ure 2.7(a), is further illustrated in Figure 2.7(b) which shows the semicircular plane and the vertical

(y) projection of the connection surface on the semicircular plane. This area of projection of the con

nection surface is defined by points X;, X;, P, T, U, V, W, and R [Figure 2.7(b)]. Points X; and

X; are respectively the vertical projections of the downstream abutment nodal point XI and the

upstream abutment nodal point X 2. Points P and R on the straight edge of the semicircular plane

are located such that the x coordinate difference of points R and X; ,X; and X;, and X; and Pare

the same and equal to a distance denoted by u [Figure 2.7(b»). Points T, U, V, Ware located by

extending lines perpendicular to the straight edge of the semicircle from points P, X;, X;, and R,

respectively, for a distance along the plane that is again equal to u [Figure 2.7(b»). Thus the projec

tion of the connection surface on the semicircular plane consists of three parallelograms [Figure

2.7(b), shown also in Figure 2.7(a)], whereas the connection surface itself consists of three separate

surfaces joined together in space [Figure 2.7(a)].

With the above procedure to define the shape of the foundation-rock region, the size of the

region depends entirely on Rf. This parameter should be chosen to be large enough to satisfactorily

represent foundation flexibility effects in analysis of the dam.

Theoretically, the shape of the foundation-rock region should be compatible with the geometry

of the dam and impounded water in the finite element system to be analyzed. However, this may

sometimes be difficult to achieve with the shape of the foundation-rock region described earlier.

Since foundation-rock flexibility is represented by the condensed stiffness matrix defined with refer

ence to the degrees-of-freedom at the dam-foundation rock interface (see Chapter 3), compatibility

must be satisfied at this interface but minor violations at the foundation-water interface may be

acceptable.
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2.6.4 Size a/the Foundation-Rock Region

In order to represent the flexibility effects of the foundation rock on the earthquake response of

the dam, an adequate volume of the foundation should be included in the dam-water-foundation rock

system to be analyzed. However, the larger the foundation and the more finite elements needed to

discretize the foundation, the greater is the required computational effort. Therefore, with the ideali

zation of the shape of the foundation described in Section 2.6.3, the minimum value of Rf that can

adequately represent the foundation-rock flexibility effects should be selected.

The natural frequencies and mode shapes of vibration play a central role in analyzing the earth

quake response of the dam; in static analysis, the static displacements and stresses of the dam are the

responses of concern. Therefore, the foundation-rock flexibility effects are adequately represented if,

with the portion of the foundation rock included in the analysis, the static displacements and stresses,

and natural vibration frequencies and mode shapes are accurately predicted. The minimum Rf

beyond which increasing Rf has little influence on the computed results would be appropriate for

practical analysis.

The variation of the natural frequencies of the first three symmetric vibration. modes and of the

first three antisymmetric vibration modes with the size parameter Rf are respectively shown in Fig

ures 2.8 and 2.9. The natural frequencies are normalized with respect to their values for a rigid foun

dation (represented by Rf = 0); and three values of EflEs are considered: 1, 1/2, and 1/4. The

natural frequencies decrease as the size of the flexible foundation increases, but they are essentially

independent of size beyond Rf = H s ' 1.5Hs ' and 2Hs approximately for EflEs = 1, 1/2, and 1/4,

respectively, where H s is the maximum height of the dam. Although this observation is based on the

first three natural frequencies, it is found to be true also for the higher natural frequencies. The first

three symmetric mode shapes along the crest arch and the crown cantilever (fJ = 0°) are plotted in

Figures 2.10, 2.11, and 2.12 for EflEs = 1, 1/2, and 1/4, respectively. The corresponding antisym

metric mode shapes along the crest arch and the fJ = 13.25° cantilever are plotted in Figures 2.13,

2.14, and 2.15. As shown in these figures, both the symmetric and antisymmetric mode shapes

experience little or no changes as Rf increases from H s to 3Hs for EflEs = 1, from 1.5Hs to 3Hs for
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Figure 2.8 Variation of the natural frequencies of the first three symmetric vibration modes of the
dam-foundation rock system with the size parameter Rr of the foundation-rock region.
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EflEs = 1/2, and from 2Hs to 3Hs for EflEs = 1/4.

The static displacements along the crown cantilever and the arch stresses adjacent to the crown

cantilever section, both due to the dead weight of the dam, can be expressed as f3\wsH/IEs and

J./.i wsHs, respectively. Similarly, these response quantities due to the hydrostatic pressure with a full

reservoir can be expressed as f32wwH/IEs and 1l2WwHs' respectively. The coefficients f31> f3b Ill> and 112

are presented in Figures 2.16, 2.17, and 2.18 for EflEs = 1, 1/2 and 1/4, respectively. Tensile

stresses and displacements in the downstream direction are defined as positive. It is apparent that the

static displacements and stresses do not change much as Rf increases from H s to 3Hs for EflEs = 1,

from 1.5Hs to 3Hs for EflEs = 1/2, and from 2Hs to 3Hs for EflEs = 1/4.

Since the natural frequencies, mode shapes, and the static responses remain essentially constant

beyond Rf = Hs' 1.5Hs' and 2Hs for EJ!Es = 1, 1/2, and 114, respectively, the foundation-rock flexi

bility effects would be adequately represented if the above values of Rf are used for the correspond

ing Ef IEs ratios. Thus, it is recommended that the shape of the foundation-rock region included in

the analysis be selected as described above with its size defined by the following values of Rf , the size

parameter: Rf = H s for EJ!Es = 1; Rf = 1.5Hs for EflEs = 112; and Rf = 2Hs for EflEs = 1/4;

with the value of Rf appropriately interpolated between H s and 2Hs for EflEs between 1 and 1/4.

For Ef IEs > 1, it is recommended that a conservative choice of the size of the foundation with Rf =

H s be used. While these recommendations are based on analysis of Morrow Point Dam, they should

be useful in analysis of other arch dams.

Since the smallest value of EflEs for which frequency response functions are presented in

Chapter 4 is 1/4, as suggested by the above guidelines, the foundation-rock region chosen to represent

its flexibility effects should have the size parameter Rf equal to two times the height Hs of the dam.

However, for additional conservatism in this research investigation, the size parameter Rf is selected

as three times the height of the dam. The portion of the foundation rock included in the analysis to

represent its static flexibility effects, with its shape defined in Section 2.6.3 and the size parameter Rf

= 3Hp is shown in Figure 2.3(b) with its external boundaries assumed fixed. The three-dimensional

finite element idealization of the foundation rock region consists of 138 solid finite elements with 236
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Figure 2.16 Variation of static responses due to dead weight and hydrostatic pressure, separately,
with size parameter Rf of the foundation-rock region; Ef / Es == 1. Results presented are for static
displacements at crown cantilever and arch stresses near the crown cantilever (0 == 0°).
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displacements at crown cantilever and arch stresses near the crown cantilever (0 = 0°).
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nodal points; and has 556 degrees of freedom for symmetric (x and y components) ground motion

and 530 degrees of freedom for antisymmetric (z component) ground motion. The foundation rock is

assumed to be homogeneous, isotropic, and linearly elastic with the following properties: Young's

modulus = 4.0 million psi, and Poisson's ratio vf = 0.2, except that the Young's modulus is varied as

discussed in Section 4.2.1 for the frequency response functions presented in Chapter 4. As mentioned

earlier, the inertial and damping effects of the foundation rock are neglected.



3. RESPONSE ANALYSIS PROCEDURE

3.1 Outline of Analysis Procedure

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

cedure is available [5,9] to evaluate the dynamic response of arch dams to harmonic ground motion,

including hydrodynamic interaction effects. Developed earlier under the assumption of rigid founda

tion rock, this analysis procedure is extended in this investigation to include foundation rock flexibil

ity; and to include Fourier synthesis of harmonic responses to obtain earthquake response. With this

extension the procedure is summarized here, without derivation [9], as a sequence of analytical steps:

1. (a) Formulate me and ke , the mass and stiffness matrices for the finite element idealization of

the arch dam, with reference to the degrees of freedom (DOF) of all the nodal points in the idealiza

tion, including those on the dam-foundation rock interface.

(b) Formulate kj , the stiffness matrix for the finite element idealization of the foundation

rock region, with reference to the DOF of nodal points on the dam-foundation rock interface. The

DOF not on this interface can be "condensed out" because the forces acting on the foundation rock

arise only from dam-foundation rock interaction, thus existing only at the interface.

2. Solve the eigenproblem

(3.1)

to obtain the first J natural vibration frequencies Wj and corresponding mode shapes tPj, of the dam

supported on rigid or flexible foundation rock, consistent with the assumption made in the analysis;

and normalize the mode shapes with respect to me' In equation (3.1), kf is the expanded version of

kf described in step l(b) with zero values corresponding to all DOF of the dam not on the dam

foundation rock interface.

3. Evaluate the frequency response function Pb (s ,r ,w) for hydrodynamic pressures on the

upstream face of the dam due to the l-th component of ground (includes reservoir boundary)

acceleration with a rigid dam [Figure 3.1 (a)]. This function is obtained from the solution p(x ,Y ,z ,w)

34
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of the Helmholtz equation, governing the steady state harmonic motion of water:

(3.2)

subject to the radiation condition for x '" 00 and the following boundary conditions at the upstream

face of the dam, the reservoir boundary, and the free surface of water, respectively:

ap !
-(s,r,w) '" -pt (s,r)an

[

1a . -, I I f ....a;; - lwq J p(s,r,w) '" -p/(s,r)

p(x ,H ,Z ,w) '" 0

(3.3)

In equations (3.2) and (3.3), H is the y- coordinate of the free surface of water measured from the

base of the dam; s, I' are the spacial coordinates on the upstream face of the dam; s', r' are the spacial

coordinates on the reservoir boundary; n is the inward normal direction at the upstream dam face or

reservoir boundary (Figure 3.2); and p is the mass density of water; t! (s ,r) (s ,r '" s ,r or s',r') is a

function defined along accelerating boundaries which gives the length of the component of a unit vec-

tor along I in the direction of the inward normal n (Figure 3.2). Procedures for solving this boundary

value problem and evaluating pb (s ,r ,w) are presented in Section 3.2.

4. Evaluate the frequency response function Pj(s ,r ,w) for hydrodynamic pressure due to normal

acceleration ¢ j (8 ,r) of the upstream face of the dam corresponding to the jth natural vibration mode

shape, with no motion of the reservoir boundary [Figure 3.1 (b)]. This function is obtained from the

solution p(x ,y ,Z ,w) of the Helmholtz equation (3.2) subject to the radiation condition for x '" 00 and

the following boundary conditions at the upstream face of the dam, the reservoir boundary, and the

free surface of water, respectively:



y

IRREGULAR
REGION

37

INFINITE UNIFORM
CHANNEL

n DIRECTION

.~-~-+-~I DIRECTION

RESERVOIR BOUNDARY DEFINED

BY s,r (OR SI, r l
) COORDINATES

Figure 3.2 Definition of various terms associated with the fluid domain substructure. (Adapted from
reference [9])
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ap
an (s ,r ,w) == -PQ>i(S ,r)

[:n - iwq 1p(s',r',w) = 0

p(x,H,z,w) = 0

(3.4)

Procedures for solving this boundary value problem and evaluating pls ,r ,w) are presented in Section

3.2.

5. Evaluate the vectors of nodal forces Q§(w) and Qf(w) statically equivalent to the negatives of

the corresponding pressure functions at the upstream face of the dam computed in steps 3 and 4:

Pb (s ,r ,w) and Pi (s ,r ,w), respectively.

6. Formulate the J complex-valued equations in the unknown frequency response functions

fj(w), j = 1,2, ... ,J, for the generalized coordinates corresponding to the vibration modes included

in the analysis:

S(w) Y'(w) = L'(w) 1= x,y,z

where the elements of the matrix S and the vector L are

(3.5)

(3.6)

where oni is the Kronecker delta function; TJs is the constant hysteretic damping factor for the dam;

fIJI is a subvector of fiJn containing only the elements corresponding to the nodal points at the dam-

water interface; fiJ% is a subvector of fiJn containing only the elements corresponding to the nodal

points at the dam-foundation rock interface; and vectors 1;, It, and If contain ones in positions

corresponding to the x,y, and z translational DOF, respectively, with zeros elsewhere. The matrix

S(w) and vector L' (w) are determined according to equation (3.6) for each excitation frequency w of

interest.
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7. Determine the frequency response functions fj(w) for the generalized coordinates. Repeated

solution of equation (3.5) for excitation frequencies covering the range over which the earthquake

ground motion and structural response have significant components lead to the complete frequency

response functions fj(w).

8. Determine the response of the dam to arbitrary ground motion. The generalized coordinates

are given by the Fourier integral as a superposition of responses to individual harmonic components

of the ground motion

00

Yj(t) = +- J fj(w)Ai(w)e iwt dw
1f -00

(3.7)

where Ai(w) is the Fourier transform of the I-component of the specified free-field ground acceleration

ai(t ):

d

Ai(w) = [ai(t)e- iwt dt (3.8)

in which d is the duration of the ground motion. The Fourier integrals in equations (3.7) and (3.8)

are computed in their discrete form using a recent version of the Fast Fourier Transform (FFT) algo-

rithm [18].

9. Determine the relative displacement response to the upstream (x), cross-stream (z), and verti-

cal (y) components of ground motion simultaneously by transforming the generalized coordinates to

the nodal coordinates:

J

ve(t) = ~ [ Yf(t) + YJ(t) + YJ(t) ] cPj
]=1

(3.9)

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

any instant of time, the vector up (t) of stress components in finite element p are related to the nodal

displacement vector vp(t) for that element by

(3.10)

where Tp is the stress-displacement transformation matrix for element p.
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3.2 Evaluation of Hydrodynamic Terms

The frequency response functions pb (s ,r ,w) and p/s ,r ,w) for hydrodynamic pressures on the

upstream face of the dam, required in step 5 of the analysis procedure summarized in Section 3.1, are

solutions of the Helmholtz equation (3.2) subjected to the boundary conditions of equations (3.3) and

(3.4), respectively. For practical problems these solutions are implemented by finite element pro

cedures with the nodal pressures as the unknowns. As described earlier [9], the fluid domain of Fig

ure 3.3 is idealized as an irregular region adjacent to the dam, discretized as an assemblage of three

dimensional finite elements, which is coupled at the plane e-f-g-h-e to a channel of uniform cross

section and infinite length in the upstream direction, discretized as an assemblage of infinitely long

subchannels; with the two finite element meshes matched along e-f-g-h-e. Standard procedures are

employed to formulate the finite element matrices of the irregular region. The restrictions of a uni

form cross-section for the infinite region and boundary accelerations that are spatially uniform in the

upstream direction permit a finite element treatment of the transmitting plane e-f-g-h-e combined

with a continuum formulation in the upstream direction. This analysis procedure permits proper

transmission of hydrodynamic pressure waves in the upstream direction; thus the boundary common

to the two regions may be referred to as a transmitting plane. The procedure developed earlier [9] to

determine pb and Pi is summarized here, without derivation, as a sequence of analytical steps:

1. Formulate Hi, Bi and Gi, the symmetric matrices for the finite element idealization of the

infinitely long channel of constant cross-section [Figure 3.3(b)], with reference to the pressure degree

of freedom (DOF) at each nodal point on the transmitting plane below the free surface of water.

These matrices are analogous to the stiffness, damping, and mass matrices, respectively, that arise in

dynamic finite element analysis of solid continua. The matrix Bi , which arises from the wave absorp

tive effects of the reservoir boundary, contains non-zero terms associated only with the DOF of nodal

points on the boundary e-f-g-h of the transmitting plane.

2. Solve the eigenproblem for the infinitely long channel:

(3.11)
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to obtain the first N 1/; eigenvalues X; and eigenvectors 1/;n' The eigenvectors are orthogonal with

respect to the two square matrices, [Hi + i wq Bi ] and Gi , and they are normalized with respect to Gi •

If energy absorption through the reservoir boundary is considered, i.e. q ;6 0, equation (3.11)

must be solved repeatedly for each value of w because the complex-valued eigenvalues and eigenvec-

tors depend on the excitation frequency w; otherwise they are real-valued and independent of excita-

tion frequency and equation (3.11) need be solved only once.

3. Formulate the eigenvector matrix

v = [1/;1 1/;2 ... ... ... 1/;N.]

and IC, an N 1/; x N 1/; diagonal matrix with nth diagonal term = Kn which is complex-valued and com-

puted from Kn = VX; - w:' selecting the root for which both the real and imaginary parts are posi-C .

tive.

4. Formulate H, Band G, the symmetric matrices for the finite element idealization of the

three-dimensional irregular region of the fluid domain [Figure 3.3(a)], with reference to the pressure

OOF at each nodal point below the free surface of water. These matrices are analogous to the

stiffness, damping and mass matrices, respectively, that arise in dynamic finite element analysis of

solid continua. The matrix B, which arises from the wave absorptive effects of the reservoir boun-

dary, contains non-zero terms associated only with the OOF of nodal points on the reservoir boun-

dary.

5. (a) Formulate D i , the vector of normal accelerations at the nodal points on the transmitting

plane e-f-g-h-e, from the prescribed accelerations along the boundary e-f-g-h in equations (3.3) and

(3.4). The vector {D i }6 computed from E' (s',r') in equation (3.3), which enters into the solution for

fit contains non-zero terms only for nodes along the boundary e-f-g-h. All terms in the vector {Di}j,

which enters into the solution for Pj and is computed from the zero boundary accelerations of equa-

tion (3.4), are zero.



43

(b) Formulate D, the vector of normal accelerations at the nodal points in the finite element

idealization of irregular fluid region, from the prescribed boundary accelerations. The vector {D}6,

computed from prescribed accelerations fl (s ,r) at the upstream face of the dam a-b-c-d-a and / (s',r')

at the reservoir boundary [equation (3.3)], which enters into the solution for fib, contains non-zero

terms only for nodes along these boundaries. The vector {D}j computed from prescribed accelera-

tions ¢j(s,r) at the upstream face of the dam a-b-c-d-a [equation (3.4)], which enters into the solution

for ~, contains non-zero terms only for nodes along this boundary.

6. Formulate the complex-valued equations in the unknown frequency response functions for

the pressures at the nodal points

[ H II + i wq B11 - ~~ Gil ]

'1fT [H21 + iwq B21 - ~~ G21 ]

[ vi 1H I2 + i wq B12 - c2 G i2 'If

'1fT [Hn + iwq Bn- ~~ Gn] 'If + K

(3.12)

where the nodal points on the transmitting plane are identified by subscript 2 and the remaining

nodes by subscript 1, and the matrices H, Band G for the finite, irregular region (step 4) and the vec-

tor D (step 5b) have been partitioned accordingly; Pl(W) is the vector of hydrodynamic pressures at all

subscript-1 nodal points, and 1I2(w) is related to P2(W) the vector of hydrodynamic pressures at all

subscript-2 nodes by

(3.13)

7. Determine the frequency response functions Pl(W) and 1I2(w):

(a) Solution of equation (3.12), with D = {D}6 from step 5b and D i = {Di }6 from step 5a, pro-

vides Pl(W) and 1I2(w). This solution is repeated for each ground motion component, I = x ,y and z.

(b) Solution of equation (3.12), with D = {D}j from step 5b and Di = {Di}j from step 5a, pro-

vides Pl(W) and 1I2(w). This solution is repeated for each vibration mode j to be included in the
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analysis.

Repeated solution of equation (3.12) for excitation frequencies covering the range over which

the earthquake ground motion and structural response have significant components leads to the com

plete frequency response functions Pt(w) and 112(w).

8. Assemble the vector of frequency response functions for the hydrodynamic pressures at the

nodal points on the upstream face of the dam: pt(w) from p\(w) determined in step 7a, I =X,y and z;

and pf(w) from p\(w) determined in step 7b. The hydrodynamic force vectors Qt(w) and Qf(w),

which are statically equivalent to the negatives of the pressure functions pb(s,r,w) and Pj(s,r,w),

respectively (step 5 of Section 3.1), are computed from the corresponding discrete versions P6'(w) and

pf(w).

3.3 Efficient Evaluation of Hydrodynamic Terms

3.3.1 Major Computational Steps

The complex-valued frequency response functions for the generalized coordinates of the dam are

determined by solving equations (3.12) and (3.5) for each excitation frequency in the range of

interest. The major computational effort in the solution process is the evaluation of the hydro

dynamic terms in equations (3.5) and (3.6) involving the hydrodynamic force vectors Q6'(w) and

Qf(w), which are obtained from the frequency response functions P6'(w) and pf(w) (steps 6-8 of Sec

tion 3.2) by using the principle of virtual displacements.

