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ABSTRACT

In order to design earthquake resistant dams and to evaluate the safety of existing dams during

future earthquakes, reliable analytical procedures are necessary to predict earthquake induced stresses

and deformations. The objectives of this work are to develop efficient techniques for analyzing the

earthquake response of concrete gravity dams and investigate how dam-water-foundation rock interac

tion, and alluvium and sediments that invariably deposit at the bottom of reservoirs, affect the dam

response.

In an initial investigation of the fundamental mode response of dams, the reservoir bottom

materials are modelled approximately by a reservoir bottom that partially absorbs incident hydro

dynamic pressure waves. It is demonstrated that reservoir bottom absorption provides an important

energy radiation mechanism that can significantly affect the earthquake response of concrete gravity

dams. A general analytical procedure, based on the substructure method, is then developed to compute

the response of concrete gravity dams to arbitrary earthquake ground motion including the simultane

ous effects of dam-water interaction, dam-foundation rock interaction and reservoir bottom absorption.

Utilizing the analytical procedure the response of dams to harmonic and earthquake ground

motion is computed for a wide range of parameters characterizing the dam, water, foundation rock and

reservoir bottom materials. It is shown that: (a) the earthquake response of concrete gravity dams is

increased by dam-water interaction, but decreased by reservoir bottom absorption with the magnitude

of these effects dependent on the flexibility of the foundation rock; (b) dam-water interaction and

reservoir bottom absorption both have a profound effect on the response of dams to vertical ground

motion, but relatively less effect on the response to horizontal ground motion if foundation-rock flexi

bility is considered; (c) the significance of the response of concrete gravity dams to vertical ground

motion was overestimated in earlier studies that assumed a rigid reservoir bottom; and (d) the

compressibility of the water should be considered in the earthquake analysis of concrete gravity dams

because the effects of dam-water interaction and reservoir bottom absorption are not properly

represented by the assumption of incompressible water.

i . b
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1. INTRODUCTION

In order to design earthquake resistant dams and to evaluate the safety of existing dams during

future earthquakes, reliable analytical procedures are necessary to predict the earthquake induced

stresses and deformations. The early research [5,6] was directed towards the analysis of hydrodynamic

effects in the earthquake response of concrete gravity dams. An analytical procedure, based on the sub

structure method, was developed to compute the earthquake response of dams including the dynamic

effects of the impounded water [3], Utilizing this analytical procedure it was shown that dam-water

interaction and water compressibility have a significant influence on the dynamic response of concrete

gravity dams [4]; and that the contribution of the vertical component of ground motion to the total

response was especially important in the earthquake response of dams because of the large hydro

dynamic pressure developed in the lateral direction [2,4].

Subsequently, the substructure method was extended to include the effects of interaction between

the dam and flexible foundation rock, which was idealized as a viscoelastic half-plane [8]. Utilizing this

analytical procedure it was shown that the response of concrete gravity dams is generally influenced to a

significant degree by dam-water interaction and dam-foundation rock interaction [I 0, II],

In the substructure method formulation, hydrodynamic effects contribute additional frequency

dependent terms in the frequency domain equations of motion for the dam [3], These hydrodynamic

terms can be interpreted as added mass, added damping and added force contributions of the

impounded water. They are obtained from the solution of the wave equation for appropriate accelera

tions at the boundaries of the fluid domain. In the analytical procedure [8] all the hydrodynamic terms,

except the added force associated with vertical ground motion, were determined under the assumption

that the reservoir bottom is rigid, causing complete reflection of hydrodynamic pressure waves incident

at the reservoir bottom. Under this assumption, the hydrodynamic pressure on a rigid dam due to vert

ical ground motion, and similarly the associated added force, are very large because hydrodynamic pres

sure waves do not propagate in the upstream direction, resulting in a truly undamped system without

any energy loss. This recognition [5] led to a damping boundary condition arising from partial absorp

tion of hydrodynamic pressure waves at the reservoir bottom [25] that was incorporated in subsequent

1
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further demonstrated that an absorptive reservoir bottom provides an important energy radiation

mechanism, through refraction of pressure waves into the layer of reservoir bottom materials, that

should be considered in the earthquake analysis of dams.

Because the effects of reservoir bottom absorption are shown to be significant in Chapter 3, a pre

viously developed general analytical procedure [8], which considers all the important vibration modes in

the earthquake response of concrete gravity dams including dam-water-foundation rock interaction, is

extended in Chapter 4 to include the effects of absorptive reservoir bottom materials, such as alluvium

and sediments. The general analytical procedure is based on the substructure method, wherein each

substructure, dam, impounded water, foundation rock and layer of reservoir bottom materials, is ideal

ized in a manner appropriate to its properties and dynamic behavior. The interaction between the

impounded water and reservoir bottom materials is approximately modelled by introducing a boundary

condition that allows partial absorption of hydrodynamic pressure waves incident on the reservoir bot

tom. Including reservoir bottom absorption does not change the form of the frequency domain equa

tions for the dam-water-foundation rock system, but it does affect the hydrodynamic terms. Contin

uum solutions for the hydrodynamic terms including reservoir bottom absorption are presented and

numerical methods for their efficient evaluation are discussed.

The objective of Chapter 5 is then to ascertain the manner in which the response of dams is

affected by reservoir bottom absorption for a wide range of basic parameters characterizing the dam,

impounded water, foundation rock and reservoir bottom materials. The response of an idealized dam

monolith to harmonic horizontal or vertical ground motion is presented in the form of frequency

response functions. Based on these response results, the effects of reservoir bottom absorption on the

response of the dam including its interaction with the impounded water and foundation rock are investi

gated and shown to influence significantly the response of dams.

Chapter 6 presents the displacement and stress responses of the tallest, non-overflow monolith of

Pine Flat concrete gravity dam to Taft ground motion for a range of properties for the reservoir bottom

materials and various assumptions for the impounded water and foundation rock. Based on the results

from these analyses, the effects of reservoir bottom absorption, dam-water interaction and dam-



2. SYSTEM AND GROUND MOTION

The system considered consists of a concrete gravity dam supported on the horizontal surface of

underlying flexible foundation rock and impounding a reservoir of water (Figure 2.0. For computing

the response of the dam to intense earthquake ground motion, it is appropriate to consider the two

dimensional vibration of indivIdual dam monoliths. This assumption, based on observations during

forced vibration tests of Pine Flat Dam and the earthquake response of Koyna Dam, is discussed else

where in detail [8,24]. The system is analyzed under the assumption of linear behavior for the concrete

dam, the impounded water and the foundation rock. Thus, the possibilities of concrete cracking [23] or

water cavitation [31] are not considered.

The selected monolith or dam cross-section is idealized as a two-dimensional finite element sys

tem in order to model arbitrary geometry and elastic material properties of the dam. However, certain

restrictions are imposed on the geometry of the dam to permit a continuum solution for hydrodynamic

pressure in the impounded water. For the purpose of determining hydrodynamic effects, and only for

this purpose, the upstream face of the dam is assumed to be vertical. This assumption is reasonable for

actual concrete gravity dams because the upstream face is vertical or almost vertical for most of the

height, and the hydrodynamic pressure on the dam face is insensitive to small departures of the face

slope from vertical [30], especially if these departures are near the base of the dam, which is usually the

case. The water impounded in the reservoir is idealized by a fluid domain of constant depth and

infinite length in the upstream direction. The foundation rock underlying the dam and reservoir bot

tom materials is idealized as a homogeneous, isotropic, viscoelastic half-plane.

The bottom of a reservoir upstream of a dam may consist of highly variable layers of exposed

bedrock, alluvium, silt and other sedimentary material. Because these reservoir bottom materials are

not adequately modelled by the viscoelastic half-plane idealization of the foundation rock, they are

approximately modelled, as described in Chapters 3 and 4, by a boundary condition at the reservoir bot

tom that allows partial absorption of incident hydrodynamic waves.

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

thickness of sediment layer can be recognized in the analytical procedure by correspondingly reducing

5
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H

Md iilU) + 2~lWl Yj(f) +wr r{(f)] = -L{ a1(f) + f p'(O,y,f)€/>{(O,y) dy
o

where

0.2)

M

is the generalized mass in w

over the cross-sectional are

vibration mode; WI is the f'

with an empty reservoir;

and p'(O,y, f) is the hyd

the dam.

Assuming water 1

tude, irrotational moti'

0.3)

»

where p(x,y, f) is tl :ity

of pressure waves j mi·

cal upstream face ,dary

conditions for eq lamie

pressure.

The norm Ie total

acceleration of

0.6)

where p is tl ...=0) and,

contrary to ...._
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on the reservoir bottom results in a reflected hydrodynamic pressure wave in the water and two

refracted waves, dilatational and rotational, in the reservoir bottom materials. The angle of reflection is

equal to the angle of incidence and the angles of refraction of the two refracted waves are given by

Snell's law. Although the boundary condition given by equation 0.7) allows for proper reflection of

hydrodynamic pressure waves for any angle of incidence, the only refracted waves allowed in the layer

of reservoir bottom materials are downward, vertically propagating dilatational waves.

The fundamental parameter that characterizes the effects of absorption of hydrodynamic pressure

waves at the reservoir bottom is the admittance or damping coefficient q. The wave reflection

coefficient a, which is the ratio of the amplitude of the reflected hydrodynamic pressure wave to the

amplitude of a vertically propagating pressure wave incident on the reservoir bottom, is related to the

damping coefficient [17,25; and Appendix Al by

0'=
1- qC
1 + qC

0.9)

The wave reflection coefficient a is a more physically meaningful description of the behavior of hydro-

dynamic pressure waves at the reservoir bottom than is the damping coefficient q. Although the wave

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

the value a for vertically incident waves, as given by equation 0.9), is used here for convenience. The

wave reflection coefficient a may range within the limiting values of 1 and -1. For rigid reservoir bot-

tom materials, C, = 00 and q = 0, resulting in a = 1. For very soft reservoir bottom materials, C,

approaches zero and q = 00, resulting in a = -1. The material properties of the reservoir bottom

medium are highly variable and depend upon many factors. It is believed that a values from 1 to 0

would cover the wide range of materials encountered at the bottom of actual reservoirs. Two typical

examples for homogeneous materials are: competent sandstone (£r = 2 million psi, unit weight

=120 Ib/ft3) has 0'=0.56; dense sand (£r=0.2 million psi, unit weight =100 Ib/ft 3) has 0'=0.

The motion of the dam, as governed by equation 0.2), is affected by the hydrodynamic pressure

in the second term on the right side of the same equation; and the hydrodynamic pressure, as governed

by equation 0.5) subject to the boundary conditions of equations 0.6) to 0.8), is affected by the
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according to equations 0.10) and 0.10, can be separated into boundary conditions for P6(x,y,w) and

Pl(X,y,W). The frequency response function P6(x,Y,w) for the hydrodynamic pressure due to horizon-

tal ground acceleration of a rigid dam is the solution of equation 0.13) subject to the following boun-

dary conditions:

fJp
fJx (O,Y,w) = -p

~~ (x,O,w) - iwq p(x,O,w) = 0

p(x,H,w) = 0

0.15)

The frequency response function Pb (x,y,w) for the hydrodynamic pressure due to vertical ground

acceleration of a rigid dam is the solution of equation 0.13) subject to the following boundary condi-

tions:

~~ (x,O,w) - iwq p(x,O,w) = -p

p(x,H,w) = 0

0.16)

The frequency response function PI (x,y,w) for the hydrodynamic pressure due to horizontal accelera-

tion fb ((O,y) of the upstream face of a dam in its fundamental vibration mode is the solution of equa-

tion 0.13) subject to the following boundary conditions:

~~(O,y,w) = -pfb{(O,y)

0.17)

p(x,H,w) = 0

The complex-valued frequency response functions P6(x,y,w) and PI(x,y,w) for hydrodynamic

pressure can be obtained using standard solution methods for boundary value problems. They are

derived in Appendix B and summarized below for the upstream face of the dam (x=O):
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r 2n-l C
w =--7T-

n 2 H

0.22a)

0.22b)

where w;' are the natural vibration frequencies of the impounded water with rigid reservoir bottom; and

0.23)

Furthermore, equation 0.18) reduces to the expressions derived earlier [2,3,25] for a rigid reservoir

bottom (Appendix C).

The substitution of equation 0.14) into equation 0.12) leads to the frequency response function

for the fundamental modal coordinate for a dam subjected to the I-component of harmonic free-field

ground acceleration (/= x,y):

in which

H

B6 (w) = - f Pb (O,y,w) </J ((O,y) dy
o

H

BI(w) = - f PI(O,y,w) </J{(O,y) dy
o

0.24)

0.25a)

0.25b)

where Pb CO,y,w) and PI CO,y,w) were presented in equation 0.18). The effects of dam-water interac-

tion and reservoir bottom absorption are contained in equation 0.24) through the frequency-dependent

terms B6 (w) and B I (w). Hydrodynamic effects can be interpreted as modifying the properties of the

dam by introducing an added force B6 (w), an added mass represented by the real-valued component of

BI (w), and an added damping represented by the imaginary-valued component of BI (w). The added

mass arises from the portion of the impounded water that reacts in phase with the motion of the dam.

The added damping arises from the radiation of pressure waves in the upstream direction, away from

the dam, and from their refraction and absorption into the absorptive reservoir bottom materials.
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the upstream direction of the infinitely-long fluid domain, resulting in radiation of energy. As the exci

tation frequency increases past w~, the hydrodynamic force contribution of the nth mode changes from

a pressure function that decays exponentially to one that propagates in the upstream direction, thus

reducing the real-valued component of Fo(w) and increasing its imaginary-valued component (Figure

3.0. With increasing excitation frequency, a larger number of modes are associated with the propagat

ing pressure waves, leading to increased energy radiation and hence smaller hydrodynamic force [Figure

3.1 (a)] -- except for the local resonances at the natural vibration frequencies of the impounded water.

Because of reservoir bottom absorption, the frequency-dependent eigenvalues Jk II (w) of the

impounded water are complex-valued for all excitation frequencies. Consequently, the contribution of

the nth natural vibration mode of the impounded water to the hydrodynamic force due to horizontal

ground motion is complex-valued for all excitation frequencies; wherein the imaginary-valued com

ponent arises from the radiation of energy due to propagation of pressure waves in the upstream direc

tion and their refraction into the absorptive reservoir bottom. As a result, if the reservoir bottom is

absorptive, Fo(w) contains a 90° out-of-phase component even for excitation frequencies less than w{

[Figure 3.2 (c) l. Because of the additional energy radiation that results from reservoir bottom absorp

tion, the hydrodynamic force is bounded for all excitation frequencies, the fundamental resonant peak

is reduced and the higher resonant peaks are virtually eliminated. The additional energy radiation has

little influence on the resonant frequencies of the impounded water.

