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ABSTRACT

This study of arch dam-reservoir interaction is an outgrowth

of a 4-year U. S. - China cooperative research project on "Inter

action Effects in the Seismic Response of Arch Dams." Inconsis

tent comparisons were obtained in that project between measured

and calculated dynamic reservoir pressures induced by shaking

tests of arch dams, hence this study was planned to obtain im

proved understanding of the dynamic interaction mechanism. Mon

ticello Dam, an arch dam in California designed by the U. S.

Bureau of Reclamation, was chosen as the test system, and the re

search involved comparison of hydrodynamic pressures measured

during vibration tests with results predicted analytically. A

major question for this study was the significance of compres

sibility of the reservoir water with regard to the interaction

forces applied to the dam by the reservoir, so analyses were done

both including and neglecting compressibility.

Results of the study showed that hydrodynamic pressures

measured at the face of the vibrating dam were in reasonable

order-of-magnitude agreement with analytical results. Considera

tion of compressibility made little difference in this com

parison, but it is recognized that the vibration frequencies of

the dam and the reservoir differed enough that interaction ef

fects would not be great.

In the final phase of the study, the response of Monticello

Dam to an earthquake appropriate to that location was calculated

by two computer programs: ADAP-II which neglects compressibility
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and EACD-3D which includes it. Comparison of the results shows

that reservoir compressibility had little effect on the calcu

lated stresses in the dam if the reservoir boundaries are rigid,

but use of the EACD-3D program assuming soft reservoir boundaries

led to significant decreases of seismic stress.
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Chapter 1

INTRODUCTION

1.1 Background

In 1981 a four year cooperative research program on "Dynamic

Interaction Effects on Arch Dams" was initiated under the U.S.

China Protocol for Scientific and Technical Cooperation in Earth

quake Studies. The cooperating institutions were the Scientific

Research Institute for Water Conservancy and Hydroelectric Power

and Tsinghua University, both of Beijing, China, and the Earth

quake Engineering Research Center of the University of California

at Berkeley. A major purpose of that investigation was to study

the dynamic interaction between arch dams and their reservoirs.

The experimental procedure was to excite the natural vibrations

of selected arch dams using rotating mass shaking machines, and

to measure the resulting hydrodynamic pressures induced in the

reservoirs. These measured pressures were then compared with

predicted values calculated by dynamic analysis of the reservoir

dam systems.

Two arch dams in China were studied in this way: Xiang Hong

Dian (XHD), a gravity dam with cylindrically curved upstream face

(1), and Quan Shui (QS), a doubly curved thin shell dam (2).

Results of these studies, presented in reports as indicated in

the list of References, show that the calculated hydrodynamic

pressures agree reasonably well with the measured values for XHD

Dam; however, the test data obtained from QS Dam are sig-
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nificantly different from the calculated pressures for this

doubly curved structure. A discussion of the comparative results

for these two cases is presented in Reference (3).

Because the reason for the drastically differing results of

the analytical correlation for this second dam was not known, it

was decided that an additional research program should be carried

out -- concentrating exclusively on the hydrodynamic interaction

mechanism. The new research effort was intended to be done

similarly to the first two, but in this case funding was

requested only from the National Science Foundation to avoid the

administrative complexity of a cooperative project. However, the

Chinese institutions that had cooperated in the earlier studies

were invited to participate in the third test as observers; in

addition a Research Assistant from China was employed during the

first years of the new project duration to assist with the

analytical and field work.

1.2 Monticello Dam

The structure chosen for this third investigation is Mon

ticello Dam, a doubly curved circular arch of uniform thickness

along each arch ring. The dam was designed by the U. S. Bureau

of Reclarnation and construction was completed in 1957 (4). It is

304 ft high, has a crest length of 1,025 ft, the crest thickness

is 12 ft and it reaches a maximum thickness of 86 ft at the

deepest part of the dam; it is shown in aerial view in Fig. 1.1.

This darn was selected partly because it is similar to QS Dam in

size and it was hoped that the results might help explain the

poor correlation of analysis with experiment obtained in that in

vestigation. Other factors favoring the choice of Monticello Dam
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were its location (only about 60 miles from Berkeley) and the

fact that the dam already had been studied experimentally (5) and

analytically (6) so that some advance knowledge of its dynamic

properties was available. However, the previous studies had not

dealt directly with the dynamic interaction of dam and reservoir,

which is the subject of this new study.