If compressibility of water is neglected, the hydrodynamic force vectors are independent of the

excitation frequency w, equal to the zero-frequency value; and their computation requires minimal

effort.

The consideration of water compressibility, a factor that is known to significantly influence the

earthquake response of concrete dams [9,19,20,21], leads to considerable increase in the computa

tional effort. In particular the hydrodynamic force vectors are now frequency-dependent, requiring

repeated formulation and solution of equation (3.12) for the range of frequencies over which the
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ground motion and structural response have significant components. For each frequency, the number

of complex-valued algebraic equations to be solved in equation (3.12) is equal to the number of

subscript-1 nodal points in the finite element idealization of the irregular fluid region plus Ny" the

number of eigenvectors tf;j included to represent the pressures P2(W) on the transmitting plane. Such

solutions need to be repeated for each ground motion component I = x, y and z and for each vibra

tion mode of the dam c/J j ,j = 1,2, ... ,J, included in the analysis.

The consideration of hydrodynamic wave absorption due to alluvium and sediments at the

reservoir boundary, which is also known to significantly influence the earthquake response of dams

[9,20] leads to further increase in computational effort. In this case, the eigenvalue problem for the

infinitely long channel, equation (3.11), must be solved repeatedly for each value of w (step 2 of Sec

tion 3.2), because the complex-valued eigenvalues and eigenvectors depend on the excitation fre

quency w; otherwise they are real-valued and independent of the excitation frequency requiring only

one solution of equation (3.11). The computational effort required for repeated solution of the

frequency-dependent, complex-valued eigenproblem is a very large portion, in some cases as much as

half, of the total computational effort required to obtain the dam response. The computational effort

required for one solution of equation (3.11) depends on the problem size, as determined by the

number of nodal points in the finite element idealization of the transmitting plane plus Ny" the

number of eigenvectors to be included.

Two aspects of computing the hydrodynamic force vectors ij§(w) and Cjf(w) which contribute a

major share of the computational effort are examined next with the objective of developing efficient

computational procedures.

3.3.2 Number ofEigenvectors of the Infinite Channel

In computing the frequency response functions Cj§(w) and Cjf(w) for the hydrodynamic force

vectors as described in Section 3.2, the pressures on the transmitting plane are sums of the contribu

tions of an infinite number of natural vibration modes of the infinite channel, which must be trun

cated at a finite number Ny,. Because the computational effort involved in several of the computa

tional steps increases with Ny" only those eigenvectors that are necessary for accurate evaluation of
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the dam response should be included in the analysis.

The summations should obviously include the contributions of all the eigenvectors of the

infinite channel with eigenfrequencies w~ less than the maximum excitation frequency Wmax considered

in the analysis. The eigenfrequencies of the infinite channel are functions of the wave reflection

coefficient ex, although their dependence on ex is slight [20]. Consequently, the criterion for determin

ing the number of eigenvectors to be included can be stated in terms of the eigenfrequencies of the

infinite channel with rigid reservoir boundary -- as the largest n that satisfies

W~ < Wmax (3.14)

where w/z for a rigid reservoir boundary is given by w~ = Xn C; and Xn is the square root of the eigen

value from equation (3.11). A few additional eigenvectors should be included in the summations to

ensure convergence of the hydrodynamic terms for excitation frequencies close to Wma". Several

numerical experiments indicated that three additional eigenvectors are sufficient. Thus from equation

(3.14) the number Ny; of included eigenvectors is given by

Ny; = max. n satisfying eq. (3.14) + 3 (3.15)

Ny; increases as the cross-sectional dimensions of the infinite channel increase and the maximum exci

tation frequency Wmax to be considered in the analysis increases.

If the dam, foundation, as well as the entire fluid domain, including the irregular region and the

infinite channel, are symmetric about the x-y plane, only one-half of the dam-fluid-foundation system

need be analyzed to determine the dam response. The response to upstream or vertical components

of ground motion is determined by analyzing one-half the system with symmetric boundary condi

tions on the x-y plane, and only the symmetric eigenvectors of the infinite channel need to be

included. Similarly, the response to cross-stream ground motion is determined by analyzing one-half

of the system with antisymmetric boundary conditions on the x-y plane, and only the antisymmetric

eigenvectors of the infinite channel need to be included. In each case, the number Ny; of symmetric

or antisymmetric eigenvectors of the infinite channel included is determined from equation (3.15)

with w/z = w/zs or w/za , which are respectively the eigenfrequencies of the symmetric and antisymmetric
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eigenvectors of the infinite channel.

To demonstrate the adequacy of equation (3.15), the response of Morrow Point Dam with a full

reservoir to harmonic ground motion was computed. The foundation rock was assumed rigid, wave

absorption at reservoir boundary was neglected (0: = 1), and twelve (J = 12) vibration modes of the

dam were included in the solution of equation (3.5) to analyze the dam response. Figure 3.4 shows

the absolute value of the complex-valued frequency response functions for radial acceleration at the

dam crest due to upstream, vertical, and cross-stream ground motion. The response functions are

plotted against the excitation frequency w normalized by the natural vibration frequencies w[ or wf of

the fundamental symmetric and antisymmetric modes of the dam on rigid foundation rock with an

empty reservoir. For the dam-water system considered here: Wmax = 18.3 Hz; wAS = 3.02, 7.63, 10.09,

11.98, 14.17, 16.02, 17.29, 18.91,' .. Hz; and wAa = 6.21,9.78, 13.3, 14.08, 17.24, 18.05,20.58, ...

Hz. According to equation (3.15), N", = 10 and 9 for analysis of the symmetric and antisymmetric

problems, respectively. The response functions obtained by solving equations (3.12) and (3.5),

wherein the first N", eigenvectors of the infinite channel were included in equation (3.12) to evaluate

I),(w) and '12(W) and hence the hydrodynamic force vectors Qt(w) and ij!(w), are presented in Figure

3.4. Also included are the response functions obtained with N", = 15 and 30. The number of eigen

vectors of the infinite channel, N '" = 10 or 9, given by equation (3.15) provides accurate response

results over the entire frequency range. In fact the response results are essentially independent of the

three values used for N", = 10 or 9, 15 and 30. Although Figure 3.4 shows the response for a rigid

reservoir boundary (0:= 1), similar accuracy was obtained in the response of the dam with an absorp

tive reservoir boundary (0: < 1). Thus accurate dam responses can be obtained with the hydrodynamic

terms in equation (3.6) evaluated from equation (3.12) using N", vibration modes of the impounded

water, where N '" is given by equation (3.15). The resulting computational savings are significant, e.g.

the computational effort is reduced to slightly less than half compared to the effort required with N '"

= 30 in the particular example considered here, and reduced even further if the reservoir boundary is

absorptive.
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3.3.3 Interpolation ofEigenproperties of the Infinite Channel

The hydrodynamic pressure functions p§(w) and pf(w), which enter into the hydrodynamic terms

In equation (3.6), need to be evaluated at each excitation frequency by solving equation (3.12).

Needed in this solution process are the eigenvalues A;(W) and eigenvectors 1/In (w) of the infinitely long

channel with uniform cross-section, governed by equation (3.11), which are frequency-dependent and

complex-valued when reservoir boundary absorption is included in the analysis. It would be very

expensive to solve equation (3.11) and compute the eigenproperties A.~(w) and 1/In(w) for each excita

tion frequency [5,9]. But fortunately it is not necessary to do so. Accurate response results can be

efficiently obtained when the hydrodynamic pressures p§(w) and pf(w) are evaluated from equation

(3.12) with the eigenproperties linearly interpolated from their exact values computed only at widely

separated values of wand the eigenvectors 1/In(w) renormalized with respect to Gi after linear interpo

lation.

The largest permissible frequency interval w· over which the eigenproperties may be linearly

interpolated can be determined by considering how the eigenvalues A;(W) vary with the excitation fre

quency w. This variation is first studied for a channel with rectangular cross-section and subsequently

for an arbitrary cross-section. The objective is to determine the frequency w" at which the funda

mental eigenvalue, which varies most rapidly, reaches close to its limiting value at infinite frequency;

and then divide the frequency range 0 to w.. into sufficiently fine subintervals to determine w·.

Rectangular Section. -- The two-dimensional, y-z, eigenvalue problem of equation (3.11) for an

infinitely long channel with rectangular section of depth H and width B =2D can be formulated in

continuum form, without discretization, and uncoupled into two, y and z, one-dimensional eigenvalue

problems (Appendix B). The eigenvalues A}dw) and the eigenfunctions 1fjk(Y ,Z ,w) of the channel are

related to the eigenproperties of the two one-dimensional problems by:
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t/!jk(Y,Z,W) = Xj(Y,w)rdz,w)

(3.16a)

(3.16b)

Determined by solving the y-eigenvalue problem (Appendix B), the eigenvalues 'Y}(w), which are

complex-valued and depend on the excitation frequency, satisfy equation (3.17) and the correspond-

ing eigenfunctions Xj (y ,w) are defined by equation (3.18):

(3.17)

(3.18)

The eigenfunctions of the z-eigenvalue problem are either symmetric or antisymmetric about z = 0

axis (Appendix B). The symmetric eigenfunctions rk(z ,w) are defined by equation (3.20), ,where the

associated frequency-dependent, complex-valued eigenvalues [ok(w)rare solutions of equation (3.19):

2ilJk(w)D ok(w) - wq
e =

ok(w) + wq

rk(z ,w) = cos okz

(3.19)

(3.20)

The antisymmetric eigenfunctions rf(z ,w) are defined by equation (3.22), where the associated

frequency-dependent, complex-valued eigenvalues [of(w)rare solutions of equation (3.21):

2ilJf(w)D of(w) - wqe = -----
of(w) + wq

rf(z ,w) = sinofz

(3.21)

(3.22)

If the reservoir bottom is rigid (q=O and a=1), the eigenvalues 'Y}(w) and eigenfunctions Xj(Y,w)

are real valued and independent of the excitation frequency and given by equations (3.23) and (3.24):
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'Yj(w) = wjYlC (3.23a)

where

rv 2j -1 C (3.23b)Wi = -2- 7r H

Xj(Y,w) = cos'YjY (3.24)

w? are the natural frequencies associated with the uniform height H of water of a rectangular section

channel with a free surface boundary condition at the top and a rigid boundary condition at the bot-

tom.

Similarly if the reservoir sides are rigid ( q =0 and a= 1 ), the eigenvalues O[(w) are real-valued

and independent of ·the excitation frequency. The square roots of the eigenvalues associated with

antisymmetric eigenfunctions are:

where

of(w) = wl/IC

rz 2k -1 C
Wk = --7r-

2 D

(3.25a)

(3.25b)

wf/ are the natural frequencies associated with the uniform width D of water of a rectangular section

channel with a free surface boundary condition at one end and a rigid boundary condition at the

other. The square roots of the eigenvalues associated with the symmetric eigenfunctions are:

ok(w) = (wf/ - w[Z)/C = (k - 1) ; (3.26)

Figure 3.5(a) shows the numerically-obtained real and imaginary components of 'Y/w) norma1-

ized by the zero frequency value of equation (3.23a), which is also the frequency-independent value

when the reservoir boundary is rigid (q = 0, a = 1), and then squared. The normalized eigenvalues are

plotted against the frequency parameter qC(wlw[y) so that the plots apply to any non-zero value of the

admittance coefficient q for the absorptive reservoir boundary. The plots of Figure 3.5(a) also apply

to the eigenvalues [of(w)r associated with the antisymmetric eigenfunctions of the z-eigenvalue
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problem if w[Y is replaced by w[Z in the frequency parameter. Figure 3.5(b) shows the numerically-

obtained real and imaginary components of oHw) normalized by the infinite frequency value of equa-

tion (3.29), and then squared, plotted against the frequency parameter qC(w/w[Z).

It can be shown from equations (3.17), (3.19), and (3.21) that "Yj(w),of(w) and ok(w) approach

real-valued limits as the excitation frequency becomes large:

lim ~S() rz/c 2k - 1 1r
Uk w = Wk =w-oo 2 D

(3.27)

(3.28)

(3.29)

Multiplying equation (3.27) by C /wy, equation (3.28) by C /wf and equation (3.29) by C /(wf - w[Z)

gives:

C lim r/(w) _ 2k - 1
rz rz w-oo k - 2k 2Wk - WI -

(3.30)

(3.31 )

(3.32)

Equations (3.30) to (3.32) give the ratios of the real-valued limits of the eigenvalues at infinite fre-

quency to the corresponding real-valued limits at zero frequency.

Figures 3.5 shows that the rate at which "Yj(w),of(w) and oHw) approach their infinite-frequency

limits given by equations (3.30) to (3.32), respectively, depends on the vibration mode j (or k) with a

slower rate for larger values of j (or k).The lowest eigenvalues approach their limiting values most

rapidly. In particular, "Yr(w) has reached close to its limiting value when the frequency parameter

qC(w/w[J) = 4, i.e. w** = 4w[YjqC; [of(w)rhas reached close to its limiting value when the frequency

parameter qC(w/w[Z) = 4, i.e. w** = 4w[z/qC; and [of(w)rhas reached close to its limiting value when

the frequency parameter qC(w/w[Z) = 3, i.e. w** = 3w[z/qC. Therefore, from equation (3.16a), the
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symmetric Afl(w) will reach close to its limiting value at a frequency

** [4W[Y 3wjZ 1w =max -- --
qC ' qC

and the antisymmetric Afl(w) will reach close to its limiting value at a frequency

** [4W[Y 4wjZ 1w =max -- --
qC ' qC

(3.33)

(3.34)

For a rectangular channel section with its half-width D equal to depth H, wjY = wjZ and from equa-

** 4wjY 4wjZ
tions (3.33) and (3.34), w = qC = qC for both the symmetric and antisymmetric Xfl(W). At this

value of w**, Xfl(w) reaches close to its limiting value as shown in Figure 3.6.

Arbitrary Channel Section. -- As indicated earlier in this section, the frequency interval w* necessary

to accurately interpolate the lowest eigenvalue X[(w) will be satisfactory for the higher eigenvalues. It

is necessary, therefore, to study how the eigenvalue Xf(w) varies with the excitation frequency, in

order to appropriately select this frequency interval. Unlike a rectangular section, this frequency vari-

ation cannot be analytically determined for a channel of arbitrary section. However, it can be

estimated from the frequency variation of eigenvalues for two rectangles such that the actual section

is completely contained by the larger rectangle while it completely contains the smaller rectangle [Fig-

ure 3.7(a)].

This estimation is made possible, in part, by a result from the boundedness property of eigen-

values [22] that, under certain conditions, relates the eigenvalues of the actual section to those of the

two rectangular sections. As the excitation frequency w tends to infinity the absorptive reservoir

boundary behaves like a free surface (Appendix B), i.e. jj = 0; a boundary condition that then applies

to the entire boundary of the channel section [Figure 3.7(a)]. For this limiting frequency, the eigen-

values are real-valued and for this particular free-surface boundary condition on the entire boundary,

the boundedness property of eigenvalues provides the following inequality:

Aft s; xJ s; XJu at w = 00, j = 1,2, ... (3.35)
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p=O AS w-.ro
RECTANGULAR
SECTIONS WITH:

1'+---#--'--- EIGENVALUES = AJU
I

I ~EIGENVALUES =A~~
I I
I I
I I ARBITRARY SECT ION
L ~ .-J EIGENVALUES =Af

(a) Arbitrary Channel Cross Section

p=O AS w.... ro

H

1
..-..----- I. 7204H -----..., RECTANGULAR

-.---.--t- SECTIONS WITH:

...---+-+-- LEAST ATu FOR

ANTISYMM. A~

~--~-+- LEAST A7u FOR

I SYMMETRIC A~
I
~ LARGEST A7.e
I FOR A~

__J

0.8H

I" ·1
0.4301 H

0.8602 H

1.0357 H

(b) Morrow Point Dam Channel Cross Section

Figure 3.7 Rectangular sections to obtain upper and lower bounds for eigenvalues of infinite channel
of uniform cross-section.
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Thus Af, the jth eigenvalue of the actual section, is bounded on the lower side by Aft, the jth eigen

value of the larger rectangular section, and on the upper side by Xj~, the jth eigenvalue of the smaller

rectangular section.

Inequality (3.35) holds, in general, for a symmetric, real, positive-definite eigenvalue problem

over certain domains with boundary conditions independent of the eigenvalue. The relative sizes of

the two domains should be such that the smaller domain (with larger eigenvalues) is completely con

tained in the larger domain (with corresponding smaller eigenvalues) and the field variable (pressure

ji in this case) must vanish at the portion of the boundary of the smaller domain which does not

belong to the boundary of the larger domain. The eigenvalue problem of the infinite channel with the

domains depicted in Figure 3.7(a) is a special case of the above condition.

As mentioned in Section 3.3.2, if the dam, foundation, as well as the entire fluid domain are

symmetric about the x-y plane, only one-half of the dam-fluid-foundation system need be analyzed to

determine the dam response. The response to upstream or vertical components of ground motion is

determined by analyzing one-half the system with symmetric boundary conditions on the x-y pbme,

and only the symmetric eigenvectors (discretized representation of eigenfunctions) of the infinite

channel need to be included. Similarly, the response to cross-stream ground motion is determined by

analyzing one-half of the system with antisymmetric boundary conditions on the x-y plane, and only

the antisymmetric eigenvectors of the infinite channel need to be included. In bounding the eigen

values associated with the symmetric eigenvectors, the corresponding eigenvalues of the two rectan

gles should be used in equation (3.35). Similarly, in bounding the eigenvalues associated with the

antisymmetric eigenvectors, the corresponding eigenvalues of the two rectangles should be used in

equation (3.35).

The frequency variation of Aft and Afu, the first eigenvalues of the larger and smaller rectangular

sections, can be determined by the procedures described earlier in this section. Although the inequal

ity of equation (3.35) does not apply at excitation frequency values other than infinity, the functions

Aft(W) and "Afu(W) would provide some guidance to the variation of Xf(w), the first eigenvalue of the

actual section, with excitation frequency.
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These concepts are next applied to the idealized section of the infinite channel used in the

analysis of Morrow Point Dam [Figure 3.7(b)]. As shown, the smallest possible rectangular section

that can contain the actual section has been chosen to maximize the lower bound value Aft. Each of

the several rectangular sections that can be contained within the actual section provides a different

value of Afu. Obviously it would be desirable to choose the rectangular section that minimizes the

upper bound value Afu. The associated minimization problem can be solved analytically for actual

cross-sections with boundaries defined by simple functions. It was on this basis that the smaller rec

tangular section was chosen. Because the same rectangle, in general, does not minimize the upper

bound value Afu for symmetric and antisymmetric eigenvectors, two rectangular sections contained

within the actual section are chosen as shown in Figure 3.7(b).

The variation of Aft and Afu with the normalized excitation frequency, obtained by the pro

cedures described earlier, is shown in Figures 3.8(a) and 3.8(b) for the symmetric and antisymmetric

eigenvectors, respectively. Also shown are the eigenvalues Af(w) for the actual section obtained

numerically by solving the eigenvalue problem of equation (3.11). The high-frequency limiting values

of the plotted functions are consistent with the inequality of equation (3.35). For this section, the

real and imaginary components of Af(w) are bounded by the corresponding components of Afl(W) and

Afu(w) at all values of w. Such may not be the case for every cross-section shape, but whether it is or

not does not influence determination of the frequencies w·· at which the first eigenvalues reach their

limiting values. The fundamental, symmetric eigenvalues Afl(W) and Afu(w) of the larger and smaller

rectangle sections reach close to their respective limiting values at frequencies given by equation

(3.33): w·· = 4w[YjqC and 6.98w[YjqC [Figure 3.8(a)]. The fundamental symmetric eigenvalue Af(w) of

the actual section is observed to reach close to its limiting value at an intermediate frequency of

about w·· = 5w[YjqC, where w[Y is the value given by equation (3.23b) for the larger rectangular sec

tion. The fundamental antisymmetric eigenvalues Afl(W) and Afu(w) reach close to their respective

limiting values at frequencies given by equation (3.34): w·· =4.65w[YjqC and 7.72w[YjqC [Figure

3.8(b)]. The fundamental antisymmetric eigenvalue Af(w) of the actual section is observed to reach

close to its limiting value at an intermediate frequency of about w·· = 6w[YjqC. Thus, a conservative
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choice for w** would be to select the smaller of the two values corresponding to the two rectangles,

which is always the value for the larger rectangle.