The hydrodynamic pressure due to vertical ground motion is independent of the upstream x

coordinate [5] because pressure waves do not propagate in the upstream direction, resulting in a truly

undamped system if the reservoir bottom is rigid. The frequency response function Fa (w) for hydro

dynamic force due to vertical ground motion is real-valued, in-phase or opposite-phase relative to the

ground acceleration, for all excitation frequencies. Reservoir bottom absorption leads to an imaginary

valued component associated with radiation of energy because pressure waves refract into the absorp

tive reservoir bottom for all excitation frequencies. This radiation damping reduces the response for all

frequencies and results in bounded resonant response peaks.
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component does not exist for any excitation frequency. It is apparent that, whereas the modulus of the

hydrodynamic force with an absorptive reservoir bottom may be predicted reasonably well for lower

excitation frequencies by neglecting water compressibility, this assumption does not recognize the radia-

tion of energy due to pressure waves propagating in the upstream direction and refracting into the layer

of reservoir bottom materials. For higher excitation frequencies, the incompressible solution greatly

overestimates the hydrodynamic force because energy radiation due to wave propagation in the

upstream direction is especially significant. Thus, it may be concluded that the analytically predicted

effects of reservoir bottom absorption are not properly represented by neglecting compressibility of the

impounded water. The conflicting conclusions from experimental data may in part be due to unreliable

measurements of the phase angle between hydrodynamic force and acceleration of the piston.

3.5 Dam Response

3.5.1 Basic System Parameters

The non-dimensional form of equation 0.24) shows that, if Y\(w) = -w 2 r( (w) is expressed as a

function of the excitation frequency parameter w!W I for a dam of fixed cross-sectional geometry and

Poisson's ratio, it depends on three system parameters: Or = W{!WI, the ratio of the fundamental

natural vibration frequency of the impounded water to that of the dam alone; H! Hs, the ratio of water

depth to dam height; and £x, the wave reflection coefficient for the reservoir bottom materials. As seen

in equation (3.22b), w{= rrC/2H, and it can be shown that WI = yCs! Hs, where y is a dimensionless

factor that only depends on the cross-sectional geometry of the dam and Poisson's ratio, Cs = .JEs!p s ,

Es is the Young's modulus of elasticity and Psis the density of the concrete in the dam; therefore

rr C H s0=---
r 2y Cs H

0.26)

For fixed values of y, C, p sand H! Hs, the frequency ratio 0 r is proportional to 1!.JE"s. Thus 0 r

decreases with increasing Es, or dam stiffness, and vice versa. If the reservoir is empty or the

impounded water is assumed to be incompressible, YI(W) expressed as a function of W/WI is indepen-

dent of Es and £x. Also, the incompressible water case is equivalent to 0 r = 00.
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3.5.3 Effects ofReservoir Bottom Absorption

Frequency response functions for dams subjected to horizontal and vertical ground motions are

presented in Figures 3.3 to 3.6 for two selected values of n r = 0.67 and 1.0. Each plot contains

response curves for the· dam with full reservoir for five values of a and the response curve for the dam

with an empty reservoir. The latter is the familiar response curve for a single degree-of-freedom sys

tem with frequency-independent mass, stiffness and damping parameters. The response of the dam

with impounded water, however, is affected by the frequency-dependent hydrodynamic terms in the

equations of motion for the dam, resulting in complicated shapes for the response curves.

The response behavior is especially complicated if the hydrodynamic pressure waves are com

pletely reflected at the reservoir bottom (a = 1) because at excitation frequencies equal to w~, the

natural vibration frequencies of the impounded water, the added hydrodynamic mass and force are both

unbounded. As determined by a limiting process, however, the response function due to horizontal

ground motion, has bounded values at w~, which appear as local dips or increases in the response

curve. Because of dam-water interaction, the resonant behavior is particularly complicated in the neigh

borhood of w{and WI where two resonant peaks can occur (Figure 3.3) or only a single resonant peak

may appear (Figure 3.5). In contrast, the response function due to vertical ground motion is dom

inated by the unbounded response values at excitation frequencies equal to w ~ (Figures 3.4 and 3.6).

In the neighborhood of w~, the added mass is controlled by the term [w 2
- (w~)21-0 and the added

force due to the vertical ground motion by [w 2
- (w ~)21-1; because the latter term tends to infinity as w

approaches w ~ faster than the first term, the response is unbounded [IS]. These unbounded peaks are

not the result of resonance in the usual sense, which is associated with the denominator in equation

0.24) attaining a minimum, but are caused by the unbounded added force.

Reservoir bottom absorption reduces the added force associated with both ground motion com

ponents and the added mass to bounded values at w~. Consequently, the dips at w ~ in the response

function due to horizontal ground motion are eliminated; and the unbounded values at w ~ in the

response function due to vertical ground motion are reduced to bounded peaks, which disappear for the

smaller values of a.
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3.5.4 Influence of the Frequency Ratio n r

The response of the dam with an empty reservoir, when presented in the form of Figures 3.7 to

3.10, is independent of the Young's modulus Es for the dam concrete. Similarly, the response curves

including hydrodynamic effects do not vary with Es if water compressibility is neglected [6]. However,

the results presented in Figures 3.7 to 3.10 demonstrate that the frequency ratio n n or correspondingly

the Es value, affects the response functions if water compressibility is included. The fundamental

resonant frequency of the dam decreases to a greater degree relative to w, for the smaller values of n n

i.e. larger values of Es. This decrease in resonant frequency also depends on reservoir bottom absorp

tion, being less pronounced for a wave absorptive reservoir bottom than for a rigid reservoir bottom.

Wave absorption at the reservoir bottom affects the resonant peak and bandwidth in an especially

significant way. Comparison of Figures 3.7 and 3.9 for the response of the dam to horizontal ground

motion shows that decreasing n n or increasing Es, leads to larger resonant response over a narrower

bandwidth for a rigid reservoir bottom (Figure 3.7); but causes smaller resonant response over a wider

bandwidth for an absorptive reservoir bottom (Figure 3.9). This opposite trend in response results

from the manner in which the effective damping at resonance is altered by reservoir bottom absorption.

Two mechanisms contribute to the effective damping of the dam-water system: energy dissipation in the

dam alone, represented by the viscous damping ratio g,; and added damping due to radiation and

absorption of hydrodynamic pressure waves, represented by the term Im[B, (w)] in equation (3.24).

The added damping at the resonant frequency of the dam-water system is zero if the reservoir bottom

is rigid, because pressure waves do not refract into rigid reservoir bottom materials, nor do they pro

pagate in the upstream direction at the resonant frequency, as it is less than w {: As n r decreases, or

Es increases, the added mass at the resonant frequency increases, which proportionally decreases the

viscous damping ratio in the dam. Because the added damping is zero at the resonant frequency, the

effective damping decreases with decreasing n n leading to larger resonant response (Figure 3.7). If

reservoir bottom absorption is included, however, the added damping is greater than zero at the

resonant frequency of the dam-water system because the natural vibration modes of the impounded

water contribute to energy radiation by propagation of pressure waves upstream and refraction into the
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dam response essentially as an incompressible fluid if the dam is flexible enough. Water compressibility

assumes significance in the response of concrete gravity dams because Es is generally in the range of 2

to 5 million psi for which the corresponding frequency ratio 0 r varies between 1.2 and 0.7.

3.5.5 Comparison ofResponses to Horizontal and Vertical Ground Motion

Comparing the response of the dam to horizontal and vertical ground motions (Figures 3.7 and

3.8) it is apparent -- consistent with common view -- that the response of a dam with an empty reser

voir to vertical ground motion is relatively small because the L{ term [equation 0.4)] is much smaller

for vertical ground motion (t=y) than for horizontal ground motion (t=x). With water impounded in

the reservoir, the dam response is affected by the added hydrodynamic mass, damping and force terms

in equation 0.24). Because the added mass and damping are independent of the excitation direction,

the response functions due to horizontal and vertical ground motion display the same resonant fre

quency and effective damping. However, as discussed in Section 3,4, the hydrodynamic force on a rigid

dam, and hence the added force B6 (w), strongly depends on the excitation direction, thus leading to

considerably different response due to the two components of ground motion.

This effect is summarized in Table 3.1 where the ratio of the resonant amplitude of horizontal

crest displacement of the dam with a full reservoir to that with an empty reservoir is presented for

several values of the frequency ratio 0 r and two values of the wave reflection coefficient a: 1.0 and

0.5. In Table 3.1, the unbounded peaks that occur at excitation frequencies equal to w:' in the response

to vertical ground motion with rigid reservoir bottom are ignored because they are not resonant peaks

in the usual sense caused by the denominator of equation 0.24) attaining a minimum, but are caused

by unbounded values of Bo (w). Whereas hydrodynamic effects result in increased response of the dam

to either ground motion component (Table 3.1), if water compressibility is included the increase is

greater in the response to vertical ground motion because the effective earthquake force L{ is small and

the added force Bo(w), which is comparatively large, dominates the numerator of equation 0.24). The

added force is comparatively large because it is the result of hydrodynamic pressures acting in the
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horizontal direction, same as the direction of primary displacemc;nt in the fundamental vibration mode

of the dam, whereas Lf is the result of effective earthquake forces acting in the vertical direction. In

contrast, for horizontal ground motion both the effeqive earthquake force and hydrodynamic pressure

act in the horizontal direction, so B6 (w) does not dominate L f.

Hydrodynamic effects cause a larger increase in response to vertical ground motion than in

response to horizontal ground motion, as the ratios of the responses to the two ground motion com

ponents show in Table 3.2. Thus, it is apparent that dam response to vertical ground motion is rela

tively more important if hydrodynamic effects are included. As seen in Tables 3.1 and 3.2, the

significance of the response to vertical ground motion depends on 0 r and a; increasing with decreasing

Or, i.e. as water compressibility effects become more significant; increasing for larger a i.e., as the

energy radiated through an absorptive reservoir bottom decreases; and the response is sensitive to a

only for systems with smaller 0 r values.



4. GENERAL ANALYTICAL PROCEDURE

4.1 Introduction

The response results presented in Chapter 3 demonstrated that absorptive reservoir bottom

materials can significantly affect the fundamental mode response of dams with impounded water due to

harmonic ground motion. Consequently, the effects of reservoir bottom materials should be included

in the earthquake analysis of dams. With this motivation, a general analytical procedure [8], based on

the substructure method, is extended to include the effects of absorptive reservoir bottom materials on

the response of concrete gravity dams to earthquake ground motion. As in the previous analytical pro

cedure [8], the effects of dam-water interaction and dam-foundation rock interaction are included.

4.2 Frequency Domain Equations

4.2.1 Dam Substructure

The equations of motion for the dam idealized as a planar, two-dimensional finite element system

(Figure 2.0 are:

(4.0

in which me, C e and k e are the mass, damping and stiffness matrices for the finite element system; r e is

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

where r; and r~ are the x- and y-components of displacements of nodal point n; N is the number of

nodal points above the dam base; N b is the number of nodal points at the base; and

o 1 0 0>

11;1 T = < 0 1 0 1 ... 0 1 ... 0 1 >

The force vector Re(t) includes hydrodynamic forces Rh(t) at the upstream face of the dam and forces

R b«) on the base of the dam due to interaction between the dam and the foundation rock.

39
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For harmonic ground acceleration a~«) = eiwt in the 1= x (horizontal) or 1= y (verticqI) direc-

tion, the displacements and forces can be expressed in terms of their complex-valued frequency

The vector f jew) conta,ins the frequency response functions for the x- and y-components of displace-

ment, (r;~' and (r;;)', n=1,2, ... N+Nb , due to the I-component of ground motion. Partitioning f c

into f, for nodal points above the base, and r b, for nodal points on the base (Figure 4.1), and assuming

constant hysteretic damping in the dam, equation (4.1) can be expressed as [8]:

(4.2)

where'Tj s is the constant hysteretic damping factor for the dam concrete. The hydrodynamic forces R h

will be expressed later in terms of the acceleration of the upstream face of the dam by analysis of the

fluid domain substructure. Also, the dam-foundation rock interaction forces R b will be expressed in

terms of the interaction displacements at the base by analysis of the foundation rock substructure.

4.2.2 Foundation Rock Substructure

The complex-valued, dynamic stiffness matrix §(w) for the foundation-rock region relates forces

and displacements [8]:

(4.3)

The forces and corresponding displacements, relative to the free-field ground motion, at the surface of

the foundation-rock region (Figure 4.1) are expressed in terms of their complex-valued frequency

response functions. The forces and displacements at the foundation-rock surface under the dam base

due to dam-foundation rock interaction are Rr(t) = Rf(w) e iwt and ff(t} = ff(w) e iwt
. Similarly, the

hydrodynamic forces and displacements at the reservoir bottom are Qh(t) = Qh(w)e iwt and

q( t) = ij(w) eiwt
. Beyond a certain distance upstream of the dam, the hydrodynamic forces Q h acting at
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(4.9)

The vector Rh(w) of frequency response functions for hydrodynamic forces at the upstream face of the

dam contains non-zero terms corresponding only to the x-degrees of freedom (OOF). The vector

Qh(W) of frequency response functions for hydrodynamic forces at the reservoir bottom contains non-

zero terms corresponding only to the y-OOF. Later, Rh(w) and Qh(W) will be expressed in terms of

the accelerations of the upstream face of the dam and the reservoir bottom by analysis of the fluid

domain substructure.

4.2.4 Reduction ofDegrees of Freedom

Equation (4.9) represents a set of 2(N+ Nb ) frequency-dependent, complex-valued equations.

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

values of the excitation frequency. Thus, it is important to reduce the number of degrees of freedom.

An approach based on the Ritz concept is effective in the reduction of the number of OOF in

interacting structural systems [8]. The displacements r c relative to the free-field ground motion are

expressed as linear combinations of J Ritz vectors of an associated dam-foundation rock system:

J

rc(t) = L Z/t)t/lj
j=l

(4.10)

where Zj( () is the generalized coordinate that corresponds to the J'h Ritz vector t/lj. For harmonic

ground acceleration, equation (4.10) can be expressed in terms of the complex-valued frequency

response functions for the generalized coordinates:

(4.11)
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shown later.

Introducing the transformation of equation (4.1 I) into equation (4.9), premultiplying by I./J;; and

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

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

(4.17)

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

(4.18a)

(4.18b)

for n,)=1,2,3 ... J; Z'(w) is the vector of frequency response functions zj(w) for the generalized

coordinates; anj is the Kronecker delta function; and I./J t is a subvector of I./J /I that contains only the ele-

ments corresponding to the nodal points at the upstream face of the dam.

Equations (4.17) and (4.18) represent J simultaneous, complex-valued equations in the general-

ized coordinates for each excitation frequency w. These equations need to be solved over a range of

values of the excitation frequency to compute the frequency response functions. Fortunately, accurate

solutions can be obtained by including only a small number of Ritz vectors, typically less than ten,

which profoundly reduces the computational effort [9].

4.2.5 Fluid Domain Substructure

Boundary Value Problem. -- The unknown hydrodynamic forces Rh<t) and Qh(t), whose frequency

response functions appear in equation (4.18b), can be expressed in terms of accelerations of the

upstream face of the dam and the reservoir bottom by analysis of the fluid domain. Assuming water to

be linearly compressible and neglecting its viscosity, the small amplitude, irrotational motion of water is

governed by the two-dimensional wave equation:

(4.19)

where p(x,y, t) is the hydrodynamic pressure Gn excess of hydrostatic pressure) and C is the velocity
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The frequency response function pi(x,y,w) for the hydrodynamic pressure in the impounded

water is the solution of equation (4.20) subject to the boundary conditions in equations (4.21) to (4.23)

and the radiation condition in the upstream direction (negative x-direction). After solving for

pl(X,y,W), the frequency response functions Rh(w) and -Qh(W) in equation (4.18b) are given as vec-

tors of the nodal forces statically equivalent to the pressure function pl(O,y,w) at the upstream face of

the dam and the pressure function pi (x,O,w) at the reservoir bottom, respectively.