1.3 Objectives

The first objective of this research program was to measure

the hydrodynamic pressures induced in the reservoir during har

monic shaking of Monticello Dam, and to compare these results

with analytical values obtained by mathematical simulation of the

harmonic test procedure. The plan was to perform the calcula

tions first assuming the reservoir water to be incompressible,

and then to repeat the analysis taking account of the reservoir

compressibility; it was hoped that comparison of these results

would demonstrate the importance of compressibility in the dam

reservoir interaction mechanism and thus might explain the poor

results obtained at QS Dam.

A second objective of the study was to examine the practical

significance of the compressibility effect by calculating the

dynamic response of Monticello Dam to an appropriate earthquake

excitation both considering and neglecting the reservoir com

pressibility. Only if the compressibility of the liquid caused a

significant change in the calculated earthquake stresses could it

be considered an important factor in the seismic safety of the

dam.

1.4 Report Organization

This report is organized in essentially the same sequence as
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the work on the project was done. The analysis of the response

of the dam to harmonic shaking is described first, including the

predicted vibration properties, the harmonic crest displacements

and the harmonic water pressures. This is followed by a brief

description of the experimental equipment and test procedures,

and also of the reduction techniques used to evaluate the test

results. The next chapter presents a comparison of the measured

harmonic response results with those predicted analytically. The

following chapter briefly describes a new frequency domain com

puter program (EACD-3D) for taking account of reservoir compres

sibility in earthquake response analysis of arch dams, and an

earthquake input selected for the analysis of Monticello Dam; and

then makes a comparison of the stress results obtained when

neglecting and when considering the compressibility of the reser

voir water. Conclusions concerning the significance of reservoir

interaction in the earthquake response analysis of arch dams are

presented in the final chapter.

1.5 Acknowledgments

The authors had support and assistance from many individuals

and organizations during the course of this investigation, and it

was only with this support that it was possible to carry the work
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5
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Abdulkarim Rinawi and Wu Bing of the Civil Engineering Depart
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the successful completion of the project.
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earlier cooperative research. The authors thank all of these ob

servers for their valuable suggestions and discussion during the

field investigation.
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Solano County Irrigation District, as well as by Sammy Gonzalez,
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authors again express their thanks to all of the aforementioned
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Chapter 2

ANALYSIS OF HYDRODYNAMIC INTERACTION

2.1 ADAP Computer Program

The analysis of the dynamic behavior of Monticello Dam fol

lowed essentially the same procedures used in the studies of XHD

and QS Dams (1,2). The vibration properties first were calcu

lated by means of the basic ADAP program (7) including the incom

pressible liquid finite element subroutine RSVOIR (8) to model

the reservoir interaction, as described in the XHD Dam report

(1). Then the extended version of the program was used to calcu

late the displacement response of the dam and the reservoir

hydrodynamic pressures due to the harmonic excitation; these

analytical procedures also are described in (1).

2.2 Dam and Foundation Model

The geometry of Monticello Dam is shown by the plan and sec

tion views of Fig. 2.1. The meslt generator capability of ADAP

was used to define the 56 finite elements that model the concrete

arch; of these, 30 thick-shell elements represent the interior

region and 26 3D shell elements form the interface region that

makes contact with the foundation rock. A perspective view of

the dam finite element mesh is shown in Fig. 2.2.

The foundation rock in the immediate vicinity of the dam was

modeled by the ADAP Type 1 coarse foundation mesh (1,7); it was

generated automatically by the ADAP program except for minor ad

justment of the topography adjacent to the canyon rim. One
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hundred and twelve (112) 8-node solid elements were used in this

mesh, which was constructed using semicircular planes cut into

the canyon wall in the direction normal to the dam-foundation

contact surface. A perspective view of half the foundation model

is shown in Fig. 2.3, in which it is seen that six nodes spaced

equally around the semicircular planes define the boundary of the

foundation model; these nodes are fixed in position because it is

assumed that the rock beyond this region is rigid.

2.3 Reservoir Model

It is apparent in the aerial view of the dam and reservoir

shown in Fig. 1.1 that the reservoir has a very irregular

geometry, due to the rough topography of the valley in which it

is located. The main features of this topography were modeled by

the liquid finite element mesh, as shown by the plan and iso

metric views in Fig. 2.4. Four layers of-16 node isoparametric

liquid finite elements in the upstream direction were used to

construct the model, with the nodes matching those at the face of

the dam; the total number of these elements was 224. In addi

tion, a layer of 8 node curvilinear two-dimensional isoparametric

elements (56 in number) was provided at the dam face to provide

for convenient definition of the interface hydrodynamic pres

sures. The upstream boundary of the reservoir model was taken as

a vertical rigid plane located about 900 ft from the dam face;

similarly the reservoir bottom was assumed to be rigid. It will

be noted that the reservoir model satisfies the customary model

ling criterion of a length to depth ratio of three.