Interpolating Frequency Interval. -- As noted earlier, the frequency interval w* necessary to accurately

interpolate the lowest eigenvalue Ar(w) will be satisfactory for the higher eigenvalues. In the preced-

ing part in this section, we have presented a procedure to determine, for an infinite channel of arbi-

trary cross-section, the excitation frequency w** at which At(w) reaches close to its high-frequency lim-

iting value. Several response computations have demonstrated that the response of an arch dam is

computed to sufficient accuracy when the hydrodynamic terms are evaluated using eigenproperties

linearly interpolated over an excitation frequency interval w* == w**/8. Using this criterion, w** based

on the larger rectangle, and equations (2.1), (3.33) and (3.34), the excitation frequency interval is

given by:

w* 1 1 + a

max(w[Y,w[Z) ==2~

for symmetric dam-fluid-foundation systems subjected to z ground motion; and

w* 1 1 + a

max(w[Y,0.75wrz) ==2~

(3.36a)

(3.36b)

for all other cases, where w[y and w[Z refer to the larger rectangular section. Equation (3.36a) is

derived from equation (3.34) for the antisymmetric Afl which should be used for the lower bound of

the fundamental eigenvalue for z ground motion of a symmetric dam-fluid-foundation system. Equa-

tion (3.36b) is derived from equation (3.33) for the symmetric Arl which should be used for the lower

bound of the fundamental eigenvalue for all other cases, because : (1) it should be used for x and y

ground motions of a symmetric dam-fluid-foundation system, (2) the symmetric Aft is always smaller

than the antisymmetric Att, thus it should be used to bound the fundamental eigenvalue for x, y, and

z ground motion of a non-symmetric dam-fluid-foundation system. Equation (3.36) shows that the

frequency interval w* decreases as a decreases, i.e. as the reservoir boundary becomes more absorp-

tive.
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The effectiveness of linearly interpolating the frequency-dependent eigenproperties of the infinite

channel over the excitation frequency interval w·, given by equation (3.36), is demonstrated in Figure

3.9. The absolute values of the frequency response functions for radial acceleration at the crest of

Morrow Point Dam with full reservoir to harmonic ground motion are plotted against the normalized

excitation frequency w/w{ or w/wf, as appropriate. Reservoir boundary absorption is included with a

wave reflection coefficient a = 0 to provide the most severe test for the interpolation procedure. The

response functions are computed for two cases: ~~(w) and !Jtn(w) in equations (3.11) and (3.12)

evaluated for every excitation frequency; or by linear interpolation over the frequency interval

w· /wP' = 0.5 for x and y ground motion and w·/w[Z = 0.5 for z ground motion as given by equation

(3.36). There is no observable difference between the response functions computed for the two cases.

However, the total computational effort required in the second case using linear interpolation of the

eigenproperties of the infinite channel, requires only 60 - 65 % of the computational effort in the first

case. Thus the hydrodynamic terms in equation (3.6) may be efficiently evaluated by linearly interpo

lating the eigenproperties of the infinite channel over the frequency interval w· given by equation

(3.36).

3.4 Interpolation of Frequency Response Functions

3.4.1 Basic Concept

At the heart of the earthquake response analysis procedure for dams is the formulation and solu

tion of equation (3.5) governing the frequency response functions Yj(w) for the generalized coordi

nates. Efficient methods were presented in Section 3.3 to minimize the major computational effort

required in evaluating the hydrodynamic terms that enter into these equations. In this section, a pro

cedure for efficient interpolation of the frequency response functions Yj(w) is developed to further

reduce the computational effort [23]. Then the frequency response functions need to be obtained

exactly by solving equation (3.5) at fewer selected frequencies; and their values at other frequencies

are obtained by interpolation.
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o
o 2 3 4 5

Figure 3.9 Influence of linear interpolation of eigenproperties of the infinite channel on response of
Morrow Point Dam to harmonic ground motion. Results presented for full reservoir, rigid founda
tion rock and wave reflection coefficient, ex = 0; were obtained with J = 12 and N", = 10 or 9.
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The frequency response function for acceleration at the crest of the dam due to each of the three

components of ground motion is presented in Figure 3.10 along with the contributions of the various

modes of vibration. Within certain ranges of frequencies (such as between a and b in Figure 3.10), no

more than two peaks exist, only two modes contribute significantly, and the contributions of other

modes are negligible. Thus it may be possible to approximate the response by subdividing the fre-

quency range into subranges where the above conditions are met, and by using the response function

for two modes within each range.

3.4.2 Two Mode Approximation

Including only two modes in equation (3.5) and neglecting water compressibility, which leads to

hydrodynamic terms independent of excitation frequency, the frequency response functions for the

generalized coordinates Yj(w) can be expressed (Appendix C) as:

(3.37)

where the constant C lj is real-valued, and the constants C2j ,C3j and C4j are complex-valued because

of hysteretic damping in the dam. Just like Yj(w), these constants would also depend on the ground

motion component, I = x, y or z, but this superscript is dropped for convenience.

Four frequencies 0i, i = 1,2,3, and 4, are selected within each frequency range n, and the jth gen-

eralized coordinate response Y ji = Yj(OJ is determined at these frequencies by solving the set of equa-

tions (3.5) including all the vibration modes having significant contributions. The four constants in

equation (3.37) can be evaluated by solving the system of linear equations:

Or - 2
-Yjl Clj yjlo;t-YjIO I

O} - 2
-Yj2 C2j

- 4
- Y j20 2 Y j20 2

(3.38)
oj

- 2
-Yj3 C3j Yj30t- Y j30 3

01 - 2
-Yj4

C4j - 4
- Y j40 4 Y j40 4

Once the constants Clj, C2j , C 3j and C4j have been determined for the frequency range n, the
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Figure 3.10 Modal contributions in the response of Morrow Point Dam to harmonic ground motion
with full reservoir, rigid foundation rock and wave reflection coefficient, a = 0.5.
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response at all other frequencies within this frequency range is then computed from the interpolation

equation (3.39):

(3.39)

Since the frequency response functions for all the J vibration modes are solved simultaneously from

equation (3.5), each selected frequency range and the four frequencies chosen within a range should

be the same for all the modes.

3.4.3 Selection ofFrequencies for Exact Computation

The frequency response functions are computed exactly by solving equation (3.5) at selected fre-

quencies and their values at other frequencies are obtained by interpolation. The selection of the fre-

quencies at which response is exactly computed should obviously depend on the rapidity with which

the response varies with excitation frequency; i.e., these frequencies should be closely spaced in the

frequency range where the response varies rapidly and widely spaced if the response varies slowly.

This may be achieved by imposing the objective that, over any frequency interval, the fractional

change in the absolute value of response:

should be kept fairly constant and close to a prescribed value b. Based on this objective, the ith fre-

quency interval (~w)j = ni + 1 - nj can be determined from the preceding frequency interval

(~W)j_1 = nj - ni-I as follows:

(3.40)

Thus the selection of the next frequency interval is based on the current interval and the largest frac-

tional change in modal response over the current interval. If the maximum variation in modal

response over the current interval is larger than b, then the next frequency interval will be smaller

than the current interval and vice versa. Because the frequency interval from equation (3.40) may be
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impractically small or large depending on the values of Li Yj,i -I and Yji, each of which can vary over a

very wide range, it is necessary to impose (Liw)max, the maximum value permitted for Liw, and (LiW)min>

the minimum value permitted for Liw.

Starting with (LiW)min for the first frequency interval, all the subsequent frequency intervals can

be conveniently determined from equation (3.40) once the parameters b, (Liw)max and (LiW)min have

been selected. After several numerical experiments it was concluded that the following parameter

values would provide accurate results:

b = 0.5

(Liw)max
-----=0.2
min(w[Y, WI)

(LiW)min
-----= 0.01
min(w[Y ,WI)

(3.41a)

(3.41b)

(3.41 c)

where WI is the fundamental frequency of the dam-foundation rock system with an empty reservoir,

and w[Y is the fundamental frequency of an infinite reservoir of uniform depth computed by equation

(3.23b) in which the maximum depth of the impounded water in the entire reservoir domain is used

instead of H.

The effectiveness of the interpolation scheme for the frequency response functions, using the

above mentioned parameters, is demonstrated in Figure 3.11. The absolute values of the frequency

response functions for radial acceleration at the crest of Morrow Point Dam with full reservoir to har-

monic ground motion are plotted against the normalized excitation frequency w/wf or w/wf, as

appropriate. Reservoir boundary absorption is neglected, i.e. the wave reflection coefficient a = 1,

which leads to the most rapid variations in the frequency response functions, to provide the most

severe test for the interpolation procedure. The response functions are computed using the interpola-

tion procedure described earlier with the above mentioned parameters and compared with the exact

values computed at selected frequencies. There is no observable difference between the response

functions computed by the two procedures. Using interpolation of the frequency response functions,

however, the required computational effort is only 50 to 60 % of that necessary without
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interpolation.

The interpolation parameters of equation (3.41) were derived from numerical experiments on

response of dams supported on rigid foundation rock with no absorption of hydrodynamic pressure

waves at the reservoir boundary. These assumptions lead to the most sharply peaked and rapidly

varying response functions. These functions become much smoother if reservoir boundary absorption

is considered (Chapter 4 and reference [19]), in which case the interpolation parameters of equation

(3.41) would be conservative; in particular, the normalized (LlW)min can be increased to 0.02 [equation

(3.41c)].

Compared to the earlier application of the above described interpolation procedure to soi1

structure interaction problems [23], the exact response is computed in the present application at 3 to

5 times the number of frequencies, because structure-fluid interaction leads to complicated response

functions with sharp peaks and rapidly variation, if reservoir boundary absorption is not considered

[9,20]. Because of these complications and because arch dams are complex structures having vibra

tion modes with closely spaced frequencies, the conservative parameters of equation (3.41) are recom

mended. The computational cost can be further reduced by choosing larger Llw, tailored specifically

for specific arch dams and assumptions used in the analysis.

An interpolation procedure such as the one described in this work should always be used with

caution. Using the parameters of equation (3.41), the response function should be computed exactly

at selected frequencies and then the response function at other frequencies obtained from the interpo

lation equation (3.39). The entire interpolated response should be plotted, and evaluated in light of

the known characteristics (Chapter 4 and reference [9]) of frequency response functions of arch dams,

including their behavior at or near characteristic frequencies -- the natural vibration frequencies of

the dam, natural frequencies of the infinite channel of the fluid domain, and resonant frequencies of

the dam including hydrodynamic effects -- to see if the initial choice of frequencies was adequate.

The user can then select additional frequencies deemed necessary to compute additional values to

describe the frequency response functions. The new results can then be combined with the initial

results and new interpolations can be carried out.
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3.4.4 Summary ofInterpolation Procedure

The procedure for computing the frequency response functions fj(w) for the entire frequency

range 0 to Wmax is summarized below as a sequence of steps [23]:

1. Determine the values for parameters b, (~W)min and (~w)max from equation (3.41), with the

normalized (~W)min in equation (3.41c) increased to 0.02 if reservoir boundary absorption is con

sidered.

2. Starting with zero frequency and the initial frequency interval as (Aw)min, solve equation (3.5)

to compute fj(w) at w = 0 and w = (~W)min' From equation (3.40) determine the next frequency

value, and solve equation (3.5) to exactly determine fj(w) at that frequency. This process of utilizing

equation (3.40) to determine the next w value and solving equation (3.5) at that frequency is repeated

until fj(w) are computed for the frequency range 0 to Wmax'

3. Subdivide the computed results into frequency ranges containing 4 computed values of the

response function per range.

4. For each vibration mode j of the dam included in the response analysis, compute the con-

stants C?j, cqj, C~j and Caj for frequency range n from equation (3.38).

5. Compute the response for all other frequencies in the range n from equation (3.39).

6. Repeat steps 4 and 5 for all the frequency ranges defined in step 3.

7. If the last frequency range is not complete, i.e., does not contain values of the response func

tion at four frequencies, it is necessary to include enough frequency points from the previous range in

order to determine the constants in step 4 and to compute the responses in step 5 for this last range.

3.5 Efficient Response Analysis Procedure

Efficient methods were presented in Section 3.3 to minimize the computational effort required

in evaluating the hydrodynamic terms that entered into the equations governing the frequency

response functions for the generalized coordinates of the dam. In Section 3.4, a procedure for

efficient interpolation of the frequency response functions was developed, in which these functions
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were obtained exactly at fewer selected frequencies and their values at other frequencies were

obtained by interpolation, thus further reducing the computational effort. Both of these concepts

have been implemented in a computer program (Section 3.6) to obtain an efficient procedure for the

earthquake analysis of arch dams. The effectiveness of this procedure is evaluated next to demon

strate its accuracy and the computational savings achieved.

The accuracy of the efficient procedure is demonstrated by analyzing the response of Morrow

Point Dam supported on rigid foundation rock with full reservoir considering the hydrodynamic

effects and reservoir boundary absorption effects with the wave reflection coefficient ex = 0.5.

Presented in Figure 3.12 are the absolute values of frequency response functions for the radial

acceleration at the crest of the dam due to the upstream, cross-stream, and vertical components of

ground motion, plotted against the normalized excitation frequency, as appropriate. The frequency

response functions are computed for two cases: (1) Standard Procedure: Number of eigenvectors of

the infinite channel included in evaluation of hydrodynamic forces, Ny; = 30; equation (3.11) is solved

at each frequency to determine the eigenproperties of the infinite channel; and equation (3.5) is

solved at each frequency to obtain the exact solution for the modal coordinates fj(w); (2) Efficient

Procedure: Ny; = 10 or 9, determined from equation (3.15), for analysis of symmetric (x and y ground

motion) and antisymmetric (z ground motion) problems, respectively; the eigenproperties of the

infinite channel are determined by solving equation (3.11) at the frequency spacing w* given by equa

tion (3.36), i.e. w*/ w[y = 1.5 and w*/ w[Z = 1.5, combined with linear interpolation to obtain their values

at intermediate frequencies; and fj(w) are obtained by the interpolation procedures developed in Sec

tion 3.4 using the recommended interpolation parameters [equation (3.41)]. It is apparent from Fig

ure 3.12 that there is no observable difference between the response functions computed by the stan

dard and efficient procedures.

The computational efforts required in the standard and efficient analysis procedures are com

pared in Table 3.1. When the effects of hydrodynamic wave absorption at the reservoir boundary,

due to the alluvium or sediments inevitably present in actual reservoirs, are included we note that the

efficient analysis procedure is very effective compared to the standard analysis procedure. The
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efficient procedure requires much fewer, 5 % or less, solutions of the eigenproblem of the infinite

channel; similarly solutions of equation (3.5) for the frequency response functions need to be com

puted at much fewer, half or less, excitation frequencies compared to the standard procedure. As a

result the computation time required to obtain the response functions over the frequency range 0 to

18.3 Hz by the efficient procedure is a small fraction, 11 to 14 %, of that required in the standard

procedure.

The computational savings are not as dramatic, but are still very significant, if the wave absorp

tive effects at the reservoir boundary are not considered, i.e. a = 1. In this case, the eigenproperties of

the infinite channel are independent of excitation frequency and need to be computed once in either,

standard or efficient, procedure. Furthermore, because the response functions are sharply peaked and

vary more rapidly with frequency, they need to be computed exactly at more frequencies (Table 3.1),

requiring greater computational effort. The net result is that the computation time required to obtain

the response functions by the efficient procedure is about one quarter, 23 to 27 %, of that required in

the standard procedure.

In order to account for the wave absorption effects at the reservoir boundary, the computational

time is increased by about 55 to 75 % in the standard procedure, but is decreased by about 10 to 25

% in the efficient procedure. Further reductions in the computation time should be possible in the

efficient analysis procedure because, in many cases, the number of frequency values at which the

response functions need to be exactly computed can be reduced below the number obtained using the

parameters of equation (3.41) without any significant loss in accuracy. However, even with the

present recommendations, which in many cases are overly conservative but reduce the risk of error in

other cases, the efficient procedure is successful in eliminating the computational penalty to include

wave absorption effects of the reservoir boundary.
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3.6 Computer Program

The response analysis procedure described in Sections 3.1 and 3.2 is implemented in a computer

program to numerically evaluate the earthquake responses of arch dam systems of the type described

in Chapter 2. Various effects in the analysis procedure are included in the program: dam-water

interaction, foundation-rock flexibility, water compressibility and reservoir boundary absorption.

Efficient computational procedures described in Sections 3.3 and 3.4 have been incorporated into this

computer program resulting in an effective tool to compute the earthquake responses of arch dams.

The computer program has different three-dimensional elements as described in Chapter 2 to

model the dam, reservoir, and foundation rock. The FFT algorithm [18] used to evaluate the Fourier

integrals in equations (3.7) and (3.8) takes advantage of the fact that the ground acceleration and dis

placement response are real-valued functions, thus reducing the computational and storage require

ments. The computer program also evaluates the static displacements and stresses of the dam due to

the gravity loads of the dam and the hydrostatic pressure; these static responses, which are evaluated

in a separate run, can be combined with the earthquake responses if desired.

Input to the computer program consists of various control parameters, the finite element ideali

zations and properties of the arch dam, the foundation rock and the impounded water. In the

dynamic run of the program, the following parameters are also input: the wave reflection coefficient

for the absorptive reservoir boundary, the number of generalized coordinates of the dam included, the

FFT parameters, and the upstream, vertical, and cross-stream components of the free-field ground

acceleration. The output in the static run of the program consists of the static displacements at all

nodal points and stresses in all elements of the dam. In the dynamic run, 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 computer program can also be run in several separate

stages; the output from one stage is stored and subsequently used as input to the other stages.



4. FREQUENCY RESPONSE FUNCTIONS

4.1 Introduction

Presented in this chapter is the response of a selected arch dam to harmonic ground motion in

the form of complex-valued frequency response functions. Response results, computed by the analyti

cal procedure presented in Chapter 3, are presented for the upstream, vertical and cross-stream com

ponents of ground motion, and for a wide range of the important parameters characterizing the pro

perties of the dam, foundation rock, impounded water and reservoir boundary materials. Based on

the frequency response results, the effects of dam-water interaction, reservoir boundary absorption,

and foundation-rock flexibility on the dynamic response of the dam are investigated.

4.2 System, Ground Motion, Cases Analyzed and Response Quantities

4.2.1 Dam-Water-Foundation Rock System

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

for the dam and foundation-rock region, the idealization for the impounded water consisting of a

finite element region combined with an infinite, uniform channel, and the properties of the dam

water-foundation rock system are the same as described in Section 2.6; except that in this study the

Young's modulus of the dam is varied: E s = 2, 4 or 5 million psi, and the Young's modulus of the

foundation is also varied so that Ef / Es = 00, 2, I or l/4. One of the objectives of this study is to

investigate the effects of reservoir boundary absorption (Section 2.4) on the earthquake response of

arch dams; therefore, the wave reflection coefficient a is varied over a wide range. The values con

sidered are: a = 1.0 (rigid reservoir boundary), 0.75, 0.50 and O.

4.2.2 Ground Motion

The excitation for the dam-water-foundation rock system is defined by three components of

free-field ground motion: the upstream (x) component at (t), the vertical (y) component a; (t), and the

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

75
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harmonic, i.e. = e iwt , with the excitation frequency w to be varied over a wide range.

4.2.3 Cases Analyzed

The responses of the several dam-water-foundation rock systems shown in Table 4.1 are

presented. These systems are defined by the chosen values for the important system parameters,

Es , Ef / Es ' H / Hs , and a. The complex frequency response functions for each case were determined.

The responses of the various systems and their interpretation are organized to facilitate study of the

effects of reservoir boundary absorption, dam-water interaction, and foundation-rock flexibility on the

response of the dam.

4.2.4 Response Quantities

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

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

due to unit, harmonic, free-field ground acceleration. For analysis cases assuming rigid foundation

rock, the complex frequency response function for radial acceleration at one location at the dam crest

is presented; the location is defined by an angle value () measured from the crown (plane of symmetry)

along the dam crest, which is selected as: () = 0° [nodal point 60 in Figure 2.3(a)] for x and y ground

motion and () = 13.25° [nodal point 54 in Figure 2.3(a)] for z ground motion. When foundation flexi

bility is included, in addition to the radial accelerations at these crest locations, the vertical accelera

tion at the crest and the radial and vertical accelerations at the base for the same () values are also

presented for some cases. The frequency response functions are for acceleration relative to the free

field ground motion; they are not direct measures of deformation.