Absorptive Reservoir Bottom. -- The boundary condition in equation (4.22) contains three terms that

contribute to the total acceleration of the reservoir bottom: the vertical free-field ground acceleration,

the modification of the free-field motion due to interaction between the impounded water and the foun-

dation rock, and the modification of the free-field motion due to interaction between the dam and the

foundation rock. Grouping the terms in equation (4.22) that are functions of the hydrodynamic pres-

sure (or force) on the left side of the equation, gives a more convenient form for the boundary condi-

tion at the reservoir bottom:

I=x,y (4.24)

The right side of equation (4.24) is identical to the right side of the boundary condition at the reservoir

bottom presented in reference 8, but the left side now contains an additional term that includes the

effects of water-foundation rock interaction.

By idealizing the foundation-rock region as a viscoelastic half-plane, the dam-foundation rock

interaction effects were rigorously represented in the analytical formulation of the preceding sections.

This idealization is not appropriate for representing the effects of interaction between the impounded

water and the foundation rock because these effects should be dominated by the overlying alluvium and

sediments, possibly deposited to a significant depth, that are highly saturated and have a small shear

modulus. A hydrodynamic pressure wave impinging on such materials will partially reflect back into

the water and partially refract, primarily as a dilatational wave, into the layer of reservoir bottom

materials. Because of the considerable energy dissipation that results from hysteretic behavior and
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is given by

C(w) = - i [_1_1-1
Prer w

(4.29)

Because the thickness of the sediment layer is not recognized explicitly, this compliance function is

applied at the reservoir bottom. The compliance function C(w) is imaginary-valued for all excitation

frequencies, so the wave absorptive model of the reservoir bottom materials introduces an additional

damping mechanism into the system.

The substitution of equations (4.25) and (4.29) into equation (4.24) gives the boundary condition

at the absorptive reservoir bottom:

I=x,y (4.30)

where q = P / P rCr' This boundary condition allows for proper reflection of hydrodynamic pressure

waves for any angle of incidence. However, the only refracted waves allowed in the reservoir bottom

materials are downward, vertically propagating dilatational waves.

As discussed in Section 3.2, the fundamental parameter that characterizes the effects of absorption

of hydrodynamic pressure waves into the reservoir bottom materials is the admittance or damping

coefficient q. The wave reflection coefficient a, which is defined as the ratio of the amplitude of the

reflected hydrodynamic pressure wave to the amplitude of a vertically propagating pressure wave

incident on the reservoir bottom, is related to the damping coefficient q by equation (3.9).

Solution for Hydrodynamic Pressure Terms. -- The frequency response function pl(x,y,w) for the

hydrodynamic pressure in the impounded water is the solution of equation (4.20) subject to the boun-

dary conditions in equations (4.21), (4.30) and (4.23) and the radiation condition. The linear form of

the governing equation and boundary conditions allows pl(x,y,w) to be expressed as:

_I -I J .... 1 - r -b
P (x,y,w) = Po(x,y,w) + r,Z/w) [Pj(x,y,w) + p/x,y,w)]

j=l

(4.31)

In equation (4.31), the frequency response function Pll (x,y,w) for the hydrodynamic pressure due to



51

;xP(O'Y'W) = 0

[~a _ iwq]p(x,O,w) = -px/x)
uy -

p(x,H,w) = 0

(4.35)

The complex-valued frequency response functions p6 (x,y,w) and pj(x,y,w) can be obtained

using standard solution methods for boundary value problems. They are derived in Appendix Band

summarized below for the upstream face of the dam (x=O):

- y (0 ) _ n C 1 . w (H- y )Po ,y,w - L-:::- H H SIn---
W W +'C' w Ccose lq -SIn e

(4.36a)

(4.36b)

(4.36d

where the eigenvalues I.t new) satisfy equation 0.20) and the eigenfunctions Y n(y,w) are defined by

equation 0.21), and

(4.37a)

(4.37b)

The solution of equation (4.20) with the boundary conditions in equation (4.35) may be obtained

by use of a Fourier transform with respect to the spatial x-coordinate. Such a general solution is not

necessary, however, because the resulting pressure function pf(x,y,w) has little effect on the response

of the dam, as will be discussed in the next section.

Hydrodynamic Force Vectors. -- The frequency response functions for Rh(t), the vector of hydro-

dynamic forces at the upstream face of the dam, and Qh(t), the vector of hydrodynamic forces at the
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contained in the hydrodynamic terms: i.d(w), iij(w), iij(w), iid(w), Qj(w) and Qj(w).

It can be argued and shown through numerical examples that several terms in equation (4.40) are

relatively small and can be dropped without introducing significant error [8,9]. One group of terms

arises from the hydrodynamic forces QJ, QI and QJ at the reservoir bottom that are due to the various

excitations mentioned earlier. The other such term involves the hydrodynamic forces RJ at the

upstream face of the dam due to deformational motions of the reservoir bottom.

Dropping these terms from equations (4.40) leads to the final form for the elements of Sand L:

- I T. I { fl T- IL n = -1/1 nIDclc + 1/1 iii Ro(w)

(4.41a)

(4.41 b)

Equations (4.39) and (4.41) represent J complex-valued equations in the frequency response functions

zj(w), )=1,2, ... J, for the generalized coordinates that correspond to the Ritz vectors included in the

analysis. The matrix Sew) and vector L(w) are determined according to equation (4.41) for each exci-

tation frequency w of interest and equation (4.39) is solved to give zj(w). Repeated solution for the

excitation frequencies covering the range over which the earthquake ground motion and structural

response have significant components leads to the complete frequency response functions for the gen-

eralized coordinates.

Equations (4.39) and (4.40 are identical to equations (52) and (53) in reference 8, where a rigid

reservoir bottom was assumed for all retained hydrodynamic terms except Rd'(w). As derived here,

reservoir bottom absorption also affects the other hydrodynamic terms R<f(w) and Rj(w), as seen in

equations (4.36a) and (4.36c), but it does not change the form of the frequency domain equations.

4.3 Response to Arbitrary Ground Motion

The response of the dam to arbitrary ground motion can be computed once the complex-valued

frequency response functions zj(w) , l=x,Y, )=1,2,'" J, for the generalized coordinates have been

obtained from the solution of equations (4.39) and (4.40 for excitation frequencies in the range of
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functions P6 CO,y,w) and p.!(O,y,w) by the principle of virtual displacements. Two aspects of the func

tions Po(O,y,w) and p/(O,y,w) that lead to a large amount of computational effort in their evaluation

are examined in this section with the objective of developing an efficient analytical procedure.

4.4.1 Number of Vibration Modes of the Impounded Water

The frequency response functions p6(O,y,w) and p/(O,y,w) defined in equations (4.36a) and

(4.36c) are summations of the contributions of an infinite number of natural vibration modes of the

impounded water. In practice, the sums must be truncated at a finite number. The computational

effort required to evaluate the hydrodynamic terms is directly proportional to the number of vibration

modes in the sums, so only the significant vibration modes should be included. The sums should at

least include the contributions of all the vibration modes of the impounded water with natural vibration

frequencies less than the maximum excitation frequency W max considered in the analysis. The natural

vibration frequencies of the impounded water are functions of the wave reflection coefficient a, but

their dependence on a is slight, as shown in Section 3.4. Consequently, the criterion for determining

the number of included vibration modes can b~ stated in terms of the natural vibration frequencies w·~

of the impounded water with rigid reservoir bottom as the smallest value of n that satisfies:

w~ > W max (4.46)

A few additional vibration modes should be included in the summations to ensure convergence of the

hydrodynamic terms for excitation frequencies near W max ' Several numerical experiments indicated that

five additional modes are sufficient. Thus, from equations (4.46) and C3.22b), the number N w of

included vibration modes is given py

(4.47)

Equation (4.47) shows that the number N w of included vibration modes increases as the depth of the

impounded water increases and the maximum excitation frequency increases.
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5. COMPLEX-VALUED FREQUENCY RESPONSE FUNCTIONS

5.1 Introduction

This chapter presents the response of an idealized concrete gravity dam due to harmonic ground

motion in the form of complex-valued frequency response functions. The response is computed using

the general analytical procedure developed in Chapter 4. In contrast to Chapter 3, which only con

sidered the fundamental mode response, the results presented in this chapter include all the significant

vibration modes of the dam. Response results are presented for a wide range of the important parame

ters that characterize the properties of the dam, foundation rock, impounded water and reservoir bot

tom materials. Based on the frequency response functions, the effects of reservoir bottom absorption

on the response of dams, including interaction with the impounded water and foundation rock, are

investigated.

5.2 System, Cases Analyzed and Response Quantities

5.2.1 Dam-Water-Foundation Rock System

The idealized monolith considered in Chapter 3 as representative of concrete gravity dams has a

triangular cross-section with a vertical upstream face and a downstream face slope of 0.8 to 1. The dam

is assumed to be homogeneous and isotropic with linear elastic properties for the mass concrete:

Poisson's ratio =0.2, unit weight =155 Ib!ft3
, and the Young's modulus of elasticity £s is varied over a

practical range: £s=2, 4 and 5 million psi. Energy dissipation in the dam concrete is represented by

constant hysteretic damping factor of 1] s=O.l O. This value corresponds to a viscous damping ratio of

0.05 in all natural vibration modes of the dam on rigid foundation rock with an empty reservoir.

The finite element idealization of the dam monolith, shown in Figure 5.1, consists of twenty ele

ments and twenty-six nodal points. This idealization has forty-two degrees of freedom if the foundation

rock is assumed to be rigid, and fifty-two degrees of freedom if foundation-rock flexibility is considered.

The dam monolith is supported on the surface of foundation rock idealized as a homogeneous,

isotropic, viscoelastic half-plane. The material properties of the foundation rock are: Poisson's ratio

63
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Table 5.1 -- Cases of the Idealized

Dam-Water-Foundation Rock System Analyzed

Dam Foundation Rock Impounded Water Reservoir Boltom

Case Es

·(million psi)
Condition E(/ Es Condition II/lIs Condition a

I any rigid 00 none a - -
2 4 rigid 00 full 1 rigid 1.0

3 4 rigid 00 full I absorptive 0.75

4 4 rigid 00 full 1 absorptive 0.5

5 4 rigid 00 full 1 absorptive a
6 5 rigid 00 full I rigid 1.0

7 5 rigid 00 full 1 absorptive 0.5

8 2 rigid 00 full I rigid 1.0

9 2 rigid 00 full 1 absorptive 0.5
* t10 any rigid 00 full, incompressible I rigid any
*11 any flexible I none a . -

12 4 flexible I full 1 rigid 1.0

13 4 flexible 1 full I absorptive 0.75

14 4 flexible I full I absorptive 0.5

15 4 flexible 1 full I absorptive a
16 4 flexible 2 full 1 rigid 1.0

17 4 flexible 2 full I absorptive 0.5

18 4 flexible 1/4 full I rigid 1.0

19 4 flexible 1/4 full I absorptive 0.5

Response results for these cases, when presented in normalized form, arc valid for all Es'

t Response results for the case neglecting water compressibility are independent of a.



69

30
HORIZONTAL GROUND MOTION

o

10

65

a WATER

NONE

1.00
0.75 FULL
0.50

o
5

I
2
3
4

CURVE

4

CD

+

VERTICA L GROUND MOTION

CD•

2

CD

t

2

3

32.8

t

o
o

.....
Cf)

W
0::
(.) 20

~
<!
Cl

~
Z
o 10

~
0::
W
.-J
W
(.)
(.)

<!
.-J

~ 30
Z
o
N
0::
o
:r:
I.L.
o 20
W
;::)

.-J

~
W
.....
;::)
.-J
o
Cf)
CD
«

H/H s =1 LI L- ~ ....L. ..J.I_

W~/WI

FIGURE 5.2 Hydrodynamic effects in response of dams due to harmonic ground motion. Re!\ults
presented for full reservoir with varying values of the wave reflection coefficient a (Cases 2, 3, 4 and 5
of Table 5.D, and for no water (Case D.



71

absorption eliminates the unbounded response values due to vertical ground motion and the dips in the

response function for horizontal ground motion.

Thus, reservoir bottom absorption primarily affects the dam response for excitation frequencies

less than w (, where material damping in the dam concrete is normally the only energy dissipation

mechanism present if the foundation rock is assumed to be rigid. For higher frequencies the upstream

radiation of energy dominates the energy radiation into the absorptive reservoir bottom, essentially

eliminating its effect.

5.3.2 Influence of Young's Modulus Es

The frequency response function for the dam, when presented in dimensionless form, is indepen

dent of the Young's modulus Es for the dam concrete if there is no impounded water or its compressi

bility is neglected [6]. The frequency response functions for Cases 2, 4, 6, 7, 8 and 9 due to horizontal

and vertical ground motion, presented in Figures 5.3 and 5.4, respectively, demonstrate that the Es

value affects the response if water compressibility is included. Most affected is the fundamental

resonant frequency w" the response in the neighborhood of this frequency, and the response of the

dam with rigid reservoir bottom due to vertical ground motion for excitation frequencies close to w:; -

because of the response singularities discussed earlier. As Es increases, the normalized fundamental

resonant frequency ratio w,/w 1 of the dam decreases due to dam-water interaction. This decrease in

the resonant frequency ratio also depends on reservoir bottom absorption, being less pronounced for a

wave absorptive reservoir bottom than for a rigid reservoir bottom [compare Figure 5.3 (a) to (b), and

Figure 5.4(a) to (b»).

Reservoir bottom absorption affects the amplitude and frequency bandwidth of the fundamental

resonant peak in an especially significant way. The response to horizontal ground motion shows that

increasing Es causes larger resonant response over a narrower bandwidth for a rigid reservoir bottom

[Figure 5.3(a)]; but causes smaller resonant response over a wider bandwidth for a wave absorptive

reservoir bottom [Figure 5.3 (b)]. This opposite response behavior results from the manner in which

the effective damping at the resonant frequency is influenced by reservoir bottom absorption, as
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horizontal ground motion, but little influence on the response to vertical ground motion. As seen

above, the value of Es can significantly affect the fundamental resonant frequency and the response

function for excitation frequencies near it. For larger excitation frequencies, however, the frequency

response functions for both components of ground motion are are less affected by the E, value,

irrespective of whether the reservoir bottom is rigid or absorptive.

5.3.3 Effects of Water Compressibility

To understand how compressibility of the impounded water affects the dam with a full reservoir,

the response obtained by neglecting water compressibility (Case 10) is also plotted in Figures 5.3 and

5.4. If water compressibility is neglected dam-water interaction results in frequency-independent, real

valued added force and added mass; there is no added damping. With decreasing E5 , the effects of

water compressibility on the fundamental resonant response become smaller. Although this trend is

straightforward for horizontal ground motion (Figure 5.3), it is more complicated for the response to

vertical ground motion (Figure 5.4) because of the unbounded response peaks for excitation frequen

cies equal to w ~ if the reservoir bottom is rigid.