2.4 Analysis of Vibration Properties

To evaluate the vibration properties of the dam-reservoir
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system, the standard ADAP eigenproblem solver was used. First

the mass and stiffness properties of the dam and foundation rock

elements were calculated by the ADAP subroutines. In this

analysis, the concrete was modeled using the material properties

adopted by the U. S. Bureau of Reclamation (6):

Modulus of Elasticity E 5.1 x 106 psi

Poisson's Ratio V 0.2

Unit Weight w 150 pcf

For the rock, the modulus and Poisson's ratio were the same as

for the concrete; but the mass of the rock was neglected as is

customary in ADAP analyses.

For the reservoir, it was assumed that the surface level was

at elevation 433 ft, as it was at the time of the 1966 test

program (5), and the water was assumed to be incompressible. The

pressures at internal nodes of the model were condensed out,

leading to the formulation of added mass quantities for the in

terface nodes. These added masses were then combined with the

concrete masses defined for the same nodes.

With the system completely defined by the dam-foundation

stiffness matrix, and the dam-reservoir mass matrix, the result

ing eigenproblem was solved to obtain the vibration mode shapes

and frequencies. Three distinct cases were considered, depending

on whether the reservoir and/or the foundation were included in

the additional flexibility

leading to lowered fre-

frequencies as shown in Table 2.1.

dam alone was analyzed; in case "b",

of the foundation rock was included,

In the basic case

the mathematical model; this resulted in three sets

"a",

of

the

quencies; applying the added mass of the reservoir in case "c"
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caused a further frequency reduction. Mode shapes also were cal

culated in these analyses, but they will be discussed later in

comparison with the measured shapes.

2.5 Adjustment of Concrete Modulus

The calculated frequencies for the complete system (case

"c") shown in Table 2.1 are significantly higher than those

measured during the 1966 test program (shown in the last column

of Table 2.1), and since the mass used in the analysis cannot be

greatly in error it is evident that the modulus of elasticity

adopted for the analysis is too large. To determine an ap

propriate adjustment, the modulus of elasticity required to give

exact agreement between the calculated and the measured frequency

was calculated for each mode, using a proportional adjustment as

described in Reference (1) (p. 44). Then the average of the

modulus values calculated for the first three modes (E = 4.141 x

10 6 psi) was taken as the best estimate for the present analysis.

Using this modulus and the 433 ft water level, frequencies were

calculated for the first seven modes, as listed in the second

column of Table 2.2. These compare very well with the 1966

measured values shown in column 4, as must be the case for the

first three modes because they were the basis for choosing the

modulus. It is believed that the large discrepancy in the

results for Mode 5 is due to the fact that the measured frequency

was not for Mode 5 (as will be discussed later).

Because it was expected that the reservoir would be at a

lower level by the time when the 1986 test was to be done,

another frequency analysis was performed for an assumed water

level of 420 ft. Results of this analysis, shown in Col. 3 of
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Table 2.2, indicate the expected increase of frequency with

reduced reservoir interaction. As a matter of fact, however,

surprisingly heavy rains fell during spring 1986, so that the ac

tual water level at the time of the 1986 tests was 436 ft; con

sequently a subsequent analysis was done for this water level,

with results as described in Chapter 5.

2.6 Forced Harmonic Response of Dam

The primary experimental objective of this research was to

measure the hydrodynamic pressures induced during harmonic shak

ing tests of the dam, so an analytical simulation of the proposed

shaking tests was performed to obtain estimates of the expected

pressure data. In the analyses, the two shaking machine loads

were positioned at finite element nodes on the dam crest and

oriented in the radial direction; the node locations were chosen

such that significant excitation would be provided in each of the

lower mode shapes (see inset of Fig. 2.5). The force output ap

plied by each of the two shakers, plotted as a function of ex

citation frequency for various eccentric weight combinations, is

shown in Fig. 2.6 (9). The heavy solid line segments in this

graph indicate the weight combinations intended to be used in

this test so that relatively high forces could be achieved over

the desired frequency range.