These functions, describing the response to harmonic upstream, vertical or cross-stream ground

motion, were determined using the analytical procedure described in Chapter 3 with the excitation

frequency w varied over a relevant range of interest. In computing the response for the different cases

in Table 4.1, different number of generalized coordinates [see equation (3.9)] were included. In

analyzes assuming rigid foundation rock (Ef / Es = (0), 12 generalized coordinates were included for

dams with Es = 4 or 5 million psi and 15 generalized coordinates if Es = 2 million psi. In analyzes
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Table 4.1 -- Cases of Dam-Water-Foundation Rock System Analyzed

Foundation Rock Impounded Water Reservoir Boundary
Es

Case

(million psi) Condition EJIEs Condition BIBs Condition a

I · rigid empty 0any 00 . ·
2 4 rigid 00 full I rigid 1.0

3 4 rigid 00 full I absorptive 0.75

4 4 rigid 00 full I absorptive 0.50

5 4 rigid 00 full I absorptive 0

6 5 rigid 00 full I rigid 1.0

7 5 rigid 00 full I absorptive 0.5

8 2 rigid 00 full I rigid 1.0

9 2 rigid 00 full I absorptive 0.5

10 • rigid full, incompressible I rigid anytany 00

II · flexible 2 empty 0any - ·
12 • flexible I empty 0any - ·
13 · flexible 1/4 empty 0any . -
14 4 flexible I full I rigid 1.0

15 4 flexible I full I absorptive 0.75

16 4 flexible I full I absorptive 0.50

17 4 flexible I full I absorptive 0

18 4 flexible 2 full I rigid 1.0

19 4 flexible 2 full I absorptive 0.50

20 4 flexible 1/4 full I rigid 1.0

21 4 flexible 1/4 full I absorptive 0.50

• Response results for these cases, when presented in normalized form, are valid for all Es •

t Response results for the case neglecting water compressibility are independent of a.
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considering foundation rock flexibility, with Ef l Es = 2, 1 and 1/4, 16, 18 and 20 generalized coordi

nates were included, respectively. The resulting frequency response functions should be accurate for

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

dam on rigid foundation rock with an empty reservoir.

For each case in Table 4.1 the absolute value of the complex-valued frequency response function

for acceleration is plotted against the normalized excitation frequency parameter W/Wb where WI is the

fundamental resonant frequency of the dam without water on a rigid foundation rock; w{ is used as

the normalizing factor for symmetric (upstream or vertical) ground motion, and wf is used for

antisymmetric (cross-stream) ground motion. If compressibility of the impounded water is neglected,

or the reservoir is empty, these response results plotted in this manner are independent of Es and a

[21 ].

4.3 Hydrodynamic Forces on Rigid Dam

Before studying the response of the dam, it is useful to examine the hydrodynamic force due to

a full reservoir (H / H s = 1) on a rigid dam, with the foundation rock also assumed as rigid. The x

component of the total hydrodynamic force acting on half of the dam due to upstream, vertical and

cross-stream ground motion, Fb (w), I = x, y and z, are shown as frequency response functions in Fig

ures 4.1, 4.2 and 4.3, respectively. The hydrodynamic force is presented considering water compressi

bility for five values of a: 1.0, 0.75, 0.50, 0.25, 0; and also for incompressible water in which case the

force is independent of a. These frequency response functions for the hydrodynamic force are com

puted as the integral of the corresponding functions for the hydrodynamic pressures acting on the

upstream face of the dam. The pressure functions are determined by solving the wave equation over

the reservoir domain with appropriate boundary conditions at the free surface, upstream dam face

and the reservoir boundary using the analytical procedure described in Chapter 3. The hydrodynamic

force Fb (w) is normalized with respect to the hydrostatic force on half of the dam FSI = 0.208 pgH2

and the excitation frequency is normalized with respect to W [Y = 7fC /2H, the first natural vibration

frequency of an infinite reservoir of uniform depth H with rigid reservoir bottom. When presented
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in this form, the results apply to reservoir domains of any depth with the geometry shown in Figure

2.3. The real and imaginary components as well as the absolute value of the complex-valued fre

quency response functions are presented for each case. The real and imaginary components represent

the in-phase and 90° -out-of-phase hydrodynamic forces relative to the harmonic ground acceleration,

respectively.

If the reservoir boundary is rigid, l.e. ex = 1, the hydrodynamic force due to upstream ground

motion is bounded for all excitation frequencies, while the hydrodynamic forces due to vertical and

cross-stream ground motion are unbounded at the natural frequencies of the infinite uniform channel.

Symmetric ground motion (vertical component) causes unbounded resonance at the natural frequen

cies wAS of the symmetric modes; and antisymmetric ground motion (cross-stream component) at the

natural frequencies wAa of the antisymmetric modes (Figures 4.1, 4.2 and 4.3). The hydrodynamic

force due to upstream or vertical ground motion is opposite-phase relative to the ground acceleration

for excitation frequencies less than the first natural frequency of the infinite channel wis, but a 90°

out-of-phase component exists for higher excitation frequencies indicating energy radiation due to

propagation of hydrodynamic pressure wave in the upstream direction. For cross-stream ground

motion, the hydrodynamic force on one-half of the dam is in-phase with the ground acceleration for

excitation frequencies less than w[a, of opposite-phase between w[a and w{a; but a 90° -out-of-phase

component exists for higher frequencies; w[a is the fundamental natural frequency of the complete

reservoir domain (infinite channel and irregular region) that exists just below wia• Because the

response to cross-stream ground motion is antisymmetric, at each excitation frequency the hydro

dynamic force on one-half of the dam is of opposite-phase relative to the force on the other half.

When reservoir boundary absorption is considered, i.e. ex # 1, the hydrodynamic forces are bounded,

and a 90° -out-of-phase component exists for all excitation frequencies for all three components of

ground motion.

The hydrodynamic pressure and hence force on rigid dam are determined by the hydrodynamic

pressure responses in the reservoir domain which includes both the finite irregular region next to the

dam and the infinite channel of uniform cross-section connected to the irregular region through the
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transmitting plane. As indicated in the analytical procedure in Chapter 3, the hydrodynamic pressure

in the infinite channel can be described as the sum of the contribution of N", natural vibration modes

of the infinite channel, with N '" chosen appropriately to accurately represent the hydrodynamic pres

sure over the desired frequency range.

The hydrodynamic pressures in the infinite channel due to upstream ground motion may be

interpreted as the response to normal accelerations of the fluid at the fictitious transmitting plane. If

the reservoir boundary is rigid, i.e. a = 1, the contribution of the nth mode to the hydrodynamic pres

sures due to upstream ground motion is real-valued for excitation frequencies lower than w~s; but is

imaginary-valued, i.e. 900 out-of-phase relative to the ground acceleration, for excitation frequencies

higher than w~s. If the excitation frequency is w~s, the nth mode resonates in the infinite channel, but

because of the existence of the irregular fluid region between the infinite channel and the dam, its

contribution to the hydrodynamic pressure in the irregular region and hence to the force on a rigid

dam has a bounded limit; though the response may be very large [Figure 4.1 (a)]. In contrast, infinite

hydrodynamic pressures would result at w~s if the upstream face of dam is a vertical plane and the

fluid domain is the infinite channel without any irregular region [9J. For excitation frequencies higher

than w~s, the pressure wave associated with the nth mode propagates in the upstream direction of the

infinite channel resulting in radiation of energy and hence the imaginary component of the pressure

response. With increasing excitation frequency, a larger number of modes are associated with the

propagating pressure waves, leading to increased energy radiation and hence smaller hydrodynamic

force [Figure 4.1 (a)] -- except for the local resonance behavior near the natural vibration frequencies

of the infinite channel. Because upstream radiation of energy does not occur for excitation frequen

cies below wis, the imaginary component is zero at these frequencies [Figure 4.1(c)].

If the reservoir boundary is absorptive, the natural vibration modes of the infinite channel are

complex-valued and frequency-dependent. Consequently, the contribution of the nth mode to the

hydrodynamic pressure and force due to upstream ground motion is complex-valued for all excitation

frequencies. For excitation frequencies below wis, the imaginary component arises from the radiation

of energy due to the refraction of pressure waves into the absorptive reservoir boundary; whereas for
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excitation frequencies higher than wis, the imaginary component arises from the radiation of energy

due to both the propagation of pressure waves in the upstream direction and their refraction into the

absorptive reservoir boundary [Figure 4.1(c)]. Because of the additional energy radiation resulting

from reservoir boundary absorption, the fundamental resonant peak is reduced and the response

curve is smoothened [Figure 4.1 (a)-(c)]. However, the additional energy radiation has little influence

on the resonant frequencies of the impounded water.

The hydrodynamic pressures in the infinite channel due to vertical ground motion may be inter

preted as the simultaneous response to normal accelerations of the fluid at the fictitious transmitting

plane and to normal accelerations of the reservoir boundary due to the ground motion. If the reser

voir boundary is rigid, i.e. a = 1, the contribution of the nth natural vibration mode of the infinite

channel to the hydrodynamic pressure due to the normal accelerations of the fluid across the

transmitting plane behaves similarly as in the case of upstream ground motion, being real-valued

below w~s and imaginary-valued above w~s because of energy radiation in the upstream direction.

However, the modal contribution to the hydrodynamic pressures caused by normal accelerations of

the reservoir boundary is always real-valued, behaving like a truly undamped system as the pressure

waves do not propagate in the upstream direction [9]. At excitation frequency w~s, the nth mode in

the infinite channel has unbounded resonance due to the accelerations at the reservoir boundary like a

truly undamped system, resulting in infinite values for the real and imaginary components and total

hydrodynamic pressures in the irregular region and hence on the dam (Figure 4.2). Again, there is no

upstream radiation of energy at excitation frequencies below wis, and so the imaginary component is

zero at these frequencies [Figure 4.2(c)]. With increasing excitation frequency, there is increased

energy radiation upstream and hence the hydrodynamic force is smaller [Figure 4.2(a)]; however,

since the upstream radiation of energy arises only from the normal accelerations of the fluid across

the transmitting plane, it does not prevent the unbounded resonances of the nth mode at w~s due to

the accelerations at the reservoir boundary. Reservoir boundary absorption leads to an imaginary

component of hydrodynamic force associated with radiation of energy because pressure waves refract

at the reservoir boundary for all excitation frequencies. This radiation damping reduces the response
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for almost all frequencies and the resonant responses are now bounded.

The hydrodynamic pressures in the infinite channel due to cross-stream ground motion may be

interpreted as the simultaneous response of the channel to normal accelerations of the fluid at the

fictitious transmitting plane and to normal accelerations of the reservoir boundary due to the ground

motion. The hydrodynamic force is unbounded at w~a if the reservoir boundary is rigid, i.e. a = 1

because the nth vibration mode of the infinite channel has unbounded resonance [Figure 4.3(a)].

Again, there is no upstream radiation of energy below wja, and so the imaginary component of the

hydrodynamic force is zero at these frequencies [Figure 4.3(c)]. As in the response to vertical ground

motion, both the real and imaginary components of the hydrodynamic force resonate to infinity at w~a

[Figure 4.3(b)-(c)]. However, as mentioned earlier in this section, for this particular reservoir

geometry, an eigenfrequency w[a of the complete reservoir domain (irregular region and infinite chan

nel) exists just below wja, resulting in an unbounded peak in the force at this frequency [Figure

4.3(a)]. Reservoir boundary absorption reduces the responses at w[a and w~a to finite values,

smoothens the entire response curve, and gives complex-valued forces at all excitation frequencies

[Figure 4.3(a)-(c)].

If water compressibility is neglected, the hydrodynamic forces are real-valued and independent

of the excitation frequency (Figures 4.1, 4.2, 4.3). The hydrodynamic force due to upstream ground

motion is slightly smaller than the hydrostatic force and of opposite phase relative to the ground

acceleration (Figure 4.1); that due to vertical ground motion is equal to the hydrostatic force and also

of opposite phase relative to the ground acceleration (Figure 4.2); and that due to cross-stream ground

motion is much less than the hydrostatic force and in phase with the ground acceleration (Figure 4.3).

The hydrodynamic effects are now equivalent to an added mass and, depending on the ground

motion component, an added or reduced force.
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4.4 Dam-Water Interaction Effects

4.4.1 Hydrodynamic Effects

The effects of interaction between the dam and the water on the dam response to upstream,

vertical, and cross-stream ground motion are shown in Figure 4.4; where the results from the analyses

of Cases 1, 2 and 10 (Table 4.1) are plotted. The response of the dam with an empty reservoir (Case

1) is characteristic of a multi-degree of freedom system with frequency-independent mass, stiffness,

and damping properties. The response of the dam with a full reservoir (Cases 2 and 10) is affected by

the hydrodynamic terms in the equations of motion for the dam. The hydrodynamic terms can be

interpreted as modifying the properties of the dam by introducing an added mass, an added or sub

tracted hydrodynamic force, and an added damping. In the case of upstream and vertical ground

motions, the hydrodynamic force is real-valued and additive for excitation frequencies wless than wis

because it has the same phase as the effective earthquake inertial force at these frequencies; whereas

in the case of cross-stream ground motion, the hydrodynamic force is real-valued and subtractive for

excitation frequencies w less than w[a because it has opposite phase compared to the effective earth

quake inertial force at these frequencies. At higher excitation frequencies, the hydrodynamic force is

complex-valued. These hydrodynamic terms depend on the excitation frequency and wave reflection

coefficient IX if water compressibility is considered, and on the ground motion component [9,20] with

one exception: the added mass and added damping are the same for upstream and vertical ground

motions.

Because of the strong frequency dependence of the hydrodynamic terms if the reservoir boun

dary is rigid and water compressibility effects are included, the response of the dam is quite compli

cated as seen in Figure 4.4. The response behavior is especially complicated at excitation frequencies

in the neighborhood of the natural frequencies of the infinite reservoir channel. In particular, the

response curve due to upstream or vertical ground motion has a double resonant peak at frequencies

near wf and wis, the fundamental natural frequencies of the symmetric modes of dam and infinite

channel, respectively [Figure 4.4(a)-(b)]; whereas the response curve due to cross-stream ground

motion has a double resonant peak near wf, the natural frequency of the second antisymmetric
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vibration mode of the dam, and wia, the natural frequency of the fundamental antisymmetric mode of

the infinite channel. The double resonant peak is especially pronounced when the excitation is verti

calor cross-stream ground motion and the response is unbounded at wi as well as at higher w~. The

superscripts s and a are dropped in this and subsequent statements if they are valid for both sym

metric and antisymmetric modes.

As seen in Figure 4.4, the fundamental resonant frequency wr of the dam is reduced below both

w, and wi by the added mass of the water. The ratio Tr/T, of the resonant period Tr of the dam

with reservoir filled to depth H to that period T, with empty reservoir is plotted in Figure 4.5 against

normalized water depth H / H s where H s is the dam height. Results are presented for the resonant

period of the fundamental symmetrical and antisymmetrical modes of vibration. Also presented is

the period ratio for a concrete gravity dam from reference [24] which is comparable to the symmetric

case for arch dams. These results are applicable to dams of any height with the specified geometry,

and chosen values for Poisson's ratio, Es and H / Hs ; and they are presented for a rigid reservoir

boundary (a = 1). As noted previously for gravity dams [24], dam-water interaction lengthens the

vibration period also of arch dams, with the effect being very small for H / Hs less than 0.5, but

increasing rapidly with water depth for H / Hs greater than 0.5. Dam-water interaction lengthens the

vibration period of the symmetrical mode of arch dams more than that of gravity dams because the

added hydrodynamic mass has more effect on the mass of a slender arch dam than of a massive grav

ity dam. Dam-water interaction lengthens the period of the fundamental antisymmetrical vibration

mode of an arch dam to a lesser degree than the symmetric vibration mode of the arch dam or a

gravity dam.

As shown in Table 4.2, dam-water interaction lengthens the periods of the higher vibration

modes of the dam with the effect decreasing with mode number for symmetric vibration modes but is

about the same for the first four antisymmetric vibration modes. The higher resonant periods of the

symmetric vibration modes of the dam are affected not as much as the fundamental period by dam

water interaction because, just like the real part of the hydrodynamic force on rigid dam due to

upstream ground motion [Figure 4.I(b)], the added mass decreases with increasing excitation



89

1.5

Morrow Point Arch Dam

-- - A Gravity Dam

1.4

to/TO
1.3 r I

.=
"'-

"""21'-
1.2

1.1

1.0 ~ --I- "--="';;;_~-.&.o'-:;" ..&..- --'

o 0.2 0.4 0.8 1.0

Figure 4.5 Variation of the fundamental period ratios, Tr/T b T:/T1, and T~/n, with the water
depth ratio H / H s ' for dam on rigid foundation-rock. Results for the gravity dam are from Fenves
and Chopra (1984).



90

Table 4.2 -- Ratio of the Resonant Period Tnr of Dam on Rigid Foundation

with Water (H / H s = 1, a = 1.0) to Tn Without Water

for the First Five Symmetric and Antisymmetric Modes

Ratio Tnr/Tn

Mode number n

Symmetric Modes Antisymmetric Modes

1 1.48 1.27

2 1.24 1.33

3 1.16 1.21

4 1.09 1.26

5 1.10 1.06



91

frequency and is thus less effective in the higher vibration modes. However, the resonant periods of

the first few antisymmetric modes of the dam are lengthened by about the same percentage because,

unlike the symmetric vibration modes, the added mass associated with the higher antisymmetric

vibration modes of the dam is as significant as that of the fundamental mode, as some of the higher

resonant frequencies of the dam are quite close to the resonant frequencies of the impounded water in

the infinite channel.

The fundamental resonant response due to upstream and vertical ground motions is increased

due to dam-water interaction because of the added force at the resonant frequency. Furthermore, the

bandwidth of the fundamental resonant response decreases [Figure 4.4(a)-(b)]. This apparent decrease

in the effective damping ratio is due to the interaction of the dam and water and the rapid variation

of the added force near the fundamental resonant frequency resulting in a double resonant peak in

the response curve. This apparent decrease in damping occurs although propagation of hydro

dynamic pressure waves in the upstream direction does not occur at the fundamental resonant fre

quency because the resonant frequency is smaller than wis, and in spite of the fact that the damping

ratio associated with a constant hysteretic damping model for the dam is not affected by the hydro

dynamic added mass [25]. The fundamental response to cross-stream ground motion is reduced by

dam-water interaction because of the subtracted hydrodynamic force at this frequency; while the

bandwidth is essentially unaffected. Dam-water interaction effects in the response to cross-stream

ground motion differ from those in the response to upstream or vertical ground motions because of

the relative values of the natural frequencies of the dam and impounded water. The double resonant

peak due to dam-water interaction occurs because of interaction between the neighboring natural fre

quencies of the dam and infinite channel; in case of the upstream or vertical ground motion these are

the fundamental frequencies, wf and wis, of the two systems; but in case of the cross-stream ground

motion these are the second frequency wf of the dam and the fundamental frequency wia of the

infinite channel. The resonant response at higher resonant frequencies to upstream or vertical ground

motion is much smaller than that for the dam with an empty reservoir [Figure 4.4(a)-(b)] because, for

excitation frequencies greater than wi, the energy radiation due to propagation of hydrodynamic
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pressure waves in the upstream direction leads to added damping. The resonant response at higher

than-the-second resonant frequencies to cross-stream ground motion is also smaller than that for the

dam with an empty reservoir [Figure 4.4(c)] for the same reason.

When water compressibility is neglected, the hydrodynamic terms are independent of excitation

frequency and the response of the dam is much less complicated. It is like that of a standard multi

degree of freedom system with modified natural frequencies and effective earthquake force. When the

excitation is upstream or vertical ground motion, the decrease in the resonant frequency of the dam

and the increase in earthquake force is apparent from the dam response [Figure 4.4(a)-(b)]. When the

excitation is cross-stream ground motion, the decrease in the resonant frequency and in the earth

quake force is apparent from the dam response [Figure 4.4(c)).