Contrary to an earlier recommendation based on the tank experiments [20] described in Section

3.4, in the range of Es values encountered in concrete gravity dams, the effects of wave absorption at

the reservoir bottom on dam response are not properly represented by analysis that neglects water

compressibility [Figures 5.3 (b) and 5.4(b) J. Although such an analysis provides a good approximation

to the fundamental resonant frequency Wn the fundamental resonant response to horizontal ground

motion is overestimated because incompressible water does not allow radiation of energy upstream or

through the reservoir bottom; and the amplitude of the higher resonant peaks are overestimated by

even a greater margin. Therefore, water compressibility should be considered in the earthquake

analysis of concrete gravity dams.



FIGURE 5.5 Response of dams due to harmonic horizontal ground motion for four conditions: dam
on rigid foundation rock with no water (Case I of Table 5.1); dam on flexible foundation rock with no
water (Case 11); dam on rigid foundation rock with full reservoir (Cases 2 and 4); and dam on flexible
foundation rock with full reservoir (Cases 12 and 14).
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4); and dam on flexible foundation rock with full reservoir (Cases 12 and 14). As noted earlier [11],

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

manner than does dam-water interaction (compare curve 2 to 3). This is because the impedances of

the half-plane idealization for the foundation-rock region are slowly-varying, smooth functions of exci-

tation frequency without resonant frequencies, whereas the added hydrodynamic force, mass and damp-

ing are frequency-dependent functions with peaks at w~. Dam-foundation rock interaction reduces the

fundamental resonant frequency Wf of the dam, and reduces the amplitude of the fundamental

resonant peak and increases the bandwidth at resonance because of radiation and material damping in

the foundation-rock region. Similarly, dam-foundation rock interaction reduces the higher resonant fre-

quencies, although to a lesser degree than the fundamental resonant frequency, and substantially

reduces the amplitude of the higher resonant peaks. As shown earlier [II], for decreasing values of

Ell Es' which for fixed Es means decreasing foundation rock modulus, each resonant frequency of the

dam decreases; the resonant amplitude at each of these frequencies decreases and the bandwidth at

resonance increases, implying an increase in the apparent damping of the structure. Dam-foundation

rock interaction, as also shown earlier [11], affects the response of the dam to horizontal and vertical

ground motions in a similar manner.

5.4.2 Hydrodynamic and Reservoir Bottom Absorption E/fects

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

response of the dam can be observed from the remaining response functions presented in Figures 5.5

and 5.6. The effects of dam-water interaction on the dam response to either ground motion component

are qualitatively similar for rigid and flexible foundation rock, whether the reservoir bottom is rigid

[Figures 5.5 (a) and 5.6 (a)1or absorptive [Figures 5.5 (b) and 5.6 (b) 1. Dam-water interaction leads to

almost the same percentage reduction in the fundamental resonant frequency irrespective of the

foundation-rock condition. This observation leads to the following expression:

W\ = wr wf
W\ W\ W\
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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).

The conclusions deduced in Section 5.3 concerning the response to vertical ground motion from

response results for dams supported on rigid foundation rock are confirmed by Figures 5.5 and 5.6, in

which the effects of dam-foundation rock interaction are included. The significance of the response of

the dam to vertical ground motion, relative to the response to horizontal ground motion, increases

because of hydrodynamic effects irrespective of whether the foundation rock is rigid or flexible. How

ever as noted before, reservoir bottom absorption reduces the relative significance of the response to

vertical ground motion.

The effects of reservoir bottom absorption on the response of the dam, supported on flexible

foundation rock, due to horizontal and vertical ground motion are shown in Figures 5.7 and 5.8, respec

tively. The response of systems with moduli ratio Ed E,=1 is presented for four values of the wave

reflection coefficient: a=l.O (rigid reservoir bottom), 0.75, 0.5, and a (Cases 12, 13, 14 and 15).

Reservoir bottom absorption mainly affects the fundamental resonant peak due to horizontal ground

motion (Figure 5.7), reducing its amplitude as a decreases with little change in the resonant frequency;

and it essentially has no effect on the response for higher excitation frequencies, an observation noted

earlier from results for rigid foundation rock (Figure 5.2). The most pronounced effects of reservoir

bottom absorption on the response to vertical ground motion (Figure 5.8) are at excitation frequencies

near w~, where the unbounded response peaks reduce to bounded values decreasing with a; at excita

tion frequencies not close to w ~ the effects are relatively small.

Reservoir bottom absorption has a smaller effect on the response of the dam supported on flexible

foundation rock (Figures 5.7 and 5.8) than the response of the dam on rigid foundation rock (Figure

5.2). This can be explained by considering the damping due to dam-foundation rock interaction and

reservoir bottom absorption. As mentioned in the previous section, where the foundation rock was

assumed rigid, the primary effect of reservoir bottom absorption on dam-water interaction is to increase

the effective damping at the fundamental resonant frequency, where normally no damping exists other

than the material damping in the dam concrete. If foundation-rock flexibility is included, however,



0
0 w

6
5

V
E

R
T

IC
A

L
A

C
C

L
N

.

4roro I

V
E

R
T

IC
A

L
A

C
C

L
N

.
A

T
U

/S
E

D
G

E

3
w

lw
i

ro I

2

ro I

1
2

I
co

i t

102
0 J)#

;;
k
~
~
!

I
6

0
I

2
3

4
5

6

D
A

M
C

R
E

S
T

3
0

~
I-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
_

_
_

_
,

5
4 ro +

H
O

R
IZ

O
N

T
A

L
A

C
C

L
N

.
A

T
C

E
N

T
E

R

3

ro I

2

ro t

ro
ro

t
t

H
O

R
IZ

O
N

T
A

L
A

C
C

L
N

.

ro
C

U
R

V
E

a
t

I
1.

00
2

0
.7

5
3

0
.5

0
,

1
I

4
0

2

E
\

\-
2

~
h\

J
/
-

4
~

"l
!l

o
..

~

t
!

!
I

-;
'

1
at
~

I
I

I
V

4
'''

';
>.

...
Ii
I
!

6
0

O
~

2
3

4
5

o
1

w
lw

,

3
0

2
0

(/
)

Z ~
10

I <
{ a:: 1J
.l

....
J

1J
.l

(
J

(
J

0
<

{
0

Li.
.. o

D
A

M
B

A
S

E
1J

.l :3
2

I
I

<
{ > 1J
.l

I ::J ....
J o (/
)

CO <
{

1
I

w
~
/
w
,

w
~
/
w
,

w
;l

w
,

w
~
/
w
,

I
I

I
I

-
-
-
-
-
l.

-

w
~

Iw
,

w
~
/
w
l

w
;

Iw
,

w
~

Iw
,

F
IG

U
R

E
5.

8
In

fl
ue

nc
e

o
f

w
av

e
re

fl
ec

ti
on

co
ef

fi
ci

en
t

ex
o

n
re

sp
on

se
o

f
da

m
s

o
n

fl
ex

ib
le

fo
un

da
ti

on
ro

ck
w

it
h

fu
ll

re
se

rv
oi

r
du

e
to

ha
rm

on
ic

ve
rt

ic
al

g
ro

u
n

d
m

ot
io

n
(C

as
es

1
2

,1
3

,1
4

an
d

IS
o

f
T

ab
le

5
.l

).



85

30
FOUNDATlor~

CURVE ROCK C1

RIGID 10
RIGID 05

3 FLEXIBLE 1.0

4 FLEXIBLE 0.5
20

3

,,
2

10
,

I- 4 ,
Cf)
w Ef/E S '«)a::
u
~
«
0 0
I-« 30
Z
0
i=«
a::
w
...J
W 20U
U
«
...J

~
Z·
0
N 10
a::
0
I
LL
0
W
::J
...J 0§
W 30
I-
::J
...J
0
Cf)
CD
«

20

FIGURE 5.9 Effects of reservoir bottom absorption on response of dams with full reservoir due to
harmonic horizontal ground motion for various values of the moduli ratio Erl Es.
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to vertical ground motion, except at excitation frequencies near the natural vibration frequencies w;' of

the impounded water (Figure 5.10). The reduced importance of reservoir bottom absorption as Ell Es

decreases was explained previously by consideration of the contributions to damping from dam

foundation rock interaction, dam-water interaction, and reservoir bottom absorption. In particular, the

effects of reservoir bottom absorption are most significant if the foundation rock is rigid because,

except for material damping in the dam, there is no other damping mechanism at the fundamental

resonant frequency of the dam-water system. As the foundation rock becomes more flexible, more

energy radiates through the foundation-rock region because of dam-foundation rock interaction, so that

the additional damping due to reservoir bottom absorption is not as effective in further reducing the

response.

The curves in Figures 5.9 and 5.10 are replotted in Figures 5.11 and 5.12 to show further the

influence of the moduli ratio Ed Es on the response of the dam. As Ed Es decreases, which for a

fixed Es means an increasingly flexible foundation rock, the fundamental resonant frequency

decreases, the dam response at this frequency decreases and the frequency bandwidth at resonance

increases. These trends are the same for a rigid reservoir bottom [Figures 5.1l(a) and 5.12 (a)] and an

absorptive reservoir bottom [Figures 5.11 (b) and 5.12(b)], It is apparent from Figures 5.11 and 5.12

that the effects of decreasing moduli ratio Ed Es on the fundamental resonant response of the dam are

qualitatively similar, whether the reservoir bottom is rigid or absorptive; but quantitatively, the relative

decrease in amplitude of the fundamental resonant peak depends on the wave reflection coefficient a,

being less pronounced for an absorptive reservoir bottom.

As the moduli ratio Ell Es decreases, dam-foundation rock interaction introduces increased radia

tion damping at the higher resonant frequencies, in addition to the damping from hydrodynamic effects,

thus reducing the amplitude of the the higher resonant peaks. For relatively flexible foundation rock,

e.g. Ed Es=1/4, the higher resonant peaks are almost completely suppressed.
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6.2.2 Ground Motion

The ground motion recorded at Taft Lincoln School Tunnel during the Kern County, California,

earthquake of 21 July 1952 is selected as the free-field ground acceleration for the analysis of Pine Flat

Dam. The Taft ground motion is a typical moderate earthquake, particularly in the short-period range

of its spectrum, which is the range of interest for concrete gravity dams. The ground motion acting in

the horizontal direction, transverse to the axis of the dam, and in the vertical direction is defined as the

S69E and vertical components of the recorded ground motion, respectively. These two components

and their maximum values of acceleration are shown in Figure 6.2.

6.3 Response Results

To evaluate the effects of reservoir bottom absorption, dam-water interaction and dam-foundation

rock interaction, the tallest, non-overflow monolith of Pine Flat Dam was analyzed for the eight sets of

assumptions and conditions listed in Table 6.1. For each of the eight cases, the response of the dam

was computed for three excitations: S69E component, only; vertical component, only; and S69E and

vertical components, 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 4, where

the displacement history was obtained by Fourier synthesis of the complex-valued frequency response

functions for the generalized coordinates. These response functions for Pine Flat Dam were computed

for the excitation frequency range 0 to 25 Hz, which is adequate for the recorded Taft ground motion.

To represent accurately the response of the dam in this frequency range, the analyses for Cases 1 to 4

with rigid foundation rock included the first five generalized coordinates, and the analyses for Cases 5

to 8 with flexible foundation rock included the first ten generalized coordinates. For this problem,

W max = 157 radlsec and w{= 19.5 rad/sec, so the number of included vibration modes of the impounded

water N w = 9 according to equation (4.47), and the eigenproperties of the impounded water were inter

polated over the excitation frequency interval w * = 14.6 radl sec for cx=0.5 and w * = 4.88 radl sec for

cx=O according to equation (4.50). In the Fourier synthesis for the response history, 2048 time steps of
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0.02 seconds were used, of which the last half-number of steps formed a "quiet zone" to reduce the

aliasing error inherent in the discrete Fourier transform.

The fundamental resonant period and effective damping ratio at that period, determined by the

half-power bandwidth method, both obtained from the frequency response function for horizontal

ground motion, are listed in T'!ble 6.1 for each case, along with the corresponding psuedo-acceleration

Sa (T,~) obtained from the response spectrum for the S69E component of Taft ground motion.

In a practical earthquake analysis of a dam, the displacements and stresses due to the static loads

(weight of the dam and hydrostatic pressure of the impounded water) would be included in the total

response. However, the effects of the static loads are not included in most of the results presented here

because they complicate the interpretation of the effects of reservoir bottom absorption, dam-water

interaction and dam-foundation rock interaction on the dynamic response of the dam. However, an

example of a practical earthquake analysis, including the effects of the static loads, is presented at the

end of this chapter.

The results of the computer analyses consist of the response history of horizontal and vertical dis

placements at the nodal points and the three components of plane stress at the centroid of the finite

elements. Only a small portion of the response results are presented to highlight the important effects.

The maximum horizontal displacement at the crest of the dam (nodal point 1) and maximum principal

stresses at three critical locations in the dam monolith are summarized in Table 6.2 for the dam sup

ported on rigid foundation rock (Cases 1 to 4), and in Table 6.3 for the dam supported on flexible

foundation rock (Cases 5 to 8). Figures 6.3 to 6.20 show the history of horizontal displacement at the

dam crest (nodal point 1) and the distribution of envelope values of the maximum principal stresses in

the dam monolith (positive is maximum tensile stress, negative is minimum compressive stress) due to

Taft ground motion.
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6.4 Dam-Water Interaction Effects

The displacement history of Pine Flat Dam supported on rigid foundation rock with an empty

reservoir due to the S69£ and vertical components of Taft ground motion is shown in Figure 6.3 (a). It

is apparent -- consistent with common view -- that the response of the dam to vertical ground motion

compared to the response to horizontal ground motion is relatively small if the reservoir is empty.

Interaction between the dam and the water impounded in the reservoir introduces frequency

dependent hydrodynamic terms into the equations of motion that affect the dynamic response of the

dam. As described in Chapters 3 and 4, the hydrodynamic terms can be interpreted as an added force

(different for horizontal and vertical ground motion), an added mass, and an added damping. The

added hydrodynamic mass for a full reservoir and rigid reservoir bottom lengthens the fundamental

resonant period of the dam from 0.317 sec to 0.394 sec (Table 6.0. The damping ratio at the funda

mental resonant period decreases from 5% to 4% because of the increased added hydrodynamic force at

the fundamental resonant period (Section 5.3). The ordinate of the psuedo-acceleration response spec

trum for the S69£ component of Taft ground motion that corresponds to the modified fundamental

resonant period and damping ratio is also shown in Table 6.1. The interaction effects on the response

of a dam to a specified earthquake ground motion are controlled, in part, by the change in the response

spectrum ordinate for the fundamental resonant peak that corresponds to the change in the fundamen

tal resonant period and damping. The added hydrodynamic force for horizontal ground motion has less

effect on the response because it is relatively small compared to the effective earthquake force associ

ated with the mass of the dam. It was shown in Chapter 5 that dam-water interaction has little effect

on the higher resonant frequencies, but reduces the amplitude of the higher resonant peaks because of

the added damping present for higher excitation frequencies.