Applying the appropriate forces analytically by means of the

FORCEVB subroutine developed in the cooperative research program

(Ref. 1, p. 33), the response of the dam crest was calculated for

the frequency range of the first six modes. The subroutine uses

the mode-superposition procedure, and takes account of the three

modes with frequencies closest to the excitation frequency; the
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damping values measured in the 1966 tests (5) were specified for

each mode. The resulting frequency response curves for crest

nodes having the largest motions are shown in Fig. 2.5, calcu

lated for the case with the reservoir level at 420 ft.

2.7 Forced Hydrodynamic Reservoir Pressures

Using the additional subroutine FVHYDRO, developed in the

previous cooperative research (Ref. 1, p. 35), the hydrodynamic

pressures at the face of the dam were calculated from the nodal

displacements given by FORCEVB. First these pressures were

determined using the pressure-acceleration coefficient matrix

that was derived in evaluating the added mass matrix for an in

compressible reservoir. Then the coefficient matrix was modified

to account for the frequency effect at the specified excitation

frequencies, and pressures at the face of the dam were again

determined from the calculated face node accelerations.

Pressures calculated at the face of the dam due to excita

tion at the frequencies of the first four modes are shown in Fig.

2.7. These figures show that the compressible liquid (heavy

solid lines) develops somewhat higher pressures at these

frequencies than does the incompressible liquid (light solid

lines). Corresponding results calculated at the finite element

nodal section about 98 ft from the dam face are shown in Fig.

2.8. It must be emphasized that the plotting scale here is dif

ferent from that in Fig. 2.7; the pressures are reduced by about

two orders of magnitude at a distance of 98 ft. Study of these

two figures tends to suggest that the influence of compres

sibility on the hydrodynamic pressures is relatively greater at

some distance into the reservoir, as compared with the dam face
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location.

By far the most significant information demonstrated by the

results shown in Figs. 2.7 and 2.8 is the reduction of dynamic

pressure by two orders of magnitude in a distance of 98 ft. Even

more important than the distance is the fact that the reduced

pressures are evaluated at the first liquid element node within

the reservoir, thus the reduction appears to be an artifact of

the finite element model rather than of the physical phenomenon.

For this reason, detailed study of the calculated pressures

within the reservoir is not considered to be meaningful; further

comments on this point will be made in Chapter 4, in discussing

the comparison of calculated and measured results. On the other

hand, it must be remembered that the interaction effect of the

reservoir on the dam is associated with pressures developed at

the dam face, so reliable prediction of pressures within the

reservoir is not of great practical significance.

2.8 Supplementary Analyses with Rigid Dam

In order to emphasize the influence of water compressibility

on the dynamic behavior of the reservoir and to exclude the ef

fects of dam deformations, an additional set of analyses was done

in which it was assumed that the dam was rigid and was subjected

to harmonic motion in the upstream-downstream direction. Thus,

in these calculations it was assumed that every node at the face

of the dam had identical harmonic motion in the specified direc

tion.

The resulting variation with excitation frequency of the

hydrodynamic pressure amplitude at the centerline base of the dam

face (i.e. the pressure-frequency response curve) is shown in
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Fig. 2.9. In this graph, the dynamic pressures are expressed as

a ratio to the static pressure at the same point (which is the

zero frequency pressure). The frequencies are expressed as

ratios to the fundamental frequency of vertical wave propagation

in a uniform depth reservoir extending to infinity. It will be

noted in this graph that the first resonant frequency for the

Monticello reservoir has a frequency ratio of about 1.3; this

demonstrates that the effective (or average) depth of the V-shape

channel is noticeably less than the maximum depth. For com

parison the ratios representing the natural frequencies of the

flexible dam with incompressible reservoir also have been marked

in the figure. They are seen to be considerably lower than the

first reservoir frequency with rigid dam, which suggests that in

teraction may be expected to have little effect on the behavior

of the actual system in which flexibility is present in both dam

and reservoir.
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Chapter 3

EXPERIMENTAL EQUIPMENT AND PROCEDURES

3.1 General Comments

The experimental study of Monticello Dam-reservoir interac

tion was carried out by procedures similar to those used in the

U. S. - China cooperative study (1,2). However, because the

study in this case was focused exclusively on the dynamic reser

voir pressures, much less effort was devoted to measurement of

the dam vibrations and no measurements were made of the founda

tion rock motions. The shaking equipment used in this investiga

tion was not the same as had been used in China (1,2), but it ac

tually was the same pair of rotating mass shakers that had been

used in the 1966 USBR study of Monticello Dam (5). These were

two of the group of four shakers developed at the California In

stitute of Technology under direction of a committee of

Earthquake Engineering Research Institute members (9), and this

pair have been under the management of the College of Engineer

ing, University of California at Berkeley since the early 1960's.