4.4.2 Effects ojReservoir Boundary Absorption

The effects of hydrodynamic pressure wave absorption at the reservoir boundary on the dynamic

response of the dam with full reservoir (Cases 1 to 5) are shown in Figure 4.6. As in the case of grav

ity dams [19], with increasing wave absorption at the reservoir boundary, i.e. decreasing wave

reflection coefficient lX, the amplitude of the fundamental resonant peak due to upstream ground

motion decreases whereas the second, smaller peak increases, resulting in a single fundamental

resonant peak at an intermediate frequency value. Because of reservoir boundary absorption, the fre

quency response functions become smoother near the fundamental resonant peak with reduced

resonant amplitude and wider frequency bandwidth in the case of upstream or vertical ground

motions. But with increasing wave absorption (decreasing lX from 0.75 to 0), the resonant peak in

upstream ground motion increases -- contrary to intuition -- because the added damping decreases at

this frequency. This decrease in added damping with increasing wave absorption is dependent on the

particular problem analyzed and has also been observed in response of a gravity dam [24]. For

cross-stream ground motion, however, the fundamental resonant amplitude slightly increases with

reservoir boundary absorption; because the "added" hydrodynamic force, being of opposite phase rela

tive to the effective earthquake inertia force, is reduced by wave absorption. The fundamental

resonant frequency is, in general, not much affected by reservoir boundary absorption for all three
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components of ground motion.

Reservoir boundary absorption reduces the added mass and added or subtracted force for all

three ground motion components (Figures 4.1 to 4.3) at all excitation frequencies; in particular these

hydrodynamic quantities associated with vertical and cross-stream ground motions are reduced to

finite values at excitation frequencies wis and wia, respectively. Consequently, at these excitation fre

quencies the unbounded response to vertical or cross-stream ground motions is eliminated. The

effects of reservoir boundary absorption are relatively less significant for excitation frequencies greater

than wi -- except locally near w~. This is because, at these higher frequencies, the energy radiation

due to refraction of hydrodynamic pressure waves into the reservoir boundary is small compared to

the energy radiation due to pressure waves propagating in the upstream direction. Reservoir boun

dary absorption eliminates the unbounded responses at excitation frequencies equal to w~ due to vert

ical or cross-stream ground motion.

4.4.3 Influence o/Young's Modulus Es

The response of the dam with water when presented in the form of Figures 4.7 to 4.9 is

independent of the Young's modulus Es of the dam concrete if water compressibility is neglected

[21]. However, the results from analysis of Cases 2, 6 and 8 (Table 4.1) presented in Figures 4.7(a),

4.8(a) and 4.9(a) demonstrate that the Es value affects the response functions when water compressi

bility is considered. This effect is most pronounced on the fundamental resonant frequency w, associ

ated with the symmetric vibration mode and on the response to upstream and vertical ground

motions in the neighborhood of this frequency. For the larger values of Es ' when the reservoir boun

dary is rigid, the fundamental resonant frequency of the dam decreases due to hydrodynamic effects

to a greater degree and the response is amplified more but over a narrower frequency band. The

amplitude of resonant response to upstream ground motion is affected little by variations in Es but is

influenced substantially for vertical ground motion. At higher excitation frequencies the response

functions are less affected by Es except for the location of the sharp unbounded spikes at w~s in the

response to vertical ground motion. The Es value has little effect on the fundamental resonant fre

quency w, associated with the antisymmetric vibration mode and on the resonant response to cross-
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stream ground motion [Figure 4.9(a)]. At higher excitation frequencies, the effect of Es on response is

dominated by its influence on the location of the unbounded peaks.

Reservoir boundary absorption affects in an especially significant way how the amplitude and

frequency bandwidth of the fundamental resonant peak varies with Es . As discussed and interpreted

for gravity dams [19], increasing Es now causes smaller resonant peak over a wider bandwidth in the

response to upstream or vertical ground motions [Figures 4.7(b) and 4.8(b)], with comparatively little

influence on the amplitude of resonant response to vertical ground motion [Figure 4.8(b)]. Just as for

rigid reservoir boundary, the fundamental resonant frequency and amplitude of response to cross

stream ground motion are essentially unaffected by Es . However, at higher excitation frequencies,

reservoir boundary absorption eliminates the unbounded spikes in the response to cross-stream or

vertical ground motions and the responses to all three ground motions are less affected by Es •

With decreasing Es ' the effects of water compressibility on the fundamental resonant response

due to upstream, vertical, or cross-stream ground motion become smaller, and the response

approaches the incompressible case. This trend is readily apparent in Figures 4.7 - 4.9 except in the

response to vertical or cross-stream ground motions with rigid reservoir boundary in which case the

trend is masked by the unbounded response peaks at excitation frequencies equal to w~s or w~a.

As noted in a study on gravity dams [19], the effects of wave absorption on dam response are

not properly represented by analyses neglecting water compressibility [Figures 4.7(b), 4.8(b) and

4.9(b)]. Although such an analysis provides a good approximation to the fundamental resonant fre

quency Wr , the fundamental resonant response to upstream ground motion is overestimated because

there is no radiation of energy upstream or through the reservoir boundary if water is incompressible;

the amplitude of higher resonant peaks due to upstream or vertical ground motion are overestimated

by even a greater margin. However, the higher resonant peaks due to cross-stream ground motion are

underestimated because the "added" hydrodynamic force is really a subtracted force as it is of

opposite-phase compared to the effective earthquake force associated with the ground acceleration at

all excitation frequencies if water is incompressible, whereas the added force has an in-phase com

ponent at some higher frequencies if water compressibility and wave absorption are considered.
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4.4.4 Comparison ofResponses to Three Ground Motion Components

Comparing the responses of the dam with an empty reservoir to the three components of ground

motion, it is apparent that the fundamental resonant response to vertical or cross-stream ground

motion is relatively small. However, with a full reservoir, the response to vertical ground motion is

much larger, even exceeding the response to horizontal ground motion for the larger values of a. For

the smaller values of a, the resonant response to vertical ground motion, although smaller than that

due to upstream ground motion, is relatively significant because of hydrodynamic effects. The funda

mental resonant response to cross-stream ground motion remains small even for a full reservoir

irrespective of the a value.

4.5 Foundation Flexibility Effects

The frequency response functions for the dam on flexible foundation rock are presented in Fig

ures 4.10, 4.11 and 4.12 for varying foundation modulus Ef (Cases 1, 11, 12 and 13 in Table 4.1).

When presented in this form, these functions do not depend separately on Es or Ef but only on the

ratio EJiEs • Results are presented for four values of EflEs = 00,2, 1, 1/4. The first represents rigid

foundation rock, whereas in the last case the elastic modulus for the foundation rock is a fraction of

the modulus for dam concrete, an assumption appropriate in many practical situations because of

joints in the foundation rock.

Unlike impounded water, the foundation rock does not have any resonant frequencies because it

is assumed to be massless. As a result, foundation flexibility affects the response of the dam in a

simpler manner than does dam-water interaction. As the Ef IEs ratio decreases, which for a fixed

concrete modulus Es implies decrease of foundation modulus Ef , the fundamental resonant frequency

of the dam decreases because of foundation flexibility; the response at the crest of the dam at this fre

quency increases and the frequency bandwidth at resonance decreases, implying a decrease in the

apparent damping of the structure resulting, in part, from the undamped foundation rock region. The

increase in response is, in part, due to the increase in the effective earthquake forces in individual

vibration modes arising from modifications in the mode shape due to foundation flexibility.
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Accompanying this change in the resonant response at the crest of the dam is an increasing response

at the base of the dam -- which is however, a small fraction of the response at the crest -- with

increasingly flexible rock (Figures 4.10 - 4.12). Similar but somewhat smaller effects of decreasing

EdEs are observed at higher resonant frequencies; in particular, the higher resonant frequencies are

decreased to a lesser degree by foundation rock flexibility. The above mentioned effects of

foundation-rock flexibility are qualitatively similar in the response to the three components of ground

motion.

The effect of foundation-rock flexibility on the fundamental vibration period of the dam is

displayed in Figure 4.13 wherein the ratio TfIT, of the resonant period Tf of the dam on flexible

foundation rock to that on rigid foundation rock is plotted as a function of EfiEs • Also presented is

the period ratio for a gravity dam [24]. These results are applicable to dams of any height with the

specified geometry and chosen values for Poisson's ratio and density of materials. As expected, the

period ratio TfIT, increases, i.e. the fundamental period lengthens, as the foundation-rock becomes

increasingly flexible. The increase in vibration period can be significant and it is about the same for

the symmetric and antisymmetric modes, but much less than the period increase for gravity dams.

Dam-foundation rock interaction effects are more significant for gravity dams because they are mas

sive compared to arch dams. Part of the differences in the interaction effects are, however, due to the

use of different foundation idealizations, half-plane in the case of gravity dams and a massless, finite

element system for arch dams.

4.6 Dam-Water Interaction and Foundation Flexibility Effects

4.6.1 Hydrodynamic and Reservoir Boundary Absorption Effects

The simultaneous effects of interaction between the dam and impounded water and of founda

tion flexibility on the dynamic response of arch dams can be examined from Figures 4.14 - 4.16,

wherein response results are presented for four systems: dam on rigid foundation rock with no water

(Case 1); dam on flexible foundation rock with no water (Case 12); dam on rigid foundation rock with

full reservoir (Cases 2 and 4); and dam on flexible foundation rock with full reservoir (Cases 14 and
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43

Morrow Point Arch Dam

A Gravity Dam
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Figure 4.13 Variation of the fundamental period ratios, if / T 1> i}l T1 and iJ/Tf, with the moduli
ratio Ej /E" for dam with an empty reservoir. Results for the gravity dam are from Fenves and
Chopra (1984).



105

Rigid Reservoir Boundary, a 1.0
50 r--------------------------------.

40

(} =0° 4

:3

2

CURVE
1
2
3
4

WATER
NONE
NONE
FULL
FULL

FOUNDATION
ROCK
RIGID

FLEXIBLE
RIGID

FLEXIBLE

5

4

2

2

-,., .

J I J

4

6 7 8

2

"I \
I \ 1"\

1 \ J ,

J \ I 1
J ,J \
I \ J ,

I • '

J " "
/ 1'" ....

J J ,,/V,"',
... ., ,\ '"

" .,--

2

,"" ,
I \ I,
I \ I \

, " I
I \ I \
, \ I \

I • ''" 4: /' ... ",
, v'.... .I,'

....... " .,,,
" ... ",

Absorptive Reservoir Boundary, a = 0.5

2

11
II

"III
j "
I II,
J \'\
I q 1
I I,

: :. ~ 2
I II I /'
111 \ ,'J ,
I J \ 1 I 1 J/
J I \ \ J I ~

J ,_V ;J
I "

.
11

"II
11 I
J I,
I II)
1'1,I',
111I' ,

:3 I " 1 2
4 '" I ", 'I \ " J I'

I 1\1 1\'",1,1 It
\ V \J

..., ",'

00 2
W/W s 3

I

I I J
2 3 4 5

W is /W s
n I

10

f-< 30
tI)

~
~
U

~ 20
Cl
f-<
-<C
Zo 10
~
-<C
~
~
....:l
~ 0 l..-.-,c..::.;.__-J- ---J. ....L.- .........:::-J.. ---I

U
U
-<C
....:l50r----------------------------,
-<C.....
Cl
-<C
~

~ 40o
!:3
....:l
~ 30
~

5
....:lo
tI) 20
~

-<C
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gid foundation rock with no water (Case 1 of Table 4.1); dam on flexible foundation rock with no wa
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foundation rock with full reservoir (Cases 14 and 16).
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16). The effects of dam-water interaction on the dam response to any of the three ground motion

components are qualitatively similar for rigid rock (Section 4.4) and flexible foundation rock, whether

the reservoir boundary is rigid [Figures 4.14(a), 4.15(a) and 4.16(a)] or absorptive [Figures 4.14(b),

4.15(b) and 4. 16(b)]. It is apparent from Figures 4.14 - 4.16 that the fundamental natural or resonant

frequency wit of the dam alone (without water, supported on rigid foundation rock) is reduced to wr

due to dam-water interaction, to wf t due to foundation flexibility, and to Wdue to both effects simul

taneously. The vibration periods corresponding to these frequencies are denoted as T" t" t f and

t, respectively. To examine how the increase in period due to dam-water interaction is affected by

foundation rock flexibility, the ratio t Itf is plotted in Figure 4.17(a) against normalized water depth

H IH s where H s is the dam height. Results are presented for the resonant period of the fundamental

symmetrical and antisymmetrical modes of vibration for four values of Ef IEs ' with a rigid reservoir

boundary «(l' = 1). It is apparent that the Ef IEs value has relatively small influence on the period

ratio, especially if the reservoir is close to full. The data of Figure 4.17(a) is replotted in Figure

4.17(b) where the period ratio tltf is plotted against the EflEs ratio for different values of HIHs •

For a fixed HIHs ' this plot would have been a horizontal line if the increase in period due to dam-

water interaction was completely independent of foundation flexibility. It is apparent that the effects

of foundation flexibility on the period ratio are small. This observation was made earlier for gravity

dams, suggesting the following equation [19]:

W Wr wf
~ --

This approximate relationship is valid for arch dams with rigid reservoir boundary (Figure 4.17) as

well as absorptive reservoir boundary (Figure not presented here).

The trends in the amplitude of the fundamental resonant peak depend on the modification of

the effective damping ratio and effective modal earthquake force due to foundation rock flexibility

and dam-water interaction, on the contribution of damping from reservoir boundary absorption, and

t In equation (3.1) the symbol W j was used for vibration frequ,.ency of the dam, whether the foundation
rock is rigid or flexible. However, different symbols wI and wf are used for the fundamental frequen
cy to emphasize the effects of foundation-rock flexibility on this frequency.
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on the added hydrodynamic forces. The effects of the various damping changes in the response of the

dam to upstream ground motion can be identified in Figure 4.14. When the reservoir boundary is

rigid [Figure 4.14(a)], dam-water interaction reduces the effective damping as a result of the double

resonant peak and increases the added force at the fundamental resonant frequency, resulting in

increased fundamental resonant response whether the foundation rock is rigid or flexible. This

decrease in the effective damping and the added hydrodynamic force dominate the corresponding

effects of foundation flexibility and therefore have about the same influence on the dam response

whether the foundation rock is rigid or flexible. When the effects of reservoir boundary absorption

are included [Figure 4. 14(b»), the opposite trend occurs: 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. This increase in effective damping dominates the total damping

resulting in approximately the same resonant amplitude irrespective of the foundation rock condition.

The amplitude of the fundamental resonant peak due to vertical ground motion (Figure 4.15) is

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

damping. When the reservoir boundary is rigid [Figure 4.15(a»), dam-water interaction increases the

added force and reduces the effective damping ratio at the fundamental resonant frequency, leading

to increased resonant response and a double resonant peak, of which one peak is unbounded, whether

foundation rock is rigid or flexible. When the reservoir boundary is absorptive [Figure 4.15(b)],

dam-water interaction still increases the fundamental resonant response because of the large added

force for vertical ground motion, whether the foundation rock is flexible or rigid. However, the

increase in resonant response is less pronounced for flexible foundation rock than for rigid foundation

rock (compare the change from curve 2 to 4 with the change from curve 1 to 3), because the

significance of the added hydrodynamic force relative to the inertia force of the dam is less for flexi

ble compared to rigid foundation rock, resulting in approximately the same resonant amplitude

irrespective of the foundation rock condition.

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

4.16) is also mainly affected by the "added" hydrodynamic force, and less by the previously discussed
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trends in damping. In this case the total earthquake force decreases at the fundamental resonant fre

quency because the hydrodynamic force is of opposite-phase relative to the inertia force of the dam.

When the reservoir boundary is rigid [Figure 4.16(a)], dam-water interaction reduces the earthquake

force at the fundamental resonant frequency, leading to reduced resonant peak whether the founda

tion rock is rigid or flexible, because the reduction in force dominates the effects of foundation flexi

bility. However, the unbounded hydrodynamic force dominates the dam response at excitation fre

quencies near w~a, leading to increased response, and a double resonant peak near wia, of which one

peak is unbounded, whether the foundation rock is rigid or flexible. When the reservoir boundary is

absorptive [Figure 4.16(b)], the fundamental resonant peak is essentially unaffected but the higher

resonant peaks, those associated with w~a, are reduced to bounded values.

The effects of reservoir boundary absorption on the response of the dam, supported on flexible

foundation rock, due to the three components of ground motion, are shown in Figure 4.18. The

response of systems with moduli ratio Ef / Es = 1 is presented for four values of the wave reflection

coefficient: a = 1.0 (rigid reservoir boundary), 0.75, 0.5, and 0 (Cases 14, 15, 16 and 17 in Table 4.1).

Comparison of Figure 4.18 with Figure 4.6, which shows the corresponding results for rigid founda

tion rock, indicates that the effects of reservoir boundary absorption on dam response are about the

same whether the foundation rock is rigid or flexible.

4.6.2 Influence ofModuli Ratio Ef/Es

The response of the dam with full reservoir and rigid or absorptive reservoir boundary to

upstream, vertical, and cross-stream ground motions is presented in Figures 4.19 - 4.21 for four

values of Ef / Es = 00, 2, 1 and 1/4. The response results for the rigid reservoir boundary, presented

in Figures 4.19(a) - 4.21 (a), were obtained by analyzing Cases 2, 14, 18 and 20 of Table 4.1; and

those for absorptive reservoir boundary, presented in Figures 4.19(b) - 4.21 (b), were obtained by

analyzing Cases 4, 16, 19 and 21 of Table 4.1.

As Ef / Es decreases, which for a fixed Es means an increasingly flexible foundation rock, the

fundamental resonant frequency decreases, irrespective of whether the reservoir boundary is rigid or

absorptive; the dam response to upstream ground motion at this frequency increases slightly if the
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Rigid Reservoir Boundary, a = 1.0
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Table 4.1), and absorptive reservoir boundary (Cases 4, 16, 19 and 21).
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Table 4.1), and absorptive reservoir boundary (Cases 4, 16, 19 and 21).
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reservoir boundary is rigid [Figure 4.19(a)] and stays about the same if the reservoir boundary is

absorptive [Figure 4. 19(b)]; the dam response to vertical ground motion at this frequency decreases if

the reservoir boundary is rigid [Figure 4.20(a)] and stays about the same if the reservoir boundary is

absorptive [Figure 4.20(b)]; and the dam response to cross-stream ground motion at this frequency

increases slightly irrespective of whether the reservoir boundary is rigid [Figure 4.21 (a)] or absorptive

[Figure 4.21(b)].

As the moduli ratio Ef IEs decreases, the higher resonant peaks due to upstream ground motion

usually increase, especially if the reservoir boundary is rigid (Figure 4.19). The response to vertical

ground motion, is dominated by the unbounded peaks at frequencies w~s irrespective of the EflEs

value if the reservoir boundary is rigid; but the resonant peaks are affected little by the foundation

flexibility if the reservoir boundary is absorptive. The response to cross-stream ground motion is

dominated by the unbounded peaks at frequencies w~a irrespective of the Ef IEs value if the reservoir

boundary is rigid; but the resonant peaks are affected little by the Ef IEs value if the reservoir boun

dary is absorptive.



5. EARTHQUAKE RESPONSE OF MORROW POINT DAM

5.1 Introduction

Presented in this chapter is the response of a selected arch dam to Taft ground motion.

Response results, computed by the analytical procedure presented in Chapter 3, are presented 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 response results, the effects of

dam-water interaction, reservoir boundary absorption, and foundation-rock flexibility on the earth

quake induced displacements and stresses in the dam, and the relative significance of the response to

the three components of ground motion, are investigated.

5.2 System and Ground Motion

5.2.1 Dam-Water-Foundation Rock System

The dam selected for this investigation is Morrow Point Dam, the same as in Chapter 4 for the

study based on frequency response functions. The finite element idealizations selected for the dam

and foundation-rock region, the special finite-element cum continuum idealization for the impounded

water, and the properties of the dam-water-foundation rock system are the same as described in Sec

tion 2.6. As in the frequency response function study presented in Chapter 4, the wave reflection

coefficient a is varied over a wide range in this study; the values considered are: a = 1.0 (rigid reser

voir boundary), 0.50 and O.

5.2.2 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) direc

tions is defined as the S69E, vertical, and S2l W components of the recorded ground motion, respec

tively. These three components of ground motion and their maximum accelerations are shown in

117
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Figure 5.1.

5.3 Response Results

The response of Morrow Point Dam was analyzed for the eight sets of assumptions and condi

tions listed in Table 5.1 for the dam, foundation rock, impounded water and reservoir boundary

materials, with the objective of studying the effects of dam-water interaction, reservoir boundary

absorption, and foundation-rock flexibility on the earthquake responses. For each of these eight

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 com

ponents, simultaneously, of Taft ground motion.