The response of the dam with full reservoir and rigid reservoir bottom due to the S69£ com

ponent of Taft ground motion is shown in Figure 6.3 (b). In part, because of the lengthened funda

mental resonant period and greater amplitude due to dam-water interaction effects, the maximum crest

displacement increases from 1.06 in. to 1.45 in. The higher vibration modes of the dam contribute

slightly less to the response because dam-water interaction reduces their corresponding resonant peaks.
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200
250

300

350

(a) Empty Reservoir

(c) Full Reservoir
Absorptive Reservoir Bottom, a=O.5

(b) Full Reservoir
Rigid Reservoir Bottom, a= 1

(d) Full Reservoir

Absorptive Reservoir Bottom, a=O

FIGURE 6.4 Envelope values of maximum principal stresses (in psi) in Pine Flat Dam on rigid foun
dation rock due to S69E component, only, of Taft ground motion. Initial static stresses are excluded.
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with an empty reservoir (Table 6.1). As the reservoir bottom becomes more absorptive, i.e. as the

wave reflection coefficient a decreases, the added damping at the fundamental resonant period increases

because of increasing refraction of hydrodynamic pressure waves into the reservoir bottom materials

and propagation of pressure waves upstream through the impounded water, resulting in an increased

effective damping ratio (Table 6.1). As shown in Chapter 5, reservoir bottom absorption primarily

affects the fundamental resonant response of the dam, and has little effect on the response to higher

excitation frequencies.

The response of the dam with full reservoir due to the S69E component of Taft ground motion is

shown in Figure 6.3 (c)- (d) for a=0.5 and a=O. These results demonstrate that the main effect of

reservoir bottom absorption is to reduce the larger displacement peaks without significantly changing

the frequency content of the response !compare Figure 6.3 (c)- (d) to Figure 6.3 (b) 1. Because of the

added hydrodynamic damping due to reservoir bottom absorption, the maximum crest displacement of

the dam with full reservoir decreases from 1.45 in. (for rigid reservoir bottom) to 1.25 in. for a=0.5,

and to 1.13 in. for a=O; the maximum principal stress at the downstream face decreases from 335 psi

(for rigid reservoir bottom) to 277 psi for a=0.5, and to 250 psi for a=O, and the maximum principal

stress at the upstream face decreases somewhat less [Figure 6.4(b)- (d) J. The area enclosed by a partic

ular stress contour decreases, indicating that tensile stresses exceed the value corresponding to that con

tour over a smaller portion of the monolith because of reservoir bottom absorption. However, the gen

eral pattern of maximum principal stresses is not substantially altered.

Reservoir bottom absorption reduces the added hydrodynamic force and the response of the dam

to vertical ground motion for all excitation frequencies. In particular, it eliminates the unbounded

peaks in the added hydrodynamic force and in the dam response for excitation frequencies equal to the

natural vibration frequencies of the impounded water (Chapter 5). The effect of eliminating the

unbounded peaks can be seen in Figure 6.3 (b)- (d) for the response of the dam with full reservoir due

to the vertical component of Taft ground motion. Reservoir bottom absorption drastically reduces the

maximum crest displacement from 1.00 in. (for rigid reservoir bottom) to 0.42 in. for a=0.5, and to

0.23 in. for a=O, and similarly reduces the maximum principal stresses in the dam monolith [Figure
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Table 6.3 -- Summary of Responses' of Pine Flat Dam,

On Flexible Foundation Rock, To Taft Ground Motion

Maximum Maximum Tensile Stress,

Horizontal in psi

Crest

Case Water a Displacement, Upstream Downstream
Heel

in inches Face Face

(a) Response to S69E Component, Only, of Taft Ground Motion

5 none - 1.01 172 181 200

6 full 1.0 1.71 230 245 354

7 full 0.5 1.59 218 229 331

8 full 0 1.55 213 232 321

(b) Response to Vertical Component, Only, of Taft Ground Motion

5 none - 0.16 23 42 34

6 full 1.0 0.96 198 196 135

7 full 0.5 0.41 79 74 59

8 full 0 0.22 41 57 40

(c) Response to S69E and Vertical Components,

Simultaneously, of Taft Ground Motion

5 none - 1.10 186 198 230

6 full 1.0 1.73 247 238 346

7 full 0.5 1.72 242 225 346

8 full 0 1.71 240 239 348

•
Effects of static loads are excluded.
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maximum principal stresses throughout the dam monolith, as seen by comparison of Figure 6.7 (a) to

6.4 (a) [also compare Case 5 in Table 6.3 (a) to Case 1 in Table 6.2 (a) l.

The effects of dam-foundation rock interaction on the frequency response function of the dam are

similar for horizontal and vertical ground motion, as described in Section 5.4. The response of the dam

with an empty reservoir due to the vertical component of Taft ground motion is so small, however, that

it is difficult to discern the effects of dam-foundation rock interaction by comparison of Figure 6.6 (a) to

6.3 (a), except for the lengthening of the fundamental resonant period. Dam-foundation rock interac

tion slightly reduces the maximum principal stresses in the monolith due to vertical ground motion as

seen by comparison of Figure 6.8(a) to 6.5(a) [also compare Case 5 in Table 6.3(b) to Case 1 in Table

6.2 (b) l.

6.5.2 Hydrodynamic and Reservoir Bottom Absorption E.ffects

As noted in the preceding sections, the fundamental resonant period of the dam is lengthened

because of dam-water interaction and also because of dam-foundation rock interaction. Simultaneous

consideration of the two sources of interaction results in a fundamental resonant period of the dam that

is longer than the period including either interaction effect individually. In particular, dam-water

interaction, with a rigid or absorptive reservoir bottom, lengthens the fundamental resonant period of

the dam by almost the same percentage whether the foundation rock is rigid or flexible.

The response of the dam supported on flexible foundation rock with full reservoir and rigid reser

voir bottom due to the S69E component of Taft ground motion is shown in Figure 6.6(b). Because of

dam-water interaction, the maximum crest displacement increases from 1.01 in. to 1.71 in.; and the

maximum principal stress increases from 172 psi to 230 psi at the upstream face, from 181 psi to 245

psi at the downstream face, and from 200 psi to 354 psi at the heel [Figure 6.7 (a)- (b) l. The area

enclosed by a particular stress contour increases because of dam-water interaction, with little change in

the general pattern of the contours.

It was shown in Chapter 5 that if the foundation rock is rigid and the reservoir bottom is rigid, the

added hydrodynamic force for vertical ground motion is infinite at the natural vibration frequencies of
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25

(a) Empty Reservoir (b) Full Reservoir
Rigid Reservoir Bottom, 0'= 1

25
50
75

25
40

40

(c) Full Reservoir
Absorptive Reservoir Bottom, 0'=0.5

(d) Full Reservoir

Absorptive Reservoir Bottom, 0'=0

FIGURE 6.8 Envelope values of maximum principal stresses Gn psi) in Pine Flat Dam on flexible
foundation rock due to vertical component, only, of Taft ground motion. Initial static stresses are
excluded.
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6.6 Significance of the Response to Vertical Ground Motion

As seen in the preceding sections of this chapter, the earthquake response of Pine Flat Dam is

increased by dam-water interaction and decreased by reservoir bottom absorption, with the magnitude

of these effects depending on the condition of foundation rock, rigid or flexible, and on the component

of ground motion, horizontal or vertical. In particular, both dam-water interaction and reservoir bot

tom absorption profoundly affect the response of the dam to vertical ground motion irrespective of the

foundation rock condition, but have relatively less affect on the response to horizontal ground motion,

with the magnitude of the effects decreasing further if foundation-rock flexibility is considered. Stated

differently, the response of the dam with an empty reservoir due to vertical ground motion expressed as

a percentage of the response to horizontal ground motion is small; the percentage greatly increases

because of dam-water interaction with a rigid reservoir bottom; and from this increased value it

decreases significantly because of reservoir bottom absorption.

The response of Pine Flat Dam to the S69E and vertical components, simultaneously, of Taft

ground motion is presented in Figures 6.9 to 6.20 to evaluate the significance of the response to vertical

ground motion 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 horizontal

and vertical 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 6.9 and 6.1 0 for rigid foundation rock and Figures 6.15 and 6.16 for flexible foundation 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 6.9 for crest displacement and Figure 6. 11 for stresses) or

flexible (Figure 6.15 for crest displacement and Figure 6.17 for stresses).

For dams with impounded water, however, the main implication of the phase difference between

the responses to horizontal and vertical ground motion is that the contribution to the maximum

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 bottom is rigid, the

increase of the maximum stresses in the dam with full reservoir is not as large (Figure 6.12 for rigid
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Such a complete analysis of Pine Flat Dam was performed. A wave reflection coefficient a=O.5

for the reservoir bottom materials was assumed in the analysis. The distribution of envelope values of

the maximum principal stresses in the dam monolith due to only the static loads (weight of the dam

and hydrostatic pressure of the impounded water) is shown in Figure 6.21. The horizontal and vertical

displacements, relative to the free-field ground motion, at three levels on the upstream face of the dam

(nodal points 1, 73 and 118) and three locations on the base (nodal points 154, 158 and 162) due to

the S69E and vertical components, simultaneously, of Taft ground motion are shown in Figure 6.22. It

can be seen that the horizontal and vertical motions of the dam base permitted by foundation-rock

flexibility may not be inconsequential compared to the motion in the upper parts of the dam, although

they are smaller. Figure 6.23 shows the distribution of envelope values of maximum principal stresses.

Stress results such as these, that include the stresses due to the static loads, make it possible to identify

the portions of the dam monolith that may crack during an earthquake.

The computation time required to obtain a complete history of displacements and stresses in the

dam <including formation of the dynamic stiffness matrix for the foundation-rock region from the com

pliance data, eigenvalue analysis of the associated dam-foundation rock system, and fast Fourier

transforms) is shown in Table 6.4 for Cases 7 and 8. Table 6.4 also includes the computation times

required for response analyses of the dam under the other assumptions for the impounded water, the

foundation rock and the reservoir bottom materials. Although each of these effects significantly com

plicate the analysis, the additional computation time required to include them is small. In particular,

the extra cost of including reservoir bottom absorption is modest, demonstrating the efficacy of the pro

cedures presented in Section 4.4 for the evaluation of the hydrodynamic terms. The overall efficiency

of the analytical procedure, as demonstrated by the data in Table 6.4, lies in the use of the substructure

method along with the transformation of displacements to generalized coordinates.
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Table 6.4 -- Computation Times for Complete Analysis

of Pine Flat Dam to S69E and Vertical Components,

Simultaneously, of Taft Ground Motion

Foundation Reservoir No. of Generalized Central Processor
* (sec)Case Rock Water Bottom Coordinates Time

1 rigid none - 5 9.2

2 rigid full rigid 5 10.0

3-4 rigid full absorptive 5 10.2

5 flexible none - 10 13.0

6 flexible full rigid 10 14.5

7-8 flexible full absorptive 10 14.8

CDC 7600 Computer
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'III( WATER

DAM

FOUNDATION ROCK

FIGURE 7.1 Dam-water-foundation rock system.
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into equation 0.2) gives:

0.5)

The response history of the modal coordinate Yj (t) due to a specified earthquake ground motion can

be computed from its frequency response function, equation 0.5), using standard Fourier synthesis

techniques. The displacement response history of the dam is then given by equation 0.0. Further-

more, the maximum deformation and forces can be expressed directly in terms of the response spec-

trum for an earthquake ground motion [7,14J.

The following sections of this chapter present the extensions to equation 0.5) necessary to

include the effects of dam-water interaction, reservoir bottom absorption and dam-foundation rock

interaction in the simplified analysis of the fundamental mode response of concrete gravity dams to

earthquake ground motion.

7.4 Dams with Impounded Water

7.4.1 Exact Fundamental Mode Response

The equation of motion for the modal coordinate, equation 0.2), must be modified to include the

hydrodynamic pressure due to the impounded water that acts on the upstream face of the dam (Chapter

3). The hydrodynamic pressure in the impounded water is governed by the two-dimensional wave

equation subject to appropriate boundary conditions at: (a) the free surface, (b) the absorptive reservoir

bottom, and (d the upstream face of the dam. It was shown in Chapter 3 that including the interaction

between the dam and compressible water results in the following complex-valued frequency response

function for the modal coordinate [Equation 0.24)]:

0.6)

in which the hydrodynamic terms are defined as:
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7.4.2 Approximafe Fundamenfal Mode Response

Considering the effects of water impounded in the reservoir, the frequency response function

"PI (w) for the modal coordinate associated with the fundamental vibration mode of the dam, equation

0.6), is a complicated function of excitation frequency w that contains frequency-dependent hydro-

dynamic terms. In a simplified analytical procedure, it is advantageous to represent the dam-water sys-

tem by an equivalent single-degree-of-freedom (SDF) system with frequency-independent values for

the hydrodynamic terms. This was done in reference 7 for dam-water systems with rigid reservoir bot-

tom. If the reservoir bottom is absorptive, it is also possible to select frequency-independent hydro-

dynamic terms for an equivalent SDF system that approximates the fundamental mode response of the

dam with impounded water.

The properties of the equivalent SDF system are defined as those of the dam with an empty reser-

voir modified by an added mass and an added damping that represent the hydrodynamic effects of the

impounded water and reservoir bottom materials. The mass density Fnk(X,Y), k=x,Y, of the

equivalent SDF system is defined as:

in,(x,y) = m,(x,y)

0.10a)

0.10b)

where 8 (x) is the Dirac delta function. Because the hydrodynamic pressure on a vertical upstream face

acts in the horizontal direction, the "added mass" ma(y) only applies to the horizontal component of

the dam motion and is concentrated at the upstream face of the dam. The "added mass" is defined as:

0.11)

where the natural vibration frequency Wr of the equivalent SDF system approximates the fundamental

resonant frequency of the dam with impounded water. If the reservoir bottom is absorptive, rna (Y) is

complex-valued. Thus, it is not a mass quantity in the usual sense; only its real-valued component con-

tributes to an added mass, whereas the imaginary-valued component leads to an added damping.



137

a comparison of equations 0.6) and 0.12) shows that h(w,)= YI(w,), i.e. the equivalent SOF system

exactly predicts the fundamental resonant response of the dam with impounded water.

The natural vibration frequency W, of the equivalent SOF system is given by the excitation fre-

quency that makes the real-valued component of the denominator in equation 0.12) zero:

WI
W,= 0.16)

which must be evaluated iteratively for w,. Hydrodynamic effects always reduce the natural vibration

frequency because Re[BI(w)]>O for all excitation frequencies. Equation 0.16) could have also been

obtained from the exact fundamental mode response, equation 0.6), which demonstrates that the mass

of the equivalent SOF system defined in equations 0.10) and 0.11) reduces the fundamental resonant

frequency of the dam due to hydrodynamic effects by the proper amount.

The damping ratio of the equivalent SOF system ~ ,= C1/2 X1 1w, is (Appendix F):

(7.17)

where the added damping due to dam-water interaction and reservoir bottom absorption is represented

by the added damping ratio g" defined as:

0.18)

The added damping ratio L is non-negative because 1m [B I (w)] ~ 0 for all excitation frequencies.