However, a new digital electronic control unit was designed and

built at the University of California in the early 1980's to

provide greater convenience and precision in their operation.

3.2 Rotating Mass Shakers

The two D.C. harmonic shakers have a force capacity of 5,000

lb each and a test frequency range up to 10 Hz. The force

developed as a function of frequency for each of various combina-
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tions of eccentric weights is given by the curves of Fig. 2.7;

the heavy line segments of the curves show the weight combina

tions actually used in the various frequency ranges during this

Monticello test program. Based on the prior knowledge of the

dam's lower mode shapes (5,6), the positions at which the shakers

were bolted to the dam crest were selected as shown in Figs. 2.5

and 3.1. Using these locations, it was hoped that significant

response would be developed in all of the dam's lower vibration

modes, by using in-phase and out-of-phase operation for the sym

metric and antisymmetric modes, respectively.

It may be worth noting that the d-c motor drives of these

shaking machines experienced some failures during the test

program, each of them burning out on separate occasions. The

failures were due, in part, to trying to operate them at higher

than the specified voltage; in addition, continued operation at

high speE~ds during periods of very high air temperatures was a

contributing factor. These failures caused important delays in

the test schedule and eventually led to elimination of some less

significant phases of the planned test program. However, because

it was possible to borrow replacement motors and to arrange for

expeditious repairs, the ultimate impact of the failures on the

objectives of the test program was not severe.

3.3 Vibration Transducers

Even though the dynamic behavior of the dam was not of

primary concern in this investigation, it was necessary to

measure its vibratory response in order to validate the analysis

of hydrodynamic pressures predicted due to the shaking tests.

The transducers used in measuring the forced vibrations of the
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dam were Statham Model A linear accelerometers with a maximum

rating of O.25g. A total of 15 stations for measuring accelera

tions in the radial direction were located at nearly equal arc

distance intervals along the crest of the dam, as shown in Fig.

3.1. These stations were approximately at the contraction joints

between the concrete monoliths; also they coincided with the

nodes of the finite element mesh shown in Fig. 2.2. Because only

8 accelerometers were available, these were positioned initially

at alternate stations (a,c,e .... ); then in a subsequent test

sequence they were moved to the remaining stations (b,d,f .... ).

The gage at station Itglt was left in place during both test

sequences to provide quantitative correlation between both sets

of data.

Ambient vibrations also were measured during a preliminary

data acquisition sequence in order to verify that the vibration

mode shapes and frequencies had not changed materially since the

1966 investigation. For this purpose a set of 8 Ranger seis

mometers was deployed at alternate stations (a,c,e .... ) oriented

in the radial direction. These were the same very sensitive in

struments used to measure foundation motions in the previous

tests in China, and they provided valid data from the ambient

vibrations as hoped. Because their results showed no important

differences from the data obtained during the forced vibration

studies, the ambient test data were not utilized in this inves

tigation, but the frequencies obtained from the ambient measure

ments are listed later, in Table 4.1.

3.4 Pressure Transducers

The dynamic pressure measurements were made during this
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project with the same type of piezoelectric gages used in the

China studies: Kistler Model 206 Piezotron low pressure, high

sensitivity transducers. To provide waterproofing and to protect

them from damage, the gages were encased in cylinders machined

from blocks of stainless steel; to facilitate their positioning

at the designated measurement points, the eight gages were as

sembled in two groups of four with the four cables of each group

bundled together.

The stations at which dynamic pressures were measured are

shown in Fig. 3.2; the plan positions are indicated in part "a"

of the figure, while the vertical section through the center of

the dam, shown in part "b", indicates their vertical positions.

The four gages in each gage group were assembled with lengths of

their cables differing by 50 ft increments so that when the gage

with the longest cable was suspended at 250 ft elevation, the

other three gages were at elevations of 300 ft, 350 ft and 400

ft, respectively, as indicated in the figure. The reservoir sur

face at the time of the test was 436 ft, so the deepest gage was

at a depth of 186 ft during these measurements.