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 3, where

the displacement 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 approximately 20 Hz, which had been tested to be adequate for the recorded

Taft ground motion. To accurately represent the response of the dam in this frequency range, the

first 12 generalized coordinates were included in the analyses for Cases 1 to 4 with rigid foundation

rock, and the first 18 generalized coordinates were included in the analyses for Cases 5 to 8 with flexi

ble foundation rock.

The fundamental resonant period and effective damping ratio at that period, determined by the

half-power bandwidth method from the frequency response function for crest acceleration due to each

of the three ground motion components, are presented in Table 5.1. Strictly speaking, the half-power

bandwidth method does not apply to dams because dam-water 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 the interpretation of response results. As seen in Table 5.1, the fun

damental resonant period obtained from the responses to upstream (x) or vertical (y) ground motions

is the same; it is the period of the fundamental, symmetric mode of vibration, modified by the added
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mass from dam-water interaction and the flexibility of the foundation rock. The frequency-dependent

hydrodynamic load which is not the same for the two ground motions slightly influences the resonant

period in some cases. The damping ratios Hand H corresponding to the upstream and vertical

ground motions have the same value if the reservoir is empty, as it represents the damping property

of the dam-foundation system in its fundamental, symmetric mode of vibration, which is the same for

upstream and vertical ground motions. However, the damping values Hand H obtained from the

two response functions are slightly different if the reservoir is not empty (Table 5.1), because they are

affected more by the fact that the frequency-dependent added hydrodynamic load is not the same for

the two ground motions. The fundamental resonant period and damping ratio H, 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 foundation flexibility. For

each of the eight cases, the pseudo-acceleration corresponding to the 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 5.1.

The response results selected to illustrate the different effects in this study consist of displace

ment time histories and contours of maximum stresses. The radial component of the displacement at

the dam crest nodal point defined by 0 = 13.25° [nodal point 54 in Figure 2.3(a)], where 0 is an angle

measured from the x-y plane along the dam crest arch, is presented in Figures 5.2, 5.10, 5.17, 5.18,

5.27, and 5.28. The distributions of envelope values of the maximum tensile stresses in the arch and

cantilever directions are presented for both the upstream and downstream dam faces in Figures 5.3 to

5.8, 5.11 to 5.16, 5.19 to 5.26 and 5.29 to 5.36. Except for the maximum tensile stresses due to the

three components of Taft ground motion acting simultaneously, the envelope values of maximum ten

sile stresses are shown in these figures for the right half of the dam when looking from the down

stream side in the upstream direction. The maximum radial displacement at the dam crest nodal

point 54 (0 = 13.25°) [Figure 2.3(a)], and maximum tensile values of arch and cantilever stresses over

the upstream and downstream faces, are summarized in Table 5.2 for the dam supported on rigid

foundation rock (Cases 1 to 4), and in Table 5.3 for the dam supported on flexible foundation rock
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*Table 5.2 -- Summary of Responses of Morrow Point Dam,

on Rigid Foundation Rock, to Taft Ground Motion

Maximum Maximum Tensile Stress (psi)

Radial

Crest Upstream Face Downstream Face
Case Water a

Displacement

(inches) Arch Cantilever Arch Cantilever

Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Motion

I None - 0.38 268 101 247 62

2 Full 1.0 0.81 735 268 641 189

3 Full 0.5 0.63 525 165 443 118

4 Full 0 0.64 517 154 431 106

(b) Response to Vertical Component of Taft Ground Motion

1 None - 0.068 57 48 43 41

2 Full 1.0 1.98 1572 571 1412 361

3 Full 0.5 0.33 263 130 229 59

4 Full 0 0.14 113 60 86 43

(c) Response to Cross-stream (S2IW Component of Taft) Ground Motion

1 None - 0.37 177 104 194 88

2 Full 1.0 0.68 410 313 382 212

3 Full 0.5 0.38 200 106 201 93

4 Full 0 0.45 245 120 227 105

(d) Response to Upstream, Vertical, and Cross-stream Components,

Simultaneously, of Ground Motion

1 None - 0.50 325 116 275 123

2 Full 1.0 2.45 1976 712 1751 521

3 Full 0.5 0.67 556 193 480 163

4 Full 0 0.73 540 184 474 163

* Effects of static loads are excluded.



123

(Cases 5 to 8).

A point worth mentioning here concerns the stress contour presentation in this chapter.

Because the Morrow Point Dam system is assumed to be symmetric about the x-y plane (Figure 2.3),

the displacement and stress responses due to the upstream (x) or vertical (y) ground motions are sym

metric about the x-y plane, while the responses due to the cross-stream (z) ground motion are

antisymmetric about this plane. As a result, the envelope of maximum tensile stresses on both faces

of the dam due to upstream or vertical ground motion are symmetric about this plane. However, the

maximum tensile stresses due to cross-stream ground motion are not symmetric about this plane,

because the maximum tensile stresses on one-half of the dam are actually the minimum tensile

stresses or maximum compressive stresses on the other half. However, the maximum tensile stress

distribution was determined to be approximately the same for the two halves of the selected dam sub

jected to the selected ground motion. Because of this approximate symmetry and in order to simplify

the presentation, the maximum stresses due to cross-stream ground motion are also shown for only

one-half of the dam, as it is for upstream and vertical ground motions. However, the maximum ten

sile stresses due to the three ,components of Taft ground motion acting simultaneously, which are not

symmetric about the x-y plane, are shown for the whole dam.

In a practical earthquake analysis of a dam, the displacements and stresses due to static loads

(weight of the dam and hydrostatic pressure) would be included in the total responses. However, the

static effects are not included in most of the results presented here because they complicate the

interpretation of the effects of dam-water interaction, reservoir boundary absorption, and foundation

rock flexibility on the dynamic response of the dam. However, an example of a practical earthquake

analysis, including the effects of the static loads, is presented towards the end of this chapter.

5.4 Dam-Water Interaction Effects

5.4.1 Hydrodynamic Effects

Hydrodynamic effects on the earthquake responses of dams can be visualized as arising partly

from the change in the complex-valued frequency response functions of the dam (Chapter 4) and,
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partly from the change in the response spectrum ordinates corresponding to the resonant peaks, espe

cially the fundamental resonant peak, corresponding to the change in the resonant period and damp

ing. These changes are due to the frequency-dependent hydrodynamic terms that result from dam

water interaction with compressible water. The hydrodynamic terms can be interpreted as an added

mass, an added damping (both are different for symmetric and antisymmetric ground motions), and

an added force (different for the three components of ground motion).

The displacement history of Morrow Point Dam supported on rigid foundation rock with an

empty reservoir is shown in Figure 5.2(a), and that with a full reservoir and rigid reservoir boundary

is shown in Figure 5.2(b), for the three components of ground motion. The maximum crest displace

ment due to upstream ground motion increases from 0.38 in. to 0.81 in. [Table 5.2(a)] due to hydro

dynamic effects because of the increase in fundamental resonant peak of the frequency response func

tion [Figure 4.4(a)J, and because the fundamental period lengthens from 0.235 sec. to 0.347 sec.

(Table 5.1), the damping ratio decreases resulting in the pseudo-acceleration Sa (T, H) increasing

from 0.43g to 0.60g. The increase in the fundamental period can also be observed from the displace

ment histories [compare the responses to upstream ground motion in Figures 5.2(a) and 5.2(b)]. The

effects of dam-water interaction with rigid reservoir boundary on the maximum arch and cantilever

stresses can be seen by comparison of Figures 5.3(a) with 5.3(b) and 5.4(a) with 5.4(b). The max

imum arch stress increases from 268 psi to 735 psi on the upstream face, and from 247 psi to 641 psi

on the downstream face; the maximum cantilever stress increases from 101 psi to 268 psi on the

upstream face, and from 62 psi to 189 psi on the downstream face [Table 5.2(a)]. The area enclosed

by a particular stress contour increases, indicating that tensile stresses exceed the value corresponding

to that contour over a larger portion of the dam face because of hydrodynamic effects. The distribu

tion pattern for the arch stress does not change substantially. Dam-water interaction especially

increases the cantilever stresses at the base of the dam and along the abutment, with these areas

becoming the most-stressed areas instead of the upper, central portion of the dam.

If the reservoir boundary is rigid, the added hydrodynamic force for vertical ground motion at

the fundamental resonant period is especially large compared to the small effective earthquake force
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associated with the mass of the dam, and it is unbounded at the natural frequencies wAs of the infinite

uniform channel of the reservoir. Therefore, the frequency response function has a greatly amplified

fundamental resonant peak and unbounded peaks at wAs due to hydrodynamic effects (Chapter 4).

Consequently, the response of the dam increases greatly because of dam-water interaction when the

reservoir boundary is rigid, with the maximum displacement increasing from 0.068 in. to 1.98 in., the

maximum arch stress from 57 psi to 1572 psi on the upstream face, and from 43 psi to 1412 psi on

the downstream face; the maximum cantilever stress from 48 psi to 571 psi on the upstream face, and

from 41 psi to 361 psi on the downstream face [Table 5.2(b)]. Only a very small part of these large

increases in responses is due to the increase in pseudo-acceleration ordinate associated with lengthen

ing of the vibration period and reduction in effective damping due to dam-water interaction. The

general distribution pattern of the maximum arch and cantilever stresses due to vertical ground

motion is affected by dam-water interaction in a manner similar to the case of upstream ground

motion [Figures 5.5(a) and 5.5(b), 5.6(a) and 5.6(b)].

In contrast to upstream and vertical ground motions, the amplitude of the fundamental resonant

peak in the frequency response function for the dam subjected to cross-stream ground motion is

reduced by dam-water interaction, because the "added" hydrodynamic force is of opposite-phase com

pared to the effective earthquake force associated with the mass of the dam (Chapter 4). However,

the response of the dam to cross-stream ground motion increases due to dam-water interaction, in

part, because the added hydrodynamic force is infinite at the natural frequencies wAa of the antisym

metric modes of infinite uniform channel of the reservoir, causing unbounded peaks in the frequency

response function for the dam at these frequencies (Chapter 4). Moreover, comparing the displace

ment histories of Figures 5.2(a) and 5.2(b) due to cross-stream ground motion, it is apparent that

dam-water interaction has the effect of increasing the relative significance of the contributions of the

second mode to the response; because the second resonant frequency is quite close to w!a, the funda

mental resonant frequency of the infinite uniform channel, resulting in dam-water interaction causing

a large increase in the resonant peak in the frequency response function (Figure 4.6). In addition,

dam-water interaction lengthens the fundamental period and the corresponding pseudo-acceleration
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Sa (T, H) increases (Table 5.1). The response of the dam with full reservoir and rigid reservoir boun

dary due to cross-stream ground motion clearly shows the resulting increase in response, where the

maximum radial crest displacement increases from 0.37 in. to 0.68 in. [Figure 5.2(a)-(b)]; the max

imum arch stress increases from 177 psi to 410 psi on the upstream face [Figure 5.7(a)-(b)], and from

194 psi to 382 psi on the downstream face [Figure 5.8(a)-(b)]; and the maximum cantilever stress

increases from 104 psi to 313 psi on the upstream face [Figure 5.7(a)-(b)), and from 88 psi to 212 psi

on the downstream face [Figure 5.8(a)-(b)][see also Table 5.2(c)]. Comparing these figures also shows

how the pattern of stresses is affected by dam-water interaction. The locations of the larger arch

stress at 1/4 span points from the abutments at or near the dam crest and along the abutment in the

upper half of the dam when there is no impounded water shift lower toward the mid-height of the

dam due to dam-water interaction. Similarly the locations of the larger cantilever stress along the

abutments in the upper half of the dam with an empty reservoir are shifted to 1/4 span points from

the abutments in the upper portion of the dam.

The arch action in the response of the dam to each of the three ground motion components is

quite pronounced, whether the reservoir is full or empty, as illustrated by the much larger values of

arch stresses compared to the cantilever stresses over both faces of the dam (Table 5.2). The only

exception is in the relatively small response of the dam with an empty reservoir to vertical ground

motion in which case the arch stresses are only slightly larger than the cantilever stresses. The rela

tive significance of arch and cantilever actions varies, of course, with the geometry of the dam.

It is useJul to examine how dam-water interaction affects the response of arch dams compared

to that of gravity dams. For this purpose, the displacement response of Pine Flat gravity dam on

rigid foundation rock to S69E (upstream) and vertical components of Taft ground motion is repro

duced in Figure 5.9 from reference [24]. Comparison with Figure 5.2 indicates that dam-water

interaction has greater influence on the response of the arch dam compared to the gravity dam. With

a rigid reservoir boundary (a = 1), dam-water interaction increases the maximum displacement of the

arch dam due to upstream ground motion by 113% and that due to cross-stream ground motion by

84%; whereas the displacement of a gravity dam due to upstream ground motion is increased only by
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37%. Dam-water interaction has an especially strong influence in the response of dams to vertical

ground motion with the maximum response of the arch dam magnified 30 times and of the gravity

dam 6 times. Dam-water interaction effects are more significant in the response of arch dams than

that of gravity dams because the added hydrodynamic mass, damping, and force have more effect on

the response of a slender arch dam than on a massive gravity dam.

5.4.2 Effects ofReservoir Boundary Absorption

The alluvium and sediments usually present at the boundary of a reservoir are approximately

modelled by a boundary that partially absorbs the incident hydrodynamic pressure waves. As shown

in Chapter 4, reservoir boundary absorption affects all the hydrodynamic terms in the equations of

motion for dams and hence their earthquake responses. The fundamental resonant period of the dam

with a full reservoir is reduced due to reservoir boundary absorption but it is still longer than the

period of the dam without water. As the reservoir boundary becomes more absorptive, i.e. as IX

decreases, the added damping at the fundamental resonant period increases because of increasing

refraction of hydrodynamic pressure waves into the reservoir boundary materials and propagation of

hydrodynamic pressure waves in the upstream direction, resulting in the tendency for the effective

damping ratio to increase (Table 5.l). However, in contrast to gravity dams [24], the effective damp

ing does not increase monotonically with decreasing IX, because the added damping at the fundamen

tal resonant period actually decreases -- contrary to intuition -- as IX decreases from 0.5 to 0 (Chapter

4).

As shown in Chapter 4, reservoir boundary absorption primarily affects the fundamental

resonant response to upstream or vertical ground motions, and has little effect on the response at

higher excitation frequencies. On the other hand, the fundamental resonant response to cross-stream

ground motion is essentially unaffected but the second resonant response is affected most as it occurs

at a frequency close to the fundamental resonant frequency of the infinite channel (Figure 4.6).

The displacement response of the dam with full reservoir due to upstream ground motion is

shown in Figures 5.2(c) and 5.2(d) for IX = 0.5 and IX = O. These results demonstrate that the main

effect of reservoir boundary absorption is to reduce the larger displacement peaks without



136

significantly changing the frequency content of the response [compare Figure 5.2(c)-(d) to Figure

5.2(b)]. Primarily because of added hydrodynamic damping due to reservoir boundary absorption

and the resulting decrease in the pseudo-acceleration ordinate, the maximum crest displacement of

the dam with full reservoir decreases from 0.81 in. (for rigid reservoir boundary) to 0.63 in. for a =

0.5; the maximum arch stress decreases from 735 psi to 525 psi on the upstream face and from 641

psi to 443 psi on the downstream face; the maximum cantilever stress decreases from 268 psi to 165

psi on the upstream face and from 189 psi to 118 psi on the downstream face. However, the general

pattern of maximum stresses is not substantially altered. As the wave reflection coefficient a

decreases from 0.5 to 0, the maximum responses are essentially unaffected. Hydrodynamic pressure

wave absorption, while decreasing the maximum stresses over the face of the dam, also eliminates the

redistribution of cantilever stresses due to hydrodynamic effects mentioned in Section 5.4.1 [compare

Figures 5.3(a), 5.3(b) and 5.3(d); 5.4(a), 5.4(b) and 5.4(d)].

Reservoir boundary absorption eliminates the unbounded peaks in the added hydrodynamic

force, and in the dam response, due to vertical ground motion for excitation frequencies equal to the

natural vibration frequencies w~s of the infinite channel. Also the fundamental resonant peak in the

dam response which is bounded is greatly reduced [Figure 4.6(b)]. The resulting effect on the

response of the dam with full reservoir to vertical ground motion is apparent from Figures 5.2(b)-(d),

5.5(b)-(d), and 5.6(b)-(d) and Table 5.2(b). Reservoir boundary absorption drastically reduces the

maximum displacement from 1.98 in. (for rigid reservoir boundary) to 0.33 in. for a = 0.5, and to

0.14 in. for a = 0 [Table 5.2(b)], similarly reduces the maximum arch stress from 1572 psi to 263 psi,

and to 113 psi on the upstream face [Figure 5.5(b)-(d)]; and from 1412 psi to 229 psi, and to 86 psi

on the downstream face [Figure 5.6(b)-(d)]; and also the maximum cantilever stress from 571 psi to

130 psi, and to 60 psi on the upstream face [Figure 5.5(b)-(d)]; and from 361 psi to 59 psi, and to 43

psi on the downstream face [Figure 5.6(b)-(d)][see also Table 5.2(b)]. These drastic decreases in the

responses are, in part, due to the decrease in Sa (T,H) as a decreases from 1.0 to 0.5 (Table 5.1).

Although the apparent damping ratio H decreases as a decreases from 0.5 to 0 (Table 5.1), the dam

response decreases because of the decrease in the added hydrodynamic force due to reservoir
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boundary absorption. As in the case of upstream ground motion, wave absorption eliminates the

redistribution of cantilever stresses caused by hydrodynamic effects [compare Figures 5.5(a), 5.5(b)

and 5.5(d); 5.6(a), 5.6(b) and 5.6(d)].

As mentioned in Section 5.4.1, dam-water interaction has the effect of increasing the relative

significance of the contributions of the second mode to the response to cross-stream ground motion,

because it greatly increases the response amplitude at the second resonant frequency which is close to

wla, the fundamental resonant frequency of the infinite uniform channel. Reservoir boundary absorp

tion reduces the second resonant peak, thus decreasing the relative significance of the second mode

response, and also reduces the unbounded peaks at w~a in the frequency response function. This can

be observed from the change in frequency content of the displacement history due to the cross-stream

component of Taft ground motion as IX changes from 1.0 to 0.5 [Figures 5.2(b) and 5.2(c)]. As a

result of this decrease in the second mode response, and the decrease in the pseudo-acceleration ordi

nate fOl the fundamental mode (Table 5.1), the displacement and stress responses are reduced as IX

decreases from 1.0 to 0.5 [compare Figures 5.2(b) and 5.2(c), 5.7(b) and 5.7(c), 5.8(b) and 5.8(c)]. As

IX decreases from 1.0 to 0.5, the maximum displacement decreases from 0.68 in. to 0.38 in.; the max

imum arch stress decreases from 410 psi to 200 psi on the upstream face, and from 382 psi to 201 psi

on the downstream face; the maximum cantilever stress decreases from 313 psi to 106 psi on the

upstream face, and from 212 psi to 93 psi on the downstream face [Table 5.2(c)]. As in the case of

upstream and vertical ground motion, absorption of hydrodynamic pressure waves also eliminates the

changes, due to hydrodynamic effects, in the patterns of maximum arch and cantilever stresses over

the dam face [compare Figures 5.7(a), 5.7(b) and 5.7(c); 5.8(a), 5.8(b) and 5.8(c)]. With increasing

absorptiveness of the reservoir boundary materials from IX = 0.5 to 0, however, the displacement and

stress responses increase slightly with little change in the stress patterns [compare Figures 5.2(c) and

5.2(d), 5.7(c) and 5.7(d), 5.8(c) and 5.8(d)]. As IX decreases from 0.5 to 0, the maximum displacement

increases from 0.38 in. to 0.45 in.; the maximum arch stress increases from 200 psi to 245 psi on the

upstream face, and from 201 psi to 227 psi on the downstream face; the maximum cantilever stress

increases from 106 psi to 120 psi on the upstream face, and from 93 psi to 105 psi on the
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downstream face [Table 5.2(c)]. As mentioned in Section 5.4.1, the added hydrodynamic force is

opposite in phase compared to the effective earthquake force associated with the mass of the dam at

the fundamental resonant frequency. Reservoir boundary absorption decreases somewhat the added

hydrodynamic force and thus increases slightly the fundamental resonant peak in the frequency

response function (Chapter 4); and therefore the earthquake responses increase slightly when ex

decreases from 0.5 to O.