For dam-water systems with a rigid reservoir bottom (a=1), PI (v,w,) is real-valued (Chapter 3),

as is Ina(rl. For a real-valued Ina(r), equation 0.16) reduces to the earlier result [7] for the natural

vibration frequency of the equivalent SOF system, and the added damping ratio g, due to dam-water

interaction is zero: so equation 0.17) reduces to the earlier expression for the damping ratio of the

equivalent SDF system [7]. An absorptive reservoir bottom (a< 1) results in complex-valued Ina(r>,

which modifies the natural vibration frequency W, and increases the damping because hydrodynamic

pressure waves propagate upstream and refract into the absorptive reservoir bottom at that frequency.
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increasing rapidly with water depth. Furthermore, the vibration period ratio T,/ T, increases as the

modulus of elasticity Es of the concrete increases [4] because of interaction between the closely-spaced

fundamental vibration frequencies of the dam and water (Chapter 3). As the reservoir bottom materi

als become more absorptive, i.e. as the wave reflection coefficient 0: decreases, the natural vibration

period is reduced from its value for rigid reservoir bottom materials. This occurs because reservoir bot

tom absorption eliminates the unbounded peaks in the hydrodynamic terms, thus reducing the value of

the added mass for excitation frequencies near the natural vibration frequencies of the impounded

water. The wave reflection coefficient 0: has little influence on the fundamental resonant period if Es is

small, but its effect increases with Es• However, as shown in Figure 7.3, the 1',/ T1 ratio is relatively

insensitive to Es if the reservoir bottom materials are absorptive with 0: ~ 0.5.

The effects of reservoir bottom absorption on the added damping ratio ~ r (Figure 7.4), and hence,

on the damping ratio ~ r of the equivalent SOF system (Figure 7.5), are more complicated than its

effects on the vibration period. As the wave reflection coefficient 0: decreases from unity, ~ r increases

monotonically from zero for small values of Es, but the trends are more complicated for larger values

of Es. This latter unexpected behavior in ~ r results from the previously described effects of reservoir

bottom absorption on the natural vibration frequency Wr of the equivalent SOF system [equation

(7.16)], which is the frequency at which the added damping ratio is evaluated [equation (7.18)]. The

value of the added damping ratio ~ r depends on the relative values of Wrand w {, the fundamental

natural vibration frequency of the impounded water. As Es increases, Wr approaches w {, and the ima

ginary component of the hydrodynamic term B 1(W r) increases as 0: decreases from unity to zero, thus

increasing ~ r (Section 3.5). Figure 7.4 also shows that the wave reflection coefficient 0: has a larger

effect on the added damping for large Es values than for smaller Es values. If the reservoir bottom

materials are absorptive (0: < 1), the added damping ratio ~ r increases as Es increases, with the rate of

increase becoming smaller as 0: decreases.

Considering that Wr is less than w h equation (7.17) shows that dam-water interaction reduces the

effectiveness of structural damping. Unless this reduction is compensated by added damping due to

reservoir bottom absorption, the overall damping ratio ~ r will be less than ~ 1 (Figure 7.5).
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FOUNDATION ROCK

~
uo( t)

e(t )

'j

FIGURE 7.7 Displaced configuration of dam with rigid base on flexible foundation rock.
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The coupling impedances K VM(W) and KHV(W) in the dynamic stiffness matrix, which are usually

neglected in the analysis of multistory buildings [1,28,29), have a significant influence on the funda-

mental mode response of dams, as shown in Figure 7.8 for the idealized triangular dam monolith. The

additional radiation damping associated with the coupling impedances is significant for a squat, heavy

structure such as a concrete gravity dam because, unlike slender multistory buildings, its base transla-

tional motion is comparable in amplitude to the rotational motion.

7.5.3 Approximate Fundamental Mode Response

Following the procedure developed earlier for building-foundation systems [28,29), the contribu-

tion of the fundamental vibration mode of the dam to the earthquake response can by modelled by an

equivalent SDF system on a fixed base. The properties of the equivalent system are defined to recog-

nize the reduction in stiffness and change in damping of the dam due to dam-foundation rock interac-

tion.

The natural vibration frequency Wf of the equivalent SDF system that models the fundamental

mode response of the dam on flexible foundation rock with an empty reservoir is given by the excita-

tion frequency that makes the real-valued component of the denominator in equation 0.22) zero.

Neglecting the effect of the second-order damping term, Wf is given by

WI
w.r = --r======-

.J1 +Re[F(w.r)]
0.24)

which must be evaluated iteratively. The vibration frequency Wf will be less than WI because

Re[F(w)] > 0 for all excitation frequencies. Substituting equation (7.23), after dropping the coupling

impedance terms, into equation 0.24) gives the corresponding expression presented in reference 28 for

building-foundation systems.

The frequency response function for the equivalent SDF system with natural vibration frequency

w.r and damping ratio g.r can be shown have the following form (Appendix F):

(7.25)
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The damping ratio {f is determined by equating the resonant response of the equivalent SDF system,

from equation (7.25), to the exact fundamental mode response of the dam on flexible foundation rock,

from equation (7.22), at the natural vibration frequency w/ rl(w I) = YI(Wf). It can then be shown

that the damping ratio {f is (Appendix F):

(7.26)

where the added damping due to dam-foundation rock interaction is represented by the added damping

ratio gf' defined as:

[
_ 1

2
1 WI _

g1 = -- _. Im[F(w I>]
. 2 WI .

0.27)

The added damping ratio gf is positive because Im[F(w)] < 0 for all excitation frequencies. Equation

0.26) for the damping ratio of dam-foundation rock systems has the same form as for building-

foundation systems [28,29].

7.5.4 Response Results

Figure 7.9 shows the absolute value of horizontal acceleration at the crest of the triangular dam

monolith, relative to the rigid dam base, due to horizontal harmonic free-field ground acceleration,

computed from equation 0.22), for several values of the moduli ratio E I / Es and a hysteretic damping

factor for the foundation rock of '7) f=O.1 O. As the moduli ratio Ed Es decreases, which for a fixed

value of Es implies a decrease in the foundation rock modulus E1, the fundamental resonant frequency

of the dam decreases and the amplitude of the resonant peak also decreases. These effects due to

foundation-rock flexibility and damping, both material and radiation, have been discussed extensively

for buildings [l,28,29] and for concrete gravity dams (Chapters 5 and 6), The frequency response

function for the equivalent SDF system, computed from equation 0.25), with the natural vibration fre-

quency wf and damping ratio {f given by equations 0.24) and 0.26), respectively, is also presented in

Figure 7.9. These results demonstrate that, over a wide range of excitation frequencies, the equivalent

SDF system accurately represents the fundamental mode response of dams supported on flexible
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foundation rock.

The lengthening of the fundamental resonant period of the idealized triangular monolith due to

dam-foundation rock interaction, determined from the resonant peak of 1\ (w), equation (7.22), is

shown in Figure 7.10 for a range of Ell Es values. The vibration period Tj of the equivalent SDF sys

tem, where TI=21T/ wf is computed from equation (7.24), is close to the fundamental resonant period

of the dam-foundation rock system for large values of Ell Es, but its accuracy decreases as Etl Es

decreases, i.e. as the foundation rock becomes more flexible. However, the increasing error in the

vibration period Tj has little effect on the accuracy of the SDF system response, as shown in Figure

7.9, because the damping due to foundation-rock flexibility increases as EtiEs decreases resulting in

response functions that do not resonate sharply. The added damping ratio gf due to dam-foundation

interaction is presented in Figure 7.11, and the damping ratio ~f of the equivalent SDF system is

shown in Figure 7.12, with a range of values for the hysteretic damping factor Y/f for the foundation

rock. The damping ratios gf and ~ f increase with increasing foundation-rock flexibility and damping

factor Y/f. Considering that wf is less than WI. equation (7.26) indicates that dam-foundation rock

interaction reduces the effectiveness of the structural damping. However, unlike for slender multistory

buildings [28], for a wide range of Ell Es and Y/f values this reduction is more than compensated by the

added damping due to dam-foundation rock interaction, which leads to an increase in the overall damp

ing of the dam, as shown in Figure 7.12.

The effects of dam-foundation rock interaction on dam response may be neglected if the moduli

ratio Erl Es is relatively large. In particular, as shown in Figures 7.10 and 7.11, if Ell Es is greater than

five, the increase in the vibration period is less than five percent, the increase in the damping ratio ~ r is

less than two percent; and consequently, the foundation rock may be treated as rigid.
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0.30 r------------------"T"""--,

0.25
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Es I Ef
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CO 1/2 1/3 1/4

Ef I Es

FIGURE 7.11 Added damping ratio ~f due to dam-foundation rock interaction for a range of Ell Es
values and various values of 1/ f' the constant hysteretic damping factor for the foundation rock.
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7.6 Dams on Flexible Foundation Rock with Impounded Water

7.6.1 Exact Fundamental Mode Response

When modified to include effects of dam-water interaction and reservoir bottom absorption, the

frequency domain equations for the fundamental mode response of dams on flexible foundation rock,

equation (7.21), become (Appendix D):

-w 2M 1+ iwC] + K1 -w 2B](w)

-w2 [L 1+Bo(w)]

-w2 [Lf +B01(w)]

-w
2

[L 1+BO(w)] -w
2
[Lf+Bo1 (w)] ~

-w 2 [m,+ Boo(w)] + K VV(W) -w 2 [LiJ +Boo(w)] + K VM(W)

-w 2(LiI< +Boo(w)] + KMV(w) b -w 2It,+Boo (w)] + KMM(W) b2

Y1(w)

uo(w)

9(w)

(7.28)

where the hydrodynamic terms Bo(w) and B,(w) are defined by equation (7.7); and the additional

hydrodynamic terms associated with the rigid-body motion ofthe dam due to foundation-rock flexibility

are:

H

Boo(w) = JPo(y,w) dy,
o

H

Boo(w) = f y p8 (y,w) dy,
o

H

BooCw) = f y Po(y,w) dy
o

H

Bo,(w) = f yp,(y,w)dy
o

(7.29a)

(7.29b)

The functions Po(Y,w) and p,(y,w) in equation (7.29) are defined in equation (7.8), and p8(y,w) is the

frequency response function for hydrodynamic pressure on the upstream face of a rigid dam rotating

about the centroid of its base:

(7.30)

where

(7.31)

and JL new) and Y n(y,w) are defined in equations 0.20) and (3.21), respectively.
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7.6.2 Approximate Fundamental Mode Response

Equivalent SOF systems have been developed in the Sections 7.4 and 7.5 to approximate the fun-

damental mode response of dams considering the effects of dam-water interaction and dam-foundation

rock interaction separately. In a similar manner, the fundamental mode response of dams simuitane-

ously considering the two types of interaction can be represented by an equivalent SOF system on a

fixed base.

However, the parameters of the equivalent SOF system -- natural vibration frequency and damp-

ing ratio -- are especially complicated because of the hydrodynamic terms associated with the rigid-body

motion of the dam in the water-foundation rock coupling term Fr(w) defined in equation (7.33). It is

therefore desirable to find an approximation to the hydrodynamic terms Boo(w)/ ml', Boo(w)/ m;h; and

Boo(w)/ m;(h;>2 in Fr(w), that permit simpler expressions for the parameters of the equivalent SOF

system. For this purpose only, the hydrodynamic terms in Fr(w) are approximated by considering only

the contribution of the fundamental vibration mode to the rigid-body displacements of the upstream

face of the dam: 1:::::: (LI! Mt)¢{CO,Y) and Y:::::: (Lr / MI)¢{(O,Y). With this assumption each of the

above hydrodynamic terms associated with the rigid-body motion of the dam is equal to the hydro-

dynamic term BI(w)/ Ml associated with the fundamental vibration mode of the dam; and, Fr(w) is

then:

(7.34)

where BI(w) and F(w) are defined in equations (7.7b) and (7.23), respectively. The effect of using the

approximate expression for Fr(w), equation (7.34), instead of the exact expression, equation (7.33), in

the frequency response function fl(W), equation (7.32), is demonstrated in Figure 7.13, where the

response of the idealized triangular dam monolith on flexible foundation rock with a full reservoir due

to horizontal harmonic ground motion is shown for several cases. The approximation of the hydro-

dynamic terms in equation (7.34) for Fr(w) introduces little error in the fundamental resonant fre-

quency, but the fundamental resonant peak errs on the conservative side, with the errors decreasing as

El / Es becomes smaller.
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The properties of the equivalent SDP system can now be obtained by consideration of the funda-

mental mode response of dams on flexible foundation rock with impounded water, as expressed in

equation (7.32) and (7.34). The mass of the equivalent syslem is still given by equation 0.10) with

the "added mass" is described by an expression similar to equation 0.10, but evaluated at a different

frequency:

(7.35)

where the natural vibration frequency WI of the equivalent SDF system approximates the fundamental

resonant frequency of the dam on flexible foundation rock with impounded water.

The natural vibration frequency is approximately given by the excitation frequency that makes the

real-valued component of the denominator in equation (7.32) zero, which upon use of equation (7.34)

for F,(w) and neglect of the second-order damping terms leads to (Appendix F):

(7.36)

The first parenthesis represents the portion of the reduction in the natural vibration frequency due to

dam-water interaction, associated with the added hydrodynamic mass that arises from the "added mass"

distribution given in equation (7.35), in a manner similar to that shown in Section 7.4 for dams on rigid

foundation rock with impounded water. The second parenthesis represents the portion of the reduction

in the natural vibration frequency due to dam-foundation rock interaction associated with the

foundation-rock flexibility term Re [F(w 1) J, in a manner similar to that shown in Section 7.5 for dams

on flexible foundation rock with empty reservoirs. Because F(w) is a slowly-varying, smooth function

of excitation frequency, as is Re[BI(w)] if the reservoir bottom materials are significantly absorptive,

the foundation-rock flexibility term Re[F(w)] may be evaluated at Wf' and the added hydrodynamic

mass Re [B I (w)] may be evaluated with sufficient accuracy at w,.. Consequently, the natural vibration

frequency wI from equation (7.36) may be expressed as:

(7.37)
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evaluated at w(

(7.42)

The special cases for a dam on rigid foundation rock and a dam with an empty reservoir are con

tained in equation (7.38) for the natural vibration frequency, in equation (7.40) for the damping ratio,

and in equation (7.39) for the frequency response function for the equivalent SDF system.

7.6.3 Response Results

The effectiveness of the equivalent SDF system in representing the fundamental mode response

of the triangular dam monolith on flexible foundation rock with a full reservoir is shown in Figure 7.14

for several values of the moduli ratio Ell Es and wave reflection coefficient £x. The "exact" fundamental

mode response was computed using equation (7.32) with approximate the F,.(w) given by equation

(7.34); and the response of the equivalent SDF system was computed using equation (7.39), with the

natural vibration frequency WI and damping ratio gcomputed from equations (7.38) and (7.40), respec

tively. The equivalent SOF system represents with an acceptable degree of accuracy the dam response

including interaction with the flexible foundation rock and impounded water and the effects of reservoir

bottom absorption.

The effects of dam-water interaction, reservoir bottom absorption and dam-foundation rock

interaction on the fundamental resonant period are shown in Figure 7.15. For a given moduli ratio

Ell Es, the fundamental resonant period lengthens with increasing depth of water, and the period shor

tens as the wave reflection coefficient £x decreases. A particular case of these trends was seen in Figure

7.3 for Ed Es== (rigid foundation rock). As Ed Es decreases, the fundamental resonant period of the

dam lengthens due to increasing flexibility of the foundation-rock relative to that of the dam. A partic

ular case of this trend was seen in Figure 7.10 for HI Hs=O (empty reservoir). It is apparent that the

fundamental resonant period obtained from the the resonant peak of Y1(w), equations (7.32) and

(7.34), is approximately represented by the natural vibration period 1'1 of the equivalent SOF system,

where 1'1=21T! fil] is given by equation (7.38). The error between the exact and approximate values of
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2.5 ....-------------------,

- EXACT
EQUIVALENT SDF SYSTEM

2.0

.-,
n...-

1.5

1.0
2 :3 40

Es / Ef
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CO 1/2 1/3 1/4
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FIGURE 7.15 Comparison of exact and approximate (equivalent SDF system) values of the ratio of
the fundamental vibration periods 1'1 and T1 of the dam on flexible foundation rock with impounded
water and the dam on rigid foundation rock with empty reservoir. Results presented for £5=4 million
psi.