Gages located at the face of the dam were installed by

merely suspending them from the dam crest at the stations shown

in Fig. 3.2(a). To install the gages out in the reservoir, a

cable was stretched between anchor points on the rocky ridges at

each side of the reservoir; then a second cable was attached be

tween the middle of this cable and the face of the dam. This

fixed support cable system also is shown in Fig. 3.2(a). A boat

was used to transport the gage group assemblies so that they

could be attached to the support cables at the positions and



19

elevations shown in Fig. 3.2(b). Note that these pressure sta

tions were located at nodal points of the liquid finite element

reservoir model (Fig. 2.4) to facilitate correlation between the

measured and calculated pressures.

3.5 Data Acquisition System

In contrast to the previous forced vibration tests done by

the EERC (including those done during the cooperative tests in

China), the vibration data obtained in this investigation were

recorded in digital form. The recording system was controlled by

an IBM PC-AT microcomputer, and the analog signals from the

transducers were converted to digital form by means of a Keithley

AID converter. During this study, up to 16 channels of data

could be recorded simultaneously; additional channels can be

provided in the acquisition system in the future, if desired. A

software package manages the acquisition procedure, processes the

data as desired, and presents it in a specified format.

Another important part of the data acquisition equipment was

a Rockland Spectrum Analyzer Model 512-18; this is the same unit

that was brought to China for use on the cooperative dam studies

(1,2). It was used "on line" during the Monticello tests to

determine directly the amplitude of response for selected chan

nels at each test frequency. By study of the variation of these

amplitudes with successively changed frequencies, it was a simple

matter to determine the peak response frequency for each mode of

vibration, and the corresponding peak response amplitude.

The control system for the rotating mass shakers and all of

the data acquisition units were housed in a portable field office

structure that was parked at the center of the dam crest.
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3.6 Test Procedure

Although the forced vibration measurement procedures were

equivalent in principle to what had been done in the tests per

formed in China (1,2), many details were modified to take advan

tage of the digital recording system. Also, because the modal

frequencies were known with reasonable accuracy, it was not

necessary to record the forced vibration response over the entire

frequency range. Instead a sequence of suitable frequencies was

specified at a convenient frequency increment, usually 0.05 Hz or

0.025 Hz, ranging from below to above the expected modal

frequency.

To carry out the test for each modal frequency, the shaking

machine digital controller was set to the first frequency of the

specifiE!d sequence and the Rockland frequency analyzer was con

nected to a transducer channel expected to show significant

response in the mode under consideration. When the amplitude of

the Rockland measurement stabilized at the selected frequency,

indicating that the dam was responding fully to the shaker ex

citation, the IBM data acquisition system was turned on. Twenty

two seconds of vibration data were recorded simultaneously from

each of the transducer channels being monitored, at a rate of 50

samples per second. The shaking machines were then set to the

next specified frequency and the process was repeated; the

measurements continued in this way until all frequencies of a

given modal sequence had been treated.

Frequency response data were obtained by this procedure for

the first six modal frequencies identified in the 1966 USBR tests



21

(5), setting the shakers for in-phase or out-of-phase operation

as required to produce the desired symmetric or antisymmetric

mode shapes. As was noted earlier, there were not sufficient

data recording channels to use all of the pressure and accelera

tion transducers at once, so the entire sequence of measurements

was repeated until the desired pressures and accelerations had

been recorded at all designated stations.

3.7 Data Reduction Procedure

The digital dynamic response data recorded from each

transducer channel in this investigation represented the discrete

values of the response quantity (acceleration or pressure)

sampled at the rate of 50 readings per second from an analog sig

nal varying harmonically at the frequency imposed by the shaking

machines. For the purpose of this study, only the amplitude of

each harmonic signal at the test frequency was of interest, so

this was determined by taking the Discrete Fourier Transform of

the digital data sequence. The transformation was performed by

the data acquisition software, using a sequence of 1,024 discrete

data points recorded at a time interval of 0.02 second; thus the

period of the measured data was T = 20.48 seconds.

The results of the Fourier transformation were the

amplitudes of 1,024 harmonics of the test signal, with a

frequency increment f = liT = 0.0488 Hz. Of course, the bulk

of the response energy was concentrated about the excitation

frequency, but in general the excitation frequency did not cor

respond with any of the transformation harmonics. Hence it was

necessary to apply a correction to account for the "leakage" of

energy from the test frequency to the adjacent discrete transform
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The result of this reduction and correction proce-

dure was a single amplitude value for the response quantity at

each of the test frequencies. The data points connected by

straight lines shown in Figs. 3.3 to 3.7 are the experimental

frequency response curves obtained in this way for radial ac-

celerations measured at selected points on the crest of the dam.