It is apparent from the preceding results and discussion that the effects of reservoir boundary

absorption are least pronounced in the response to upstream ground motion, they have a dominant

effect in the response to vertical ground motion and somewhat less in the case of cross-stream ground

motion. In general, assuming a rigid reservoir boundary leads to an unrealistically large response for

dams with impounded water, particularly due to vertical and cross-stream ground motions. Reservoir

boundary absorption does not alter the earlier observation that the arch stresses are greater than the

cantilever stresses over both faces of the dam (Table 5.2).

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 [24] for gravity dams.

However, as the wave reflection coefficient ex decreases from 1.0 to 0.5, the reduction in response of

the arch dam is greater compared to the gravity dam. As ex decreases from 0.5 to 0, the response of

arch as well as gravity dams to horizontal ground motion is affected little whereas the response to

vertical ground motion is significantly affected for both types of dams, with the reduction being

greater in the response of arch dams.

5.5 Foundation Flexibility Effects

The response of Morrow Point Dam supported on flexible foundation rock with an empty reser

voir to three components of ground motion is presented in Figures 5.10(a) to 5.16(a) and summarized

as Case 5 in Table 5.3. A comparison of these results with those for the dam on rigid foundation

with an empty reservoir, presented in Figures 5.2(a) to 5.8(a) and summarized as Case 1 in Table 5.2,

provides an indication of effects of foundation flexibility on dam response.
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*Table 5.3 -- Summary of Responses of Morrow Point Dam,

on Flexible Foundation Rock, to Taft Ground Motion

Maximum Maximum Tensile Stress (psi)

Radial

Crest Upstream Face Downstream Face
Case Water a

Displacement

(inches) Arch Cantilever Arch Cantilever

Stress Stress Stress Stress

(a) Response to Upstream (S69E Component of Taft) Ground Motion

5 None - 0.49 308 117 273 115

6 Full 1.0 1.11 760 275 721 188

7 Full 0.5 0.79 555 171 519 176

8 Full 0 0.91 618 173 561 178

(b) Response to Vertical Component of Taft Ground Motion

5 None - 0.11 92 62 67 49

6 Full 1.0 2.10 1435 427 1332 182

7 Full 0.5 0.54 380 123 333 69

8 Full 0 0.27 180 79 147 61

(c) Response to Cross-stream (S2IW Component of Taft) Ground Motion

5 None - 0.46 211 106 205 106

6 Full 1.0 0.60 340 212 237 164

7 Full 0.5 0.49 257 107 216 109

8 Full 0 0.68 345 143 290 149

(d) Response to Upstream, Vertical, and Cross-stream Components,

Simultaneously, of Ground Motion

5 None - 0.71 337 143 281 151

6 Full 1.0 2.61 1821 522 1684 377

7 Full 0.5 0.85 624 214 558 212

8 Full 0 0.90 652 228 537 237

* Effects of static loads are excluded.
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As mentioned in Section 4.5, foundation flexibility affects the response of the dam in a simpler

manner than does dam-water interaction because, unlike impounded water, the foundation rock does

not have any resonant frequencies as it is assumed to be massless. As seen by comparing Cases 1 and

5 in Table 5.1, the fundamental period is slightly lengthened and the effective damping is reduced, in

part, because the foundation region is undamped. In this particular case the combined change in the

. vibration period and damping ratio results in a slight reduction of the pseudo-acceleration response

spectrum ordinate for each of the three components of ground motion.

In spite of this reduction of the spectrum ordinate, the response of the dam increases slightly

because of foundation flexibility. Most of the responses are increased, primarily because of the

increase in effective earthquake forces in individual vibration modes arising from modification in the

mode shapes due to foundation flexibility. However, foundation flexibility does not significantly alter

the general pattern of maximum stresses, presumably because the relative values of the various modal

contributions are not significantly affected by foundation flexibility. The arch stresses are greater than

the cantilever stresses over both faces of the dam (Table 5.3), another observation that is not affected

by foundation flexibility.

5.6 Dam-Water Interaction Effects with Flexible Foundation Rock

5.6.1 Hydrodynamic Effects

As demonstrated in Chapter 4, the effects of dam-water interaction on the response of dam to

harmonic ground motion in the upstream, vertical or cross-stream directions are qualitatively similar

for rigid and flexible foundation rock. In particular, the percentage increase in the fundamental

period due to hydrodynamic effects is approximately the same whether the foundation rock is rigid or

flexible. This is further demonstrated for the symmetric vibration period and antisymmetric vibra

tion period by comparing the results for Cases 1 and 2 with 5 and 6 in Table 5.1.

The displacement and stress responses of Morrow Point Dam on a flexible foundation to the

three components of Taft ground motion are presented in Figures 5.10 to 5.16. As seen by compar

ing part (a) with (b) in each of these figures and the summarized results in Cases 5 and 6 of Table 5.3,
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hydrodynamic effects generally increase the displacement and stress responses to all three components

of ground motion. For example, the maximum crest displacement of the dam due to the upstream

component of ground motion increases from 0.49 in. to 1.11 in.; the maximum arch stress increases

from 308 psi to 760 psi on the upstream face, and from 273 psi to 721 psi on the downstream face;

the maximum cantilever stress increases from 117 psi to 275 psi on the upstream face, and from 115

psi to 188 psi on the downstream face [Table 5.3(a)]. In general, hydrodynamic effects influence the

distribution pattern of the maximum stresses for the dam similarly whether the foundation rock is

flexible or rigid, except for some differences. For example, the distribution of the arch stress over

both the upstream and downstream faces of the dam due to the cross-stream component of ground

motion is not much affected by hydrodynamic effects, unlike the case of rigid foundation [compare

Figures 5.15(a), (b) and 5.16(a), (b) with Figures 5.7(a), (b) and 5.8(a), (b)]. However, as in the case

of a rigid foundation rock, the arch stresses are generally much larger than the cantilever stresses over

both faces of the dam on flexible foundation rock, irrespective of the reservoir condition (Table 5.3).

The earthquake response results presented here confirm the conclusions of Chapter 4 based on

frequency response functions that foundation flexibility does not have much influence on the hydro

dynamic effects in the dam response. The hydrodynamic effects influence the dam response similarly

whether the foundation rock is rigid or flexible [compare parts (a) and (b) of Figures 5.10 to 5.16 with

parts (a) and (b) of Figures 5.2 to 5.8, and Cases 5 and 6 in Table 5.3 with Cases 1 and 2 in Table

5.2].

5.6.2 Effects ofReservoir Boundary Absorption

The effects of absorption of hydrodynamic pressure waves at the reservoir boundary on the

response of the dam supported on flexible foundation to the three components of Taft ground motion

can be seen from the results shown in parts (b), (c), and (d) of Figures 5.10 to 5.16, and from Cases 6,

7, and 8 in Table 5.3. From these results, it is apparent that with increasing wave absorption, with (\'

decreasing from 1.0 to 0.5, reduces the response of the dam to all three components of ground

motion, similar to the case of rigid foundation rock discussed earlier [compare parts (b) and (c) of

Figures 5.10 - 5.16 with Figures 5.2 - 5.8]. As discussed in Section 5.4.2, the reduction in response
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arises in part from the reduction in the ordinate of the pseudo-acceleration spectrum due to increased

effective damping arising from reservoir boundary absorption (Table 5.1).

However, with further increase in the absorptiveness of the reservoir boundary materials, with ex

decreasing from 0.5 to 0, the response of the dam to upstream and cross-stream ground motions gen

erally increases contrary to intuition, while the responses to vertical ground motion decrease as

expected [compare parts (c) and (d) of Figures 5.10 to 5.16 and Cases 7 and 8 in Table 5.3]. This

increase in responses to cross-stream ground motion is similar to what was observed earlier with a

rigid foundation rock [compare parts (c) and (d) of Figures 5.10, 5.15, 5.16 with Figures 5.2, 5.7, 5.8;

and Cases 7 and 8 in Table 5.3(c) with Cases 3 and 4 in Table 5.2(c)]. As mentioned in Section 5.4.2,

reservoir boundary absorption reduces the second resonant peak, thus decreasing the relative

significance of the second mode response in case of cross-stream ground motion. However, as also

mentioned in Section 5.4.2, reservoir boundary absorption decreases somewhat the "added" hydro

dynamic force, which is opposite in phase compared to the effective earthquake force associated with

the mass of the dam at the fundamental resonant frequency, thus increasing the fundamental resonant

peak. This increase in the fundamental mode contribution becomes more significant with increase in

the absorptiveness of the reservoir boundary materials so that the response increases as ex decreases

from 0.5 to O. For the selected dam-foundation system and ground motion, this increase in the fun

damental mode contribution with increase in the absorptiveness of the reservoir boundary materials

may completely offset the above-mentioned decrease in the second mode contribution so that some of

the responses with ex = 0 are greater than the corresponding responses with ex = 1.0 [compare Figures

5.10(b) and 5.10(d), 5.15(b) and 5.15(d), 5.16(b) and 5.16(d), and Cases 6 and 8 in Table 5.3(c)].

The slight increases in the response to upstream ground motion as ex decreases from 0.5 to 0 are,

for the most part, in contrast to the trend with a rigid foundation [compare parts (c) and (d) of Fig

ures 5.10, 5.11, 5.12 with Figures 5.2, 5.3, 5.4; and Cases 7 and 8 in Table 5.3(a) with Cases 3 and 4

in Table 5.2(a)]. The added damping decreases, contrary to intuition, with increasing wave absorp

tion at the fundamental resonant frequency (Chapter 4), resulting in a decrease in the effective damp

ing ratio (Table 5.1) and a corresponding increase in Sa (T, H) (Table 5.1), and thus slight increases



150

in the responses.

As in the case of rigid foundation rock, the response to vertical ground motion is greatly

decreased by wave absorption even if the foundation rock is flexible; and reservoir boundary absorp

tion eliminates somewhat the cantilever stress redistribution due to hydrodynamic effects for all three

components of ground motion. However, as in the case of a rigid foundation rock, reservoir boun

dary absorption does not alter the observation that the arch stresses are greater than the cantilever

stresses over both faces of the dam (Table 5.3).

5.7 Relative Significance of Response to Ground Motion Components

As seen in the preceding sections of this chapter, the earthquake response of Morrow Point Dam

is increased by dam-water interaction and generally decreased by reservoir boundary absorption with

the magnitude of these effects depending little on the condition of foundation rock, rigid or flexible,

but significantly on the component of ground motion. In particular, both dam-water interaction and

reservoir boundary absorption profoundly affect the response of the dam to vertical ground motion,

but have relatively less -- although significant -- effect on the response to upstream or cross-stream

ground motion. Stated differently, the response of the dam with an empty reservoir due to vertical

ground motion expressed as a 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 rigid

reservoir boundary; and from this increased value it decreases significantly because of reservoir boun

dary absorption.

The response of the dam to the three components, separately and simultaneously, of Taft

ground motion is presented in Figures 5.17 to 5.36 to evaluate the significance of the various ground

motion components in the total dynamic response of the dam. All the conclusions stated in the

preceding 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 response history of crest displacement in

Figures 5.17 and 5.18 for rigid foundation rock and Figures 5.27 and 5.28 for flexible foundation
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Figure 5.17 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) emp
ty reservoir, and (ii) full reservoir with rigid reservoir boundary (0: = 1).
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Figure 5.18 Displacement response of Morrow Point Dam on rigid foundation rock with full reser
voir and absorptive reservoir boundary due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion: (i) (\' = 0.5, and (ii) (\' = O.
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rock. If the reservoir is empty, the contribution of the response to the vertical component is very

small whether the foundation rock is rigid [Figure 5.17(a) for crest displacement and Figures 5.19 and

5.20 for stresses] or flexible [Figure 5.27(a) for crest displacement and Figures 5.29 and 5.30 for

stresses]; and the contribution of the response to cross-stream ground motion is generally smaller than

that due to upstream ground motion whether the foundation rock is rigid [Figure 5.17(a) for crest dis

placement and Figures 5.19 and 5.20 for stresses] or flexible [Figure 5.27(a) for crest displacement

and Figures 5.29 and 5.30 for stresses].

For dams with impounded water, however, the main implication of the phase difference

between the responses to the three components of ground motion is that the contribution to the max

imum response from the vertical component may not be as significant as noted earlier from the dam

responses to the individual ground motion components. For example, if the reservoir boundary is

absorptive with a = 0.5, the increase of the maximum stresses in the dam with full reservoir is not as

large (Figures 5.23 and 5.24 for rigid foundation rock and Figures 5.33 and 5.34 for flexible founda

tion rock) as would be expected from the significant stresses due to vertical component alone. How

ever, when the reservoir boundary is rigid, the response to the vertical component is so large that it

dominates the total response irrespective of the phase differences among responses to the individual

components [Figures 5.17(b), 5.21 and 5.22 for rigid foundation rock and Figures 5.27(b), 5.31 and

5.32 for flexible foundation rock].

The most important implication of these response results and their interpretation is that the

assumption of a rigid reservoir boundary overestimates the significance of the response of the dam to

vertical ground motion. The large amplification of response to vertical ground motion for excitation

frequencies equal to the natural vibration frequencies of the infinite uniform channel of the reservoir

predicted by the assumption of a rigid reservoir boundary are unlikely because of the alluvium 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 con

crete arch dams, especially of the response to vertical ground motion and its contribution to the total

dynamic response.
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Figure 5.27 Displacement response of Morrow Point Dam on flexible foundation rock due to
upstream, vertical and cross-stream components, separately and simultaneously, of Taft ground mo
tion: (i) empty reservoir, and (ii) full reservoir with rigid reservoir boundary (a = 1).
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Figure 5.28 Displacement response of Morrow Point Dam on flexible foundation rock with full reser
voir and absorptive reservoir boundary due to upstream, vertical and cross-stream components,
separately and simultaneously, of Taft ground motion: (i) a = 0.5, and (ii) a = O.
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5.8 Practical Earthquake Analysis of Arch Dams

The analytical procedure and computer program is very efficient in obtaining the earthquake

response results presented in the preceding sections. Therefore, it is an effective tool in the design of

new arch dams and in the evaluation of the safety of existing arch dams. However, in such practical

application, the effects of the static loads should be included into the earthquake response of the dam

to the three components of ground motion considering dam-water interaction, reservoir boundary

absorption, and foundation rock flexibility.

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. A wave reflection coefficient ex = 0.5 at the reservoir boundary was selected.

Figure 5.37 shows the time history of 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 2.3(a)]. Figure 5.38 shows the time history of arch and cantilever stresses on the

upstream face at stress points 1 and 10 and on the downstream face at stress points 31 and 53 [Figure

2.3(a)]. Figure 5.39 shows the distribution of envelope values of the maximum 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 earth

quake.

The computation time required for a complete earthquake analysis of this selected dam is shown

as Case 7 in Table 5.4. Also included in Table 5.4 are the computation times required for response

analyses of the dam under aiternative assumptions for the effects of impounded water, foundation

rock and the reservoir boundary materials. The additional computation time required to consider

dam-water interaction is significant because of the complications associated with the evaluation of

hydrodynamic terms for three-dimensional fluid domains. Also consideration of foundation rock

flexibility in the analysis increases the computational time because of the additional effort required

for computing the foundation-rock stiffness matrix, the additional DOF at the dam-foundation rock

interface, and the larger number of generalized coordinates required. In earlier analyses [9], the
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UPSTREAM FACE

Cantilever Stress Arch Stress

200

DOWNSTREAM FACE

100

Cantilever Stress Arch Stress

-300

Figure 5.39 Envelope values of maximum arch and cantilever stresses (in psi) in Morrow Point Dam
on flexible foundation rock with full reservoir and absorptive reservoir boundary (a = 0.5) due to
upstream, vertical, and cross-stream components, simultaneously, of Taft ground motion. Initial stat
ic stresses are included.
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Table 5.4 -- Computation Times for Complete Analysis of

Morrow Point Dam to Upstream, Vertical and Cross-stream Components,

Simultaneously, of Taft Ground Motion

Foundation Reservoir No. of Central Processor

Time' (sec)
Case Rock Water Boundary Generalized

Coordinates Efficient Standard Ratio

1 rigid empty - 12 47 47 100%

2 rigid full rigid 12 152 544 28%

3-4 rigid full absorptive 12 113 892 13%

5 flexiblet empty - 18 113 113 100%

6 flexible t full rigid 18 249 652 38%

7-8 flexible t full absorptive 18 204 993 21%

* CDC 7600 Computer

t Foundation rock region shown in Figure 2.3(b) with RJ = Hs
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computational effort increased by a factor of 7 to 8 to include wave absorption at reservoir boundary.

However, the efficient evaluation of hydrodynamic terms developed in this work, the interpolation of

the frequency response functions, and more efficient computer programming make it possible to

include this effect without any increase in the computational effort. For Cases 2, 3, 4, 6, 7, and 8 of

Table 5.4 wherein dam-water interaction effects are considered, the total computational time required

by the efficient procedure presented in Section 3.5 varies between 13 % and 38 %, approximately, of

that required in the standard procedure (see also Section 3.5).



6. CONCLUSIONS

The earlier analytical procedure [5,9] to evaluate the steady-state response of arch dams to har

monic ground motion, including the effects of impounded water and of alluvium and sediments usu

ally found at the bottom and sides of the reservoir, has been extended to consider the flexibility of the

foundation rock and to include Fourier synthesis of harmonic responses to obtain earthquake

responses. In addition, this earlier analytical procedure has been improved by incorporating more

efficient analytical formulations and computational procedures for evaluating the hydrodynamic

terms. Moreover, rational expressions are used as interpolating functions for the frequency response

functions for the generalized coordinates of the dam-foundation system, thus reducing the number of

frequency points at which a response function must be computed exactly. As a result of these

improvements, the computational costs for analyzing arch dams have been reduced by an order of

magnitude. Thus, the resulting analytical procedure and computer program described in Chapter 3 is

an effective tool for computing the earthquake response of proposed designs for new arch dams and

in evaluating the seismic safety of existing dams.

Utilizing this analytical procedure, the effects of dam-water interaction, reservoir boundary

absorption, and foundation-rock flexibility on the response of a selected arch dam to harmonic

ground motion have been investigated. The results for the frequency response functions presented for

a wide range of system parameters lead to the following conclusions:

1. The hydrodynamic pressures and hence forces on a rigid dam are significantly influenced

by water compressibility and reservoir boundary absorption. With a rigid (non-absorptive)

reservoir boundary, the hydrodynamic force is unbounded due to harmonic vertical or

cross-stream ground motions with excitation frequency equal to one of the natural frequen

cies, w~s of the symmetric modes, or w~a of the antisymmetric modes, of the infinite uni

form channel, respectively; however, the force due to upstream ground motion is finite at

w~s. Reservoir boundary absorption eliminates the unbounded peaks of the frequency

response function at w~s or w~a, and generally smoothens the frequency response curve.
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2. Dam-water interaction reduces the fundamental resonant frequency of the dam to Wr , a

value below both WI and wI. the fundamental natural frequencies of the dam (on rigid

foundation rock without water) and of the infinite uniform channel. These are the fre-

quencies associated with the symmetric vibration modes in the case of upstream or vertical

*ground motion, or with the antisymmetric modes in case of cross~streamground motion.

Dam-water interaction increases the fundamental resonant peak due to upstream or verti-

cal ground motion because of an added hydrodynamic force which is in-phase with the

effective earthquake inertial force, but decreases that due to cross-stream ground motion

because of a subtracted hydrodynamic force which is opposite-phase with the effective

earthquake inertial force. At higher excitation frequencies, energy radiation due to propa-

gation of hydrodynamic pressure waves in the upstream direction reduces the response of

the dam to below that for the dam with an empty reservoir, for all three components of

ground motion.

3. Reservoir boundary absorption generally reduces the fundamental resonant response due

to upstream or vertical ground motion, because it reduces the added hydrodynamic force

and introduces an added damping; but it slightly increases the fundamental resonant

response to cross-stream ground motion because it reduces the subtracted hydrodynamic

force. It also reduces the unbounded peaks in the frequency response function at excita-

tion frequencies equal to w~ for vertical and cross-stream ground motion, and generally

smoothens the response curve. At excitation frequencies greater than wt, the radiation of

energy through upstream propagation of hydrodynamic pressure waves dominates the

energy radiation into the absorptive reservoir boundary materials, thus reducing their

effect.