167

0.10 .--------------------,

0.08

0.06-23
.....-
~

~

0.04

0.02

o 0 2 3 4
Es I Ef

I I I I
ex> 1/2 1/3 1/4

Ef I Es
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tion. Results presented for £5=4 million psi.
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reservoir bottom materials (a= 1), the reduction of the natural vibration frequency due to hydro

dynamic effects results in a decreased added damping ratio gfeW I) arising from foundation-rock flexibil

ity, as shown in Figure 7.17, without contributing additional damping to gr(Wj) (Figure 7.16), The net

effect of these trends is shown in Figure 7.18 (a), where for a particular E;I Es value, the damping ratio

gdecreases as the depth of the impounded water increases. For absorptive reservoir bottom materials

(a < 1), the reduction in the natural vibration frequency due to hydrodynamic effects is less than for

non-absorptive reservoir bottom materials (see Figure 7.3), so the reduction on gf(wI) due to dam

water interaction is less (Figure 7.17), and dam-water interaction and reservoir bottom absorption con

tribute additional damping, as represented by the added damping ratio gr(w I). The net effects of these

contributions to the overall damping ratio gare shown in Figure 7.18(b) for absorptive reservoir bot

tom materials. If the moduli ratio is relatively large (Ed Es> 1/2), the increase in the added damping

ratio L(wI) dominates the decrease in gf(wI) (Figure 7.17), so g increases as the depth of the

impounded water increases. However, if the moduli ratio is relatively small (EI / Es<1/2), the added

damping ratio L(wI) is very small (Figure 7.16) and the reduction of gf(wI) due to dam-water interac

tion effects (Figure 7.17) dominates, resulting in a decrease of gas the depth of the impounded water

increases.

7.6.4 Simplification of the Damping Ratio

Because the damping ratio gr(w I) due to dam-water interaction and reservoir bottom absorption

depends on the moduli ratio Ed Es (Figure 7.16) and the damping ratio gf(WI) due to dam-foundation

rock interaction depends on the water depth ratio H/ Hs, and wave reflection coefficient a (Figure

7.17), it would be cumbersome to compute these two added damping ratios in a simplified analytical

procedure. It is possible, however, to uncouple the effects of dam-foundation rock interaction from the

evaluation of gr (w I) and the effects of dam-water interaction from the evaluation of gfew I), and still

obtain a reasonable estimate of the damping ratio g of the equivalent SOF system. The effects of

dam-foundation rock interaction on the added hydrodynamic damping ratio g,(w I) can be neglected by

evaluating 1m [81 (w) 1at Wr, the natural vibration frequency of the dam on rigid foundation rock with
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impounded water; equation (7.41) then becomes:

(7.43)

where gr is given by equation (7.18). Similarly, the effects of dam-water interaction and reservoir bot-

tom absorption on the added damping ratio gfew I) due to dam-foundation rock interaction can be

neglected by evaluating 1m [F(w)] at Wj, the natural vibration frequency of the dam on flexible founda-

tion rock with an empty reservoir; equation (7.42) then becomes:

(7.44)

where gf is given by equation (7.27). The substitution of equations (7.43) and (7.44) into equation

(7.40) gives the simplified expression for the damping ratio ~:

(7.45)

According to equation (7.45), the contributions of dam-water interaction and dam-foundation rock

interaction to the damping of the system are obtained independently and summed with the structural

damping, with its effectiveness properly reduced by the interaction effects, to give the damping ratio ~

of the equivalent SDF system. In conjunction with the approximation used to obtain equation (7.43),

the effective earthquake force II is evaluated at W" so that II::::::: L I + Bo(w r).

The equivalent SDF system's representation of the fundamental vibration mode of the triangular

dam monolith is shown in Figure 7.19, where the response was computed from equation (7.39) using

the two definitions of the damping ratio~: "exact" ~ given by equation (7.40), and simplified ~ given by

equation (7.45). The simplified expression for the damping ratio overestimates the damping in systems

with an absorptive reservoir bottom (a=0.5), resulting in underestimation of the resonant response.

The simplified damping ratio is more accurate if the reservoir bottom is rigid (a= 1) because the added

damping due to dam-water interaction is zero; but the resonant response is slightly overestimated

because the added force term in I I is overestimated in the approximation.
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The final result of the series of approximations used to simplify the analysis of the fundamental

mode response of dam-water-foundation rock systems is shown in Figure 7.20 for the triangular dam

monolith. The exact fundamental mode response of the dam on flexible foundation rock with full

reservoir was computed using equation (7.32) and the exact water-foundation rock coupling term Fr(w)

given by equation (7.33). The response of the equivalent SOF system was computed using equation

(7.39) with the natural vibration frequency cd I and damping ratio ~ evaluated from equations (7.38) and

(7.45), respectively. These results demonstrate that the equivalent SOF system provides a good

approximation of the fundamental mode response of concrete gravity dams for a wide range of values

for the moduli ratio Ed Es and wave reflection coefficient lX. The quality of the approximation is satis-

factory for preliminary design of dams, considering the complicated effects of dam-water interaction,

reservoir bottom absorption and dam-foundation rock interaction that are included; the number of

approximations necessary to develop the simplified expressions for the properties of the equivalent SDF

system; and noting that the approximate results generally err on the conservative side.

7.7 Summary

It has been shown in this chapter that although dam-water-foundation rock interaction introduces

frequency-dependent, complex-valued hydrodynamic and foundation interaction terms in the governing

equations, frequency-independent values for such terms can be defined and an equivalent single-

degree-of-freedom system can be developed to represent approximately the fundamental mode response

of concrete gravity dams. The displacements of the dam relative to the rigid base are [equation (7.0]:

k=x,Y (7.46)

The modal coordinate YI (t) can be expressed in terms of the frequency response function )71 (w) for

the equivalent SOF system given in equation (7.39):

(7.47)

The natural vibration frequency WI of the equivalent SOF system approximates the fundamental

resonant frequency of the dam on flexible foundation rock with impounded water [equation (7.38)]:
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(7.48)

in which W I is the fundamental natural vibration frequency of the dam on rigid foundation rock with an

empty reservoir, and w,and wf are [equations (7.1M and (7.24)]:

WI

W f = --Jt=1=+=R=e=:=[F=(=W=f)==]

The damping ratio gof the equivalent SDF system is [equation (7.45)]:

(7.49)

(7.50)

(7.50

in which g, represents the added damping due to dam-water interaction and reservoir bottom absorp-

tion [equation (7.18)] and gf represents the added damping due to dam-foundation rock interaction

[equation (7.27)]:

[
_ 1

2
1 wf _

g1= -- - Im[F(w I)]
. 2 WI .

(7.52)

(7.53)

In equation (7.47), MI and II are the generalized mass and generalized earthquake force including

hydrodynamic effects [equation (7.14)]:

H

II = LI +JPI(Y,W,) dy
o

(7.54a)

(7.54b)

where PI (Y ,w,) is the frequency response function for hydrodynamic pressure on the upstream face due

to acceleration of the dam in its fundamental mode of vibration, evaluated at an excitation frequency

equal to w, [equation (7.8)]:
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evaluated in the following steps:

1. Compute the natural fundamental vibration frequency WI and vibration mode ¢ Ik(X,y) of the

dam on rigid foundation rock with an empty reservoir.

2. Compute the natural fundamental vibration frequency of the dam W1> as modified by dam-

water interaction and dam-foundation rock interaction, using equation (7.48) where W, and

Wf, are computed iteratively from equations (7.49) and (7.50), or more conveniently from

data presented in Figures 7.3 and 7.10, respectively.

3. For an estimated damping ratio ~ I for the dam concrete and constant hysteretic damping fac-

tor YJf for the foundation rock, evaluate the damping ratio gfrom equation (7.51) where ~,

and ~f' can be computed from equations (7.52) and (7.53), or more conveniently from

data presented in Figures 7.4 and 7.11, respectively.

4. With the known mass density of the dam and the hydrodynamic pressure function III (y,w,)

computed from equation (7.55), the generalized mass MI and earthquake force II can be

evaluated from equation (7.54).

5. The maximum displacement of the dam over the duration of the earthquake is then given

by equation (7.56) using the response spectrum for the earthquake ground motion.

In practice, ¢ 8x,y) would be obtained in discrete form by analysis of a finite element idealization of

the dam, and MI and II would be computed by numerically evaluating equation (7.54).

For the special case of rigid foundation rock, Wf=w I resulting in WI=W, from equation (7.48), and

~ [=0 in equation (7.51). If the reservoir is empty, W,=w I resulting in WI=W f from equation (7.48),

~ ,=0 in equation (7.51), II=L I and Nh=MI' If the reservoir impounds water, but the reservoir bot-

tom materials are non-absorptive (a=1), then ~ I' is zero.

The maximum effects of the earthquake ground motion can be represented by equivalent lateral

forces acting horizontally on the dam. The equivalent lateral forces are obtained from the maximum

deformation of the dam, given by equation (7.56) [7]:

(7.57)



8. CONCLUSIONS

The available substructure method for the analysis of the linear response of concrete gravity dams

to earthquake ground motion including the effects of dam-water-foundation rock interaction has been

extended to consider the effects of the alluvium and sediments invariably present at the bottom of

actual reservoirs. The interaction between the water and the reservoir bottom materials is approxi

mately modelled by a boundary condition that permits partial absorption of hydrodynamic pressure

waves at the reservoir bottom.

Utilizing this analytical procedure, the response of idealized concrete gravity dams to harmonic

ground motion was presented in Chapters 3 and 5 for a wide range of system parameters. Based on the

frequency response functions, it was shown that the partial absorption of hydrodynamic pressure waves

into the alluvium and sediments at the reservoir bottom may have a significant effect on the dynamic

response of dams. Specifically, the response results in these chapters lead to the following conclusions:

1. The unbounded resonant peaks in the frequency response function for hydrodynamic force

on a rigid dam due to horizontal and vertical ground motion, characteristic of a rigid reser

voir bottom, are eliminated by including reservoir bottom absorption. In general, the addi

tional energy radiation through a wave absorptive reservoir bottom smoothes the frequency

response functions for hydrodynamic force.

2. Reservoir bottom absorption primarily affects the dam response of dams on rigid foundation

rock for excitation frequencies less than w{, where material damping in the dam concrete is

the only damping mechanism present. At higher excitation frequencies the radiation of

energy through upstream propagation of hydrodynamic pressure waves dominates the energy

radiation into the absorptive reservoir bottom materials, essentially eliminating its effect.

However, because of reservoir bottom absorption, the response to vertical ground motion at

excitation frequencies equal to w ~ is bounded.

3. Dam-water interaction with an absorptive reservoir bottom (a < 1) and rigid foundation rock

reduces the fundamental resonant frequency of the dam to a value less than w], but not as

much as for a rigid reservoir bottom «(\'= 1), where the fundamental resonant frequency is
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Therefore, the compressibility of the impounded water should be considered in the earth

quake analysis of concrete gravity dams.

Utilizing the general analytical procedure of Chapter 4, the earthquake response of Pine Flat Dam

to Taft ground motion was presented in Chapter 6 for a range of properties of the reservoir bottom

materials and various assumptions for the impounded water and foundation rock. These response

results lead to the following conclusions:

1. The earthquake response of dams is increased by dam-water interaction and decreased by

reservoir bottom absorption with the magnitude of these effects depending on the flexibility

of the foundation rock and on the component of ground motion.

2. Both dam-water interaction and reservoir bottom absorption have profound effect on the

response of dams to vertical ground motion irrespective of the foundation-rock condition;

but relatively much less effect on the response of dams to horizontal ground motion, espe

cially if foundation-rock flexibility is considered.

3. The significance of the response of dams to vertical ground motion was overestimated in

earlier studies based on the assumption of a rigid reservoir bottom. An absorptive reservoir

bottom that models the alluvium and sediments at the bottom of a reservoir gives a more

realistic estimate of earthquake response, especially of the response to vertical ground

motion and its significance in the total response of the dam.

The effects of reservoir bottom absorption, dam-water interaction and dam-foundation rock

interaction on the response of a dam depend, in part, on the particular dam and earthquake ground

motion, so that the conclusions deduced in Chapter 6 from the computed response of Pine Flat Dam to

Taft ground motion would not apply in their entirety to all dams and ground motions. Whereas the

detailed observations may be problem dependent, the broad conclusions should be valid for many cases.

The response results presented in this investigation, and the conclusions from previous work

[4,11], have demonstrated that the response of concrete gravity dams to earthquake ground motion is

affected by: interaction between the dam and impounded water, compressibility of the impounded

water, interaction between the dam and flexible foundation rock, and the alluvium and sediments at the
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Boo, Boo

Cc

C

Cr

Cr

d

Er

NOTATION

I-component of free-field ground acceleration

Fourier transform of al/t); defined in equation (4.43)

breadth of the dam base

added hydrodynamic force due to I-component of ground motion

added hydrodynamic mass (real-valued component)' and damping (imaginary-valued com

ponent) due to fundamental vibration mode of dam

hydrodynamic terms defined in equation (7.29a)

hydrodynamic terms defined in equation (7.29b)

damping matrix for the finite element system

velocity of pressure waves in water

defined in equation (7.ISb)

=.JEjlpj

=.JEriPr

= .JEslp s

compliance function for the reservoir bottom materials, equation (4.29)

duration of free-field ground motion

Young's modulus of elasticity of the foundation rock

Young's modulus of elasticity of the reservoir bottom materials
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L I defined in equation (7.15c)

L'(w) vector whose elements are defined in equation (4.18b)

Lf , L~ integrals defined after equation (7.19)

L- '(w) )vector whose elements are defined in equation (4.41b

m(x,y) mass density of dam concrete

ma(y) "added mass" of dam due to hydrodynamic effects; defined in equation (7.59)

in k(X,y) mass density of equivalent SOP system, k=x,y; defined in equation (7.10)

m t total mass of the dam defined after equation (7.19)

mt =(Ll)2/ M}, effective mass of a dam in its fundamental vibration mode

m, mb, submatrices of me

me mass matrix for the finite element system

M( t) moment at rigid base of the dam due to dam-foundation rock interaction

M) generalized mass of the dam in the fundamental vibration mode

N!) generalized mass of the equivalent SOP system defined in equation (7.15a)

N number of nodal points above the base

Nb number of nodal points at the base

Nw number of vibration modes of the impounded water included in the hydrodynamic terms

p(x,y, t) hydrodynamic pressure in the impounded water

p'(x,y,w) frequency response function for p(x,y, t) due to the I-component of ground motion

pb (x,y,w) frequency response function for hydrodynamic pressure with a rigid dam due to 1

component of ground motion
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vector of frequency response functions for displacements of nodal points at the surface of

the foundation rock underlying the dam

vector of nodal displacements for finite element p

vector of nodal forces at the upstream face of the dam statically equivalent to P6 (O,y,w)

vector of forces at the base of the dam due to dam-foundation rock interaction

vector of frequency response functions for Rb(t) due to the I-component of ground

motion

Rc(t) vector containing hydrodynamic forces Rh{t) and dam-foundation rock interaction forces