The purpose of the construction of these response curves was

to determine the amplitude of response at the peak response

frequency for each mode; using such data taken from all

transducer stations it would then be possible to construct the

mode shape corresponding to each peak frequency. However, it is

clear that considerable judgment would be needed to identify the

peak response frequency amplitude from these irregularly shaped

response curves. For that reason it was decided to use a least

squares procedure to fit a single degree of freedom (SDOF)

response curve to the measured frequency response data as

described in the following.

The amplitude of response Vi for a SDOF system excited at

frequency ~i may be written:

V. =
1

P / Ko
(3.1)

where C is the response constant (to be calculated)
<.vi

= cVo is the ith exciting frequency ratio

W o natural vibration frequency of system

(estimated as peak response frequency
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from the test data)

S damping ratio (to be calculated)

Squaring both sides and rearranging, this can be written:

An equation like this can be written for each exciting frequency

for which the response Vi has been measured. Thus a set of such

equations can be written for all the test frequencies ~i , where

i = a, b, c, .... and arranged as follows:

4V
2

8
2 -1 v

2 (1-82) 2
a a a a

4V~~ -1

\::1~ -
2 (1-~) 2Vb

4v
2

8
2 ~ (1-82) 2

(3.2)
-1

c c c c

This may be represented symbolically as:

A x = B (3.3)

Now, applying the least squares procedure to Eq. 3.3, it may be

reduced to a pair of simultaneous equations for the two unknowns

in x:

ATA x (3.4)

Solving these equations then gives the least squares values of

the damping ratio and the response constant (both quantities

squared)
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and using these, the peak response amplitude is given by

c
V == VCS=l) = --y-nlax ':>

(3.5)

This procedure was used to obtain a best fit estimate of the

peak response associated with each of the measured data sets

shown in Figs. 3.3 to 3.7. Data listed on each figure includes

the estimated peak response frequency (which is assumed to be the

true modal frequency), the damping ratio and the response con-

stant obtained from the least squares fit, and finally the peak

response given by Eq. 3.5. Also shown on each graph is a solid

line curve which is a plot of Eq. 3.1 in which the derived damp-

ing ratio and response constant quantities have been introduced

to obtain values of Vi for a sequence of specified values of ~...

Thus the solid line curves on Figs. 3.3 to 3.7 are the best

interpretation that can be made of the radial acceleration

frequency response relationship measured at selected points on

the crest of the dam for modes 1, 2, 3, 4 and 6. The peak value

recorded on each figure is the measured acceleration response

quantity due to harmonic excitation at the modal frequency indi-

cated on the figure, and it is quantities such as these that are

compared with the corresponding calculated results in Chapter 4.

3.8 Measured Pressure Frequency Response Results

Because there is no known information in the literature on

measured hydrodynamic pressures in a reservoir induced by motions
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of a dam retaining the reservoir, some of the pressure results

obtained in this study are presented in Figs. 3.8, 3.9, 3.10 and

3.11. The data contained in these figures is not complete be

cause some of the pressure gages became inactive due to water

leakage during the latter stages of the experimental work, and

unfortunately the test schedule did not allow time for making

repairs. It is important to note that each of these response

curves has been derived by making a least squares fit of a SDOF

curve to the pressure values measured at each frequency, follow

ing the procedure described above for the acceleration curves.

Fig. 3.8 shows the pressure response curves for modes 1, 4

and 6, measured at elevation 400 ft at various distances from the

dam face on the vertical plane through the midsection of the dam

and reservoir. It will be noted in the curves for mode 1 that

the peak response frequency is the same at all measured dis

tances. On the other hand, a definite trend toward increasing

frequency with increasing distance from the dam face is seen in

the mode 6 data; whereas no consistent trend is evident in the

fourth mode data. Similar results are presented in Fig. 3.9 for

pressures measured at the 350 ft elevation. Again, the first

mode shows no frequency shift with distance, the sixth mode shows

increasing peak frequencies with distance, and the fourth mode

results show erratic variations of frequency. No rationale has

been found to explain these differing behavior patterns for the

three modes, but it is possible that they relate in some way to

resonances in the reservoir.

A similar study indicating the effect of position of the

gage station across the dam face at the 300 ft elevation is shown
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in Fig. 3.10. Again it is evident for the mode 1 excitation that

essentially the same peak response frequency is found at all

measurement positions across the dam face. However, in the third

and fourth mode excitations, there is an apparent decrease of

frequency toward the increasing station designations, and a com

parable increase of frequency in the opposite direction. Again

no explanation can be offered for this observed behavior.