4. The effects of water compressibility on the fundamental resonant response of the dam

become smaller with increasing flexibility of the dam. However, the effects of reservoir

The superscripts S and a are dropped in this and subsequent statements if they are valid for both
symmetric and antisymmetric modes.
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boundary absorption on dam response are not properly represented by analyses neglecting

water compressibility, although such an analysis provides a good approximation to the fun

damental resonant frequency wr •

5. Foundation-rock flexibility affects the frequency response functions for the dam in a

simpler manner than does dam-water interaction. It reduces the resonant frequencies of

the dam, and increases the fundamental resonant peak with narrower bandwidth.

6. Dam-water interaction lengthens the vibration periods of the dam, especially for the vibra

tion period associated with the fundamental symmetrical mode. Its effect is very small

when the reservoir is less than half full, but increases rapidly with water depth thereafter.

Foundation-rock flexibility has little effect on the percentage increase in vibration period

due to dam-water interaction, especially if the reservoir is close to full.

7. The effects of dam-water interaction on the dam response to any of the three ground

motion components are qualitatively similar for rigid and flexible foundation rock,

whether the reservoir boundary is absorptive or not, because dam-water interaction effects

generally dominate those of foundation-rock flexibility. In particular, the effects of reser

voir boundary absorption on dam response are about the same whether the foundation

rock is rigid or flexible.

8. Dam-water interaction lengthens the vibration period of the fundamental symmetrical

mode of the arch dam more than that of a gravity dam because the added hydrodynamic

mass has more effect on the mass of the slender arch dam than of the massive gravity dam.

Dam-water interaction lengthens the period of the fundamental antisymmetrical vibration

mode of an arch dam to a lesser degree than the symmetrical vibration mode of the arch

dam or a gravity dam. Foundation-rock flexibility, on the other hand, lengthens the vibra

tion period of the fundamental symmetrical or antisymmetrical mode of the arch dam less

than that of the gravity dam, because dam-foundation rock interaction effects are less

significant for arch dams because they are less massive compared to gravity dams.
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Utilizing the analytical procedure of Chapter 3, the earthquake response of Morrow Point Dam

to Taft ground motion was presented in Chapter 5 for a wide range of properties of the reservoir

boundary materials and various assumptions for the impounded water and foundation rock. These

results lead to the following conclusions:

1. The earthquake response of the dam is increased by dam-water interaction and decreased

by reservoir boundary absorption with the magnitude of these effects depending little on

the condition of the foundation rock, rigid or flexible, but significantly on the component

of ground motion.

2. Both dam-water interaction and reservoir boundary absorption have profound effect on the

response of the dam to vertical ground motion, somewhat less in the case of cross-stream

ground motion, and least -- although significant -- in the response to upstream ground

motion. In general, assuming a rigid (non-absorptive) reservoir boundary leads to unreal

istically large response for dams with impounded water, particularly due to vertical ground

motion.

3. Dam-water interaction and reservoir boundary absorption have more significant effect on

the response of the arch dam than on the response of a gravity dam to both horizontal and

vertical components of ground motion. This is because the added hydrodynamic mass,

damping, and force have more effect on the response of a slender arch dam than for a mas

sive gravity dam.

Since the effects of dam-water interaction, reservoir boundary absorption, and foundation-rock

flexibility depend, in part, on the particular dam and earthquake ground motion, the above conclu

sions deduced from the computed responses of Morrow Point Dam to Taft ground motion may not

apply in their entirety to all arch dams and ground motions. Whereas the detailed observations may

be problem dependent, the broad conclusions should apply to many cases.

The response of the selected arch dam to harmonic and earthquake ground motion demonstrates

that dam-water interaction, water compressibility, reservoir boundary absorption, and foundation

rock flexibility may significantly affect the earthquake response of arch dams. The earthquake
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analysis of arch dams including these effects can be effectively accomplished by the analytical pro

cedure and computer program described in Chapter 3.
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APPENDIX A: NOTATION

I = x, y ,z I-component of free-field ground acceleration

Fourier transform of ai (t)

parameter used in equation (3.40) to determine the frequency increment for interpo
lation of fj(w)

= 2D, horizontal width of a rectangular cross-section of the infinite fluid channel

fluid "damping" matrix for the irregular finite element region, with submatrices
B'b Bl2, B21 , and B22; where subscripts 1 and 2 refer to subscript-l and subscript-2
nodal points, respectively

fluid "damping" matrix for the finite element idealization of the infinite channel
cross-section

velocity of pressure waves in water

velocity of compression waves in the materials at reservoir boundary

i = 1,2,3,4 the four complex constants used in the interpolation equation (3.37) to
determine the generalized coordinate fj(w)

i = 1,2,3,4 the four constants Cij used in equation (3.39) to determine the general
ized coordinate fj(w) in frequency range n

duration of free-field ground motion

half-width of a rectangular cross-section of the infinite fluid channel

vector of normal accelerations for the irregular fluid finite element region, with sub
vectors D, and D2 corresponding to subscript-l and subscript-2 nodal points, respec
tively

vector D computed from the rigid-body motion / (s ,r) at the upstream face of the
dam and / (s',r) at the reservoir boundary

vector D computed from the modal acceleration ¢j(s ,r) at the upstream face of the
dam
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vector of normal accelerations for the finite element idealization of the infinite chan
nel cross-section

vector ni computed from i (s',r) at the reservoir boundary

vector ni computed from zero boundary accelerations due to the modal acceleration
¢j(s ,r) at the dam-water interface, i.e. a zero vector

Young's modulus of the foundation rock

Young's modulus of the materials at reservoir boundary

Young's modulus of the dam

x component of the total hydrodynamic force acting on half of the dam assumed
rigid due to unit harmonic free-field ground motion in the I direction, I = x, y, z

x component of the total hydrostatic force acting on half of the dam

the acceleration due to gravity

fluid "mass" matrix for the irregular finite element region, with submatrices
Gil, G\2, G2 l> and G22; where subscripts 1 and 2 refer to subscript-l and subscript-2
nodal points, respectively

fluid "mass" matrix for the finite element idealization of the infinite channel cross
section

= y coordinate of the free surface of water measured from the base of the dam; also
the maximum depth of the water in the infinite channel

Height of the dam

fluid "stiffness" matrix for the irregular finite element region, with submatrices
H Il , H\2, H21 , and H22; where subscripts 1 and 2 refer to subscript-l and subscript-2
nodal points, respectively

fluid "stiffness" matrix for the finite element idealization of the infinite channel
cross-section

number of vibration modes of the dam included in the analysis



I

L'(w)

n

p(x,Y,Z,w)

Pb(S ,r ,w)

iif(w)

q

ijf(w)

s,r
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stiffness matrix of the finite element idealization of the dam

stiffness matrix of the finite element idealization of the foundation rock condensed to
the dam-foundation interface degrees of freedom

expanded matrix of kf containing kf as the only non-zero submatrix

= x, y , Z, direction of the free-field ground motion

forcing vector of the dam-water-foundation rock system containing terms L~(w)

defined in equation (3.6)

mass matrix of the finite element idealization of the dam

inward normal direction at the free surface, upstream dam face or reservoir boundary
as illustrated in Figure 3.2

number of eigenvectors of the infinite channel included in the analysis in matrix 'If

frequency response function for the hydrodynamic pressure distribution

p(x ,Y ,Z ,w) at the upstream face of the dam due to boundary condition of equation
(3.3)

p(x ,Y ,Z ,w) at the upstream face of the dam due to boundary condition of equation
(3.4)

vectors of the hydrodynamic pressures p(x ,Y ,Z ,w) at subscript-l and subscript-2
nodal points

vector of the hydrodynamic pressures Pb (s ,r ,w)

vector of the hydrodynamic pressures Pj (s ,r ,w)

damping coefficient of the reservoir boundary materials

hydrodynamic force vector of pressure iit(w)

hydrodynamic force vector of pressure iif(w)

radius parameter describing the size of the foundation rock

spacial coordinates on the upstream dam face boundary of the fluid domain as illus
trated in Figure 3.2
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spacial coordinates on the reservoir boundary as illustrated in Figure 3.2

pseudo-acceleration value of a component of ground motion at period T and damp
ing ratio ~I; T is the fundamental vibration period, associated with the symmetric
mode for x or y ground motion, or associated with the antisymmetric mode for z
ground motion; ~I = H, H, or H respectively for x, y, or z ground motions

matrix of the dam-water-foundation rock system containing terms Snj(w) defined in
equation (3.6)

time

fundamental vibration period of the dam on rigid foundation rock with no water; T1
and T1 denote periods associated with symmetric and antisymmetric modes, respec
tively

nth vibration period of the dam on rigid foundation rock with no water

fundamental vibration period of the dam on flexible foundation rock including dam
water interaction; fs and fa denote periods associated with symmetric and antisym
metric modes, respectively

fundamental vibration period of the dam on flexible foundation rock with no water;
fJ and fJ denote periods associated with symmetric and antisymmetric modes,
respectively

fundamental vibration period of the dam on rigid foundation rock including dam
water interaction; 1': and 1': denote periods associated with the symmetric and
antisymmetric modes, respectively

nth vibration period of the dam on rigid foundation rock including dam-water
interaction

stress-displacement transformation matrix for finite element p of the dam

distance used in defining the connection surface [Figure 2.7(b)] in the modelling of
the foundation-rock region

nodal relative displacement vector for finite element p of the dam

nodal relative displacement vector for the dam

unit weight of the dam
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unit weight of water

jth generalized coordinate response time function to ai (t)

= f/nj ) = fj(n j ); the superscript I is dropped for convenience

vector of frequency response of generalized coordinates fj(w) of the dam-foundation
rock system

wave reflection coefficient of the reservoir boundary materials as computed in equa
tion (2.1)

coefficient describing the static displacement along the crown cantilever due to the
dead weight of the dam

coefficient describing the static displacement along the crown cantilever due to the
hydrostatic pressure with a full reservoir

square root of the jth eigenvalue of the y-eigenvalue problem of a rectangular section

Kronecker delta function

square root of the kth eigenvalue of the z-eigenvalue problem of a rectangular sec
tion; ot:(w) and oC(w) denote 0k(W) corresponding to symmetric and antisymmetric
eigenfunctions, respectively

function illustrated in Figure 3.2; when represented by i (s',r), it refers to s', r' coordi
nates

kth eigenfunction of the z-eigenvalue problem of a rectangular section given by equa
tions (3.20) or (3.22); fHz ,w) and fC(z ,w) denote symmetric and antisymmetric eigen
functions, respectively

constant hysteretic damping factor of the dam

vector related to P2(W) by equation (3.13)

angle describing the position along the dam crest measured from the x-y plane

= VA; - ~:, nth diagonal term in matrix Ie

fluid infinite channel diagonal matrix containing diagonal terms K n , n = 1,2, . . . ,N'"
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jth eigenvalue of an infinite fluid channel of an arbitrary section as determined in
equation (3.11)

the eigenvalue of a rectangular section infinite channel given by equation (3.l6a)

jth eigenvalues of the lower and upper bound rectangular sections for an arbitrary
section

coefficient describing the static arch stress adjacent to the crown cantilever due to the
dead weight of the dam

coefficient describing the static arch stress adjacent to the crown cantilever due to the
hydrostatic pressure with a full reservoir

Poisson's ratio for the dam

Poisson's ratio for the foundation rock

damping ratio at the fundamental period estimated using the half-power bandwidth
method; ~f, H, and H denote respectively the fundamental damping ratio associated
with the x, y, and z ground motions

mass density of water

mass density of the materials at reservoir boundary

stress vector for finite element p of the dam

function representing the normal component of the jth mode shape cPj at the dam
water interface

jth natural mode shape vector of the dam-foundation rock system

subvector of cPn corresponding to the degrees of freedom on the dam-foundation
interface

subvector of cPn corresponding to the degrees of freedom on the dam-water interface

jth eigenfunction of the y-eigenvalue problem of a rectangular section given by equa
tion (3.18)

the eigenfunction of a rectangular section infinite channel given by equation (3.l6b)

nth eigenvector of an infinite fluid channel of an arbitrary section as determined in
equation (3.11)
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matrix containing the N"" eigenvectors 1/In of an infinite fluid channel

frequency

frequency interval given by equations (3.36a) or (3.36b) over which the eigenproper
ties of the infinite channel are linearly interpolated

frequency at which the fundamental eigenvalue Af(w) has reached close to its limiting
value at infinite W

nth natural frequency of the infinite fluid channel; w~s and w~a denote frequencies
associated with symmetric and antisymmetric eigenfunctions, respectively

maximum frequency in the frequency range of analysis

jth natural frequency of the dam on rigid or flexible foundation rock; wJ and wJ
denote natural frequencies associated with symmetric and antisymmetric modes ,
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

fundamental natural frequency of the complete reservoir domain (irregular region
and infinite channel) associated with the antisymmetric modes

jth natural frequency of the vertical height H of water of a rectangular section

kth natural frequency of the horizontal width D of water of a rectangular section

frequency interval for interpolation of y'(w); (LiW)min and (Liw)max denote its
minimum and maximum values, respectively

ith frequency at which equation (3.5) is solved exactly for subsequent interpolation

I =x, y ,z vector containing ones in the positions corresponding to the I translational
OOF of the dam, and zeros elsewhere



APPENDIX B: FLUID EIGENVALUE PROBLEM

The two-dimensional, y-z, eigenvalue problem of equation (3.11) for an infinitely long channel

cross-section can be represented in continuum form by the following equation [9]:

(B.I)

where t/;(y ,Z ,w) is the eigenfunction (related to the hydrodynamic pressure) and X2(w) is the eigen-

value, subjected to the following boundary conditions:

t/;(H,z,w) = 0 (B.2a)

(B.2b)

where y = H represents the free surface of the water inside the infinitely long channel and r is the

spacial coordinate along the reservoir boundary of the channel cross-section (see Figure 3.2).

B.I Fluid Eigenvalue Problem of a Rectangular Section Channel

For a rectangular section channel of depth H and width B = 2D, the eigenvalue problem

represented by equations (B. I) and (B.2) can be uncoupled into two, y and z, one-dimensional eigen-

value problems by the separation of variables:

t/;(Y ,Z ,w) = x(y ,wH(z ,w) (B.3)

Substituting equation (B.3) into equations (B.I) and (B.2) results in the following two sets of

equations governing x(y ,w) and t(z ,w):
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with the following equation relating the separation constants 1'2 and f/ to the eigenvalue ;\2:

(B.6)

Equation (BA) represents a one-dimensional eigenvalue problem in y with eigenvalue 'Y2(w) and

eigenfunction x(Y ,w), and equation (B. 5) represents a one-dimensional eigenvalue problem in z with

eigenvalue o2(w) and eigenfunction S(Z ,w).

For the y-eigenvalue problem, the jth eigenfunction, Xj(Y,w), that satisfies equation (BAa) is of

the form:

(B.7)

where 'Y](w) is the jth eigenvalue. Substituting equation (B.7) into equation (BAc) requires that

(B.8)

With A/w) chosen as ['Y/w) - wq]/2'Y/w) and substituting equation (B.8) into equation (B.7), the

eigenfunction Xj(Y,w) is then given by:

(B.9)
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which is the same as equation (3.18). Boundary condition of equation (BAb) then yields the follow-

ing transcendental equation governing the eigenvalue 'YJ (w):

e2i"O(w)H = _ 'Yj(w) - wq
'Yj(w) + wq

which is the same as equation (3.17).

(B.IO)

For the z-eigenvalue problem, the kth eigenfunction, fk(Z ,w), that satisfies equation (B.5a) is of

the form similar to equation (B.7):

r ( ) A ( ) -iOk(W)Z B ( ) iok(w)z
~k Z,w = k w e + k w e (B.ll)

where of(w) is the kth eigenvalue. Substituting equation (B.ll) into equation (B.5b) requires that:

(B.12)

Substituting equation (B.ll) into equation (B.5c) requires that:

(B.13)

Comparing equations (B.12) and (B.13) reveals that Ak(w) and Bk(W) are related by:

which means that fk (z ,w) in equation (B.ll) is:

fk(z ,w) = cos[ok(w)z] whenAdw) =Bk(w) = 1/2

U(Z ,w) = sin[of(w)z] whenAk(w) = -Bdw) = -1/2

(B.14)

(B.15a)

(B.15b)

which are the same as equations (3.20) and (3.22). Equation (B.15) shows that the eigenfunctions of

the z-eigenvalue problem are either symmetric or antisymmetric about the z = 0 axis. The super-

scripts s and a denote respectively the symmetric and antisymmetric eigenfunction and the associ

ated eigenvalue. For the kth symmetric eigenfunction U(z ,w), the associated eigenvalue [ok(w)ris

governed by equation (B.12) for Ak(w) =Bk(w), resulting in:

2iot(w)D ok(w) - wq
e =

ok(w) + wq
(B.16)
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which is the same as equation (3.19). The kth eigenvalue, [o£(w)r. associated with the antisym-

metric eigenfunction f£(z ,w), is governed by equation (B.12) for Ak(w) = -Bk(w), resulting in:

2i~f(w)D o£(w) - wq
e = -----

o£(w) +wq

which is the same as equation (3.21).

(B.17)

Therefore, the eigenfunctions t/t and eigenvalues >.2 of the rectangular section channel are related

to the eigenfunctions and eigenvalues of the two one-dimensional eigenvalue problems by rewriting

equations (B.3) and (B.6) as:

t/tjk(Y,Z ,w) = Xj(Y ,w)fdz ,w)

>.Mw) = 'Y](w) + of(w)

(B.18a)

(B.18b)

where the subscript jk for t/t and >.2 refer to the particular eigenfunction and eigenvalue corresponding

to the jth eigenfunction of the y-eigenvalue problem and the kth eigenfunction of the z-eigenvalue

problem. Because of the symmetry or antisymmetry of fk(Z ,w), t/tjk(y'Z ,w) is either symmetric or

antisymmetric about the z = 0 axis; superscripts s or a can be added to fb Of, t/tjk and >.A in equation

(B.18).

B.2 Boundary Condition at the Absorptive Reservoir Boundary of the Fluid Eigenvalue Problem As the

Excitation Frequency Tends to Infinity

The boundary condition at the reservoir boundary of the eigenvalue problem with wave absorp-

tion included as given in equation (B.2b) can be rewritten as:

: (r,w) = iwq t/t(r,w) (B.19)

As w _ 00, for non-zero q (absorptive reservoir boundary), wq - 00. In order to maintain the normal

gradient of t/t to a finite value on the left hand side of equation (B.19), the value of t/t must vanish at

the reservoir boundary so that the product of wq and t/t is a finite value. That is,

lim t/t(r,w) = 0
w-ao

(B.20)
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Since the hydrodynamic pressure p in the infinite channel is a linear combination of the eigenfunc-

tions if; [9] [see equation (3.13) at the transmitting plane], equation (B.20) leads to:

lim p(s',r',w) = 0w__oo (B.21)

in the infinite channel. Therefore, as the excitation frequency approaches infinity, the absorptive

reservoir boundary behaves like a free surface in this fluid eigenvalue problem.



APPENDIX C: TWO MODE FREQUENCY RESPONSE FUNCTION FOR

THE DAM-FOUNDATION SYSTEM WITH INCOMPRESSIBLE WATER

Including only two generalized coordinates of the dam-foundation system in equation (3.5) and

neglecting water compressibility, which leads to hydrodynamic terms independent of excitation fre-

quency; equation (3.5) can be written as:

(C.l)

where Mi>M2,Ki>K2,Kfli>Kf12 ,Kf22,Q,L~,and L~ are real constants independent of the excitation

frequency and they are defined as:

(C.2)

i =1, 2, j = 1, 2

Subscripts 1 and 2 in equations (C.l) and (C.2) refer to the two generalized coordinates included.

Comparing with equation (3.6), it can be seen that the frequency dependency of the hydrodynamic

terms is neglected here.

Equation (C.l) can be solved using Cramer's rule, resulting in the following expressions for
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(C.3a)

(C.3b)

where

An observation of equation (C.3) indicates that fj( w), j = 1, 2, can be expressed in the following

form:

j = 1,2 (C.4)

which is the same as equation (3.37). The constant Clj is real-valued; and the constants C2j , C 3j ,

and C 4j are complex-valued, in which the imaginary parts come from the constant hysteretic damp

ing in the dam represented by the factor "Is' Just like fj(w), these constants also depend on the

ground motion component, I =x, y or z, but this superscript is dropped for convenience.
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