Rb(t)

vector of frequency response functions for Rc(t) due to the I-component of ground

motion

vector of frequency response functions for forces at the surface of the foundation rock

underlying the dam

vector of hydrodynamic forces at the upstream face of the dam

vector of frequency response functions for Rh(t) due to the I-component of ground

motion

vector of nodal forces at the upstream face of the dam statically equivalent to pj<o,y,w)

vector of nodal forces at the upstream face of the dam statically equivalent to pj<O,y,w)

matrix defined in equation (4.3)

dynamic stiffness matrix for the foundation rock region; defined in equation (4.5b)

matrix defined in equation (4.14)

~rr,rq,qq submatrices of ~(w)

matrix whose elements are defined in equation (4.18a)
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vibration frequency for the nih mode of the associated dam-foundation rock system

eigenvalue for nih natural vibration mode of the impounded water; defined in equation

0.20)

viscous damping ratio of the dam (without water) in its fundamental vibration mode

damping ratio of the equivalent SDP system; equation (7.40)

added damping ratio due to dam-foundation rock interaction; equation (7.27)

added damping ratio defined in equation (7.42)

damping ratio defined in equation 0.26)

added damping ratio due to dam-water interaction and reservoir bottom absorption; equa

tion 0.18)

added damping ratio defined in equation 0.41)

damping ratio defined in equation 0.17)

density of water

density of the foundation rock

density of the reservoir bottom materials

density of the dam concrete

vector of planar stress components in finite element p

eigenfunction for nih natural vibration mode of the impounded water; defined in equation

0.21)

fundamental natural vibration mode of the dam without water; k = x,y denotes x- and y

components of modal displacements, respectively

vector defined in equation (4.16)



APPENDIX A: BOUNDARY CONDITION AT THE RESERVOIR BOTTOM

The boundary condition at the reservoir bottom relates the hydrodynamic pressure to the sum of

the vertical component of free-field ground acceleration and the acceleration due to interaction between

the impounded water and the reservoir bottom materials. Because of the approximation that hydro-

dynamic pressure waves incident on the reservoir bottom only excite vertically propagating dilatational

waves in the reservoir bottom materials, it is sufficient to consider only interaction in the y-direction.

The hydrodynamic pressure p(y, t) in the water is governed by the one-dimensional wave equation:

y~o (A.1)

Similarly, the interaction displacement v(y, t) in the layer of reservoir bottom materials is governed by

y~o (A.2)

where Cr = .JEr/p" Er is the Young's modulus of elasticityand P r is the density of the reservoir bot-

tom materials. At the reservoir bottom, the acceleration boundary condition states that the normal

pressure gradient is proportional to the total acceleration:

!=X,y (A.3)

where the term a:( t)ij yl is the vertical component of free-field ground acceleration and ii(O, t) is the

acceleration of the reservoir bottom due to interaction between the impounded water and and the reser-

voir bottom materials. Equilibrium at the surface of the reservoir bottom materials requires that:

p(O, t) = - Er ~; (0, t) (A.4)

The D'Alembert solution to equation (A.2) is v = grey + Crt) where gr is the waveform of the

refracted wave propagating vertically downward in the reservoir bottom materials. An upward propagat-

ing wave does not exist because of the radiation condition for the assumed infinitely thick layer of

reservoir bottom materials. Note that ~; (0, t) = g'r( Crt) and ii(O, t) = C; gOre Crt), where the prime

indicates the derivative of gr with respect to the argument (y+ Crt). Differentiating equation (A.4)
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APPENDIX B: FREQUENCY RESPONSE FUNCTIONS FOR HYDRODYNAMIC PRESSURE

The frequency response functions pS(x,Y,w), po(x,y,w), Pl(X,Y,W) and p!(x,y,w) for hydro-

dynamic pressure in the water are solutions of the Helmholtz equation, equation 0.13), subject to the

boundary conditions in equations 0.15), (3.16), 0.17) and (4.34), respectively. Because of the rec-

tangular fluid domain and particular form of the boundary conditions, the four boundary value prob-

lems can be solved by separation of variables, where:

(B. 1)

The substitution of equation (B.O into equation 0.13) and subsequent separation gives the equation

for the y-direction:

and for the x-direction:

d2-
Pv 2-

--' +/-LP=Odi Y

d2-
Px 2- 0

dx2 -K Px=

(8.2)

(B.3)

where K
2= (/-L 2_ w 2! C 2

) and /-L is a constant to be determined. The general solution of equation (B.2)

is:

(B.4)

and the general solution of equation (B.3) is:

(B.5)

The radiation condition in the upstream direction (negative x-direction) is satisfied by D(w) =0.

The solutions for the four frequency response functions for hydrodynamic pressure are obtained by

determining the coefficients A (w), B(w) and C(w) that satisfy their respective boundary conditions.
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The coefficients Cn(w) that aliow p(x,y,w) to satisfy the boundary condition at the upstream face

are determined by substitution of equation (B.9) into the first boundary condition of equation 0.17):

;r
-.£(O,y,w) = -pf(y)ax

where f(y) = ¢ ((O,y) for this case, gives

00

L Cn(w) K nY n(Y,w) = -P1>{(O,y)
n=l

Multiplication of both sides of the above equation by Y/y,w), integration over the depth of the water,

and use of the orthogonality condition in equation (E.8) gives

(RIO)
"n

where hn(w) is defined in equation (3.19b). Substitution of equations (B.11) into equation (B.9) gives

the frequency response function for hydrodynamic pressure in the impounded water due to horizontal

acceleration of the dam in its fundamental vibration mode:

(8.11)

which gives equation 0.18c) if evaluated at x=O.

D.2 SoluHons for P6(x,y,w) amI pj(x,y,w)

The frequency response functions p6(x,y,w) and Pl(X,y,W) are similar because they are fre-

quency response functions for hydrodynamic pressure due to horizontal acceleration of the dam.

Repeating the steps in equations (B.6) to (R.11) with fey) = 1 results in P6(O,y,w) as given in equation

0.18a) and Jon(w) as defined in equation 0.19a).

The frequency response functions pj(x,y,w) is similar to Pl(X,y,CJJ), except that it is due to hor-

izontal acceleration !/J i(y) of the dam that corresponds to the J'h Ritz vector of the associated dam-

foundation rock system. Repeating the steps in equations (R6) to (B.11) with f(y) = t/J /y) results in

p/co,y,w) as given in equation (4.36c) and Ijn(w) as defined in equation (4.37b).



APPENDIX C: HYDRODYNAMIC PRESSURE WITH RIGID RESERVOIR BOTTOM

The frequency response functions for hydrodynamic pressure in impounded water with rigid reser-

voir bottom can be obtained from equations (3.18) to (3.21) by setting the damping coefficient q for

the reservoir bottom materials equal to zero. From equation (3.20), /;IJ.)wlH = -I, which, by Euler's

identity, is equivalent to cos 2f-t n(w) H = -I and sin 2fL n(w) H = O. Consequently, the eigenvalues of

the impounded water with rigid reservoir bottom are real-valued and given by

) 2n-I 1T
II (w = II = --
f""n f""n 2 H'

The natural vibration frequencies of the impounded water are: w ~= fL n C. The eigenfunctions of the

impounded water for q=O are, from equation (3.21), Y n(Y,w) = 0 [eiIJ.n(w)y + e -iIJ.n(W)Yj, or:

Y n(Y,w) = COSfL nY·

The frequency response functions for hydrodynamic pressure are given by equation (3.18) using

q = 0 and Y n(Y,w) defined above:

-xc ) .; fan K x
Po x,Y,w = -2p ~ - e n cOSIL nY

11~1 K n

-Y( ) f!.!2 1 . w(H-y)
Po X,Y,W = w wH Sill C

cos--
C

_ r 00 fIn K x
Pl(X,Y,W) = -2p I: -- e n COSlLnY

11~1 K 11

where K n = .J1L~-w2/C2, and equation (3.19) reduces to:

1 JH 2 (_1)11
Ian = H aCOSlLnY dy = -;- 2n-1

These results for a rigid reservoir bottom were presented in referclc-,:s 2,3 and 25.
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The vector r t of total accelerations can be represented as:

(0.2)

in which ag(t) is the horizontal component of free-field ground acceleration; uo(t) is the horizontal

translation of the dam base relative to the free-field ground motion; and () (t) is the rotation of the base

about its centroid.

The fundamental mode response of the dam can be determined by expressing the displacements

relative to the rigid base as:

(0.3)

where 4> \ is the fundamental vibration mode of the dam on a rigid base and Y1(t) is the generalized

coordinate corresponding to that mode. The fundamental vibration mode of the dam is the solution of

the eigenvalue problem: k4> \= w ?m4> 1, where W I is the fundamental natural vibration frequency of the

dam on rigid base with an empty reservoir.

The substitution of equations (0.2) and (0.3) into (0.0, premultiplication of equation (D.la) by

4> \~ use of the orthogonality properties of 4> I with respect to m and k, and the assumption of viscous

damping in the dam gives:

(DAa)

(DAb)

(DAc)

where M\=4>{m4>1 is the generalized mass; mt=lllTml and It={~9}Tm~9 are the total mass of the

dam and mass moment of inertia of the dam about the centroid of its base, respectively; L; ={e 9
} Tm 1,- -

fundamental vibration mode. If the reservoir is empty, the vector R (t) of hydrodynamic forces is zero

and equation (DA) reduces to equation (7.19).

For harmonic horizontal ground acceleration ag(t)=e iwt
, the displacements and forces can be

represented in terms of their complex-valued frequency response functions: Y\ (t)= 1\ (W) e iwt
,
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of absorptive reservoir bottom materials, is:

[;y - iwq]jJ(x,O,w) = °
where q=p/p r Cr as defined in Chapters 3 and 4. The boundary condition at the free surface is:

ij(x,H,w) = °
where H is the depth of the impounded water.

(0.8)

(0.9)

The linear form of equation (J.13) for hydrodynamic pressure, and the linear form of the above

boundary conditions, allows jJ(x,Y,w) to be expressed as:

(0.10)

The expressions for the frequency response functions for the various hydrodynamic terms are

given in Chapters 3 and 7, as derived in Appendix B. The frequency response function po(x,y,w) for

hydrodynamic pressure due to the horizontal component of ground motion of a rigid dam is given in

equations 0.18a); the frequency response function P\(x,y,w) for hydrodynamic pressure due to the

horizontal acceleration 1> ((O,y) of the upstream face of the dam in its fundamental vibration mode is

given in equation O.18c); and the frequency response function pg (x,y,w) for hydrodynamic pressure

with a rigid dam rotating about the centroid of its base is given by equation (7.30).

The vector R(w) of frequency response functions for the hydrodynamic forces on the upstream

face of the dam are, from equation (0.10):

(0.10

in which the x-DOF elements of Ro(w), R8(w) and R\(w) for the upstream face nodal points are the

nodal forces statically equivalent to the corresponding pressure functions at the upstream face of the

dam: po(O,y,w), pt (O,y,w) and P\(O,y,w), respectively. The y-OOF elements of the hydrodynamic

force vectors are zero.



APPENDIX E: SOLUTION FOR FUNDAMENTAL MODE RESPONSE OF DAMS

The frequency domain equations for the fundamental mode response of dams on flexible founda-

tion rock with impounded water are given by equation (0.12). The three-by-three system of complex-

valued equations can be solved for Yj(w), the frequency response function for the modal coordinate

corresponding to the fundamental mode of vibration of the dam.

However, equation (0.12) contains three terms, m[, I[ and LiJ~ that represent the inertial forces

on the dam due the rigid-body motion allowed by foundation-rock flexibility, which complicate the

solution for YI (w), It can shown from numerical results that the dam response is accurately

represented by assuming that the mass terms m[, II and Lif are approximated by the contributions

from only the fundamental vibration mode:

(E.n

in which m(=(LI )2/ M] and h(=Lf / L] are the effective mass and effective height, respectively, of

the dam in its fundamental mode of vibration [28). The substitution of equation (E.n into equation

(0.12) and appropriate factorization gives a convenient non-dimensional form of the frequency domain

equations:

_f32 + i(2~1f3) + 1-f32 B I (wl/ ,111

_f32 [1+BO(wl/ LII

in which {3=W/ W1.
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.111 
-YI(wl
L I

"O(wl

"jiiw l h;

I+BO(wl/ L I

1 l+BOO(w)/m;
wf

l+BOOiw)/ m;h;
(E.2)
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involve differences in hydrodynamic terms that are small; and (b) they are associated with higher-order

excitation frequencies, f32 and f34, respectively. Neglecting the terms Gj(w) and G2(W) in equation

(E.3) results in equation (7.32), where F(w) is defined in equation (7.23) and Fr(w) is defined in equa

tion (7.33).
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(F.3)

Because F(w) is a slowly-varying, smooth function of excitation frequency, as is Re[BI(w)] if the reser-

voir bottom materials are significantly absorptive, the foundation-rock flexibility term Re [F(w)] may be

evaluated at wI' and the added hydrodynamic mass Re[BI(w)] may be evaluated with sufficient accu-

racy at Wr. Consequently, the natural vibration frequency WI from equation (F.3) is:

(FA)

The natural vibration frequencies Wr and wI, for dams on rigid foundation rock and dams with empty

reservoirs, respectively, are:

w r

WI

WI = 1
WI .)1 +Re[F(wI)]

Substitution of equation (F.5) into equation (FA) gives equation (7.38).

(F.5a)

(F.5b)

The frequency response function }'J (w) for the equivalent SDF system can be obtained from the

frequency response function }'J(w) for the fundamental mode response of the dam, equation (F.O.

Evaluating the frequency-dependent terms at excitation frequency WJ, using equations (F.2) to (F.5)

for the real-valued terms in the denominator of equation (F.I), and grouping the imaginary-valued

terms gives the frequency response function YI(w) for the equivalent SDF system:

(F.6)

+ iwE

where LI = L I + Bo(wI) is the generalized earthquake force, and E contains the imaginary-valued

terms in the denominator of equation (F.O. Multiplying numerator and denominator of equation (F.6)

results in:
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and gfew 1) is the added damping ratio due to dam-foundation rock interaction, defined as:

Substituting the following identities:

Im[FBd = Re[F]Im[Bd + Im[F]Re[Bd

Re[FBd = Re[F]Re[Bd - Im[F]Im[Bd

into equation (FolO), and using the definitions in equations (FoIl) and (F.l2) again, gives:

(FoIl)

(FoI2)

(F.l3)

after neglecting the term Im[F]Im[Bd because it introduces a third-order damping term into go The

terms Re[Bd and Re[F] are obtained from the approximations in equation (FA) and the definitions in

equation (FoS):

Re[F] = Re[F(wf)] = [~1 1
2
- I

wf

which upon substitution into equation (F.l3) and grouping of damping terms gives the damping ratio g

of the equivalent SOF system:

Equation (F.l4) was presented in Chapter 7 as equation (7AO),

(F.l4)
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