Finally, Fig. 3.11 presents a similar study of the influence

of vertical position on the pressure peak frequency for measure

ments made at the midsection of the dam face. In the curves for

the third mode frequency, only the shallowest station (400 ft

elevation) shows any appreciable difference of peak response

frequency; at this level the frequency is slightly reduced. The

analagous situation occurs in the curves for mode 4, for which

the only noticeable depth effect is an increase of frequency at

the deepest pressure station. Note that the net effect in both

modes 3 and 4 is a trend toward increase of frequency with depth.

The same trend may be observed in the results for mode 6 -- a

fairly consistent increase of frequency with increasing depth.

The significance of all the trends shown in Figs. 3.9, 3.10 and

3.11 remains to be determined, however they seem to be too con

sistent to merely result from experimental scatter.
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Chapter 4

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

4.1 General Comments

As was noted earlier, the basic purpose of this investiga

tion was to obtain improved understanding of the mechanism of

dynamic interaction between an arch dam and its reservoir; the

approach was to examine the interaction phenomenon analytically

and experimentally, and to compare the results obtained both

ways. In the ideal situation where the results from both proce

dures are equivalent, it may be concluded that the mathematical

model of the interacting system is valid and that the computa

tional technique is satisfactory. In this case the analytical

approach may be used with confidence in calculating the response

of the dam-reservoir system to arbitrary types of dynamic load

ing. On the other hand, differences between the two sets of

results demonstrate that further research is needed before

results of this type of analysis may be considered reliable.

In this chapter comparisons are made between the analytical

and experimental results obtained for Monticello Dam. First are

considered the results describing the behavior of the dam

specifically the vibration frequencies, mode shapes and damping;

these are of primary importance because the hydrodynamic behavior

depends directly on the dam response. Then the reservoir

response is studied, comparing the experimental measurements with

the analytical calculations of hydrodynamic pressures induced by
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harmonic shaking of the dam. Two types of analytical results are

considered in these comparisons, based on whether the water in

the reservoir is assumed to be incompressible or compressible.

It was hoped that these dual comparisons would demonstrate

whether the simpler assumption of incompressibility could be as

sumed to provide adequate analytical results.

4.2 Dam Vibration Frequencies

A preliminary comparison of analytical and experimental

values of the dam vibration frequencies was discussed in Chapter

2, in which the modulus of elasticity of the concrete was ad

justed to provide the best possible agreement between the calcu

lated frequencies and those measured by the USBR in their 1966

test program (5). The results of that adjustment, presented in

Table 2.2, gave the most reliable mathematical model of the dam

reservoir system that was available prior to the experimental

studies done in this investigation.

The final results of the present frequency measurements, ob

tained as described in Chapter 3, are listed in column 2 of Table

4.1. It is apparent that these are quite similar to the 1966

test results shown in Table 2.2; however there are some slight

differences, and also the reservoir was at a higher level in 1986

than it was in 1966. For these reasons, it was necessary to

repeat the modulus of elasticity adjustment to obtain a refined

value of the elasticity modulus for use in the present analytical

studies. The adjustment was done as described previously, start

ing with the calculation of frequencies based on the present

reservoir level (436.2 ft) and the previously determined modulus

of elasticity (Ec = 4.141 x 10 6 psi). Results of these analyses
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are listed in column 3 of Table 4.1, and it is evident that these

frequencies are slightly smaller than the presently measured

values of column 2. Hence the adjusted modulus of elasticity

that would give exact frequency agreement with the measured

results was calculated mode by mode, leading to the results

listed in column 4. The average of the values for the first

three modes was assumed to be the best approximation that could

be obtained in the present study. This average value, Ec = 4.262

x 106 psi, was used to calculate the frequencies of the first

seven modes of vibration of the dam-reservoir system, with

results as listed in the fifth column of Table 4.1

It is evident that the frequencies calculated for the first

three modes agree very well with the measured results, as is to

be expected when the modulus of elasticity of the mathematical

model is adjusted in this way. Moreover, good agreement was ob-

tained for the fourth mode frequency, and the calculated values

for the sixth and seventh modes agree reasonably well with the

test data. Additional confidence in the experimental results is

given by the frequencies for the first four modes, determined

from ambient vibration data and listed in the last column of

Table 4.1. These measured frequencies agree well both with the

forced vibration results in the second column and with the calcu

lated values in the fifth column.

It is important to note that no experimental value was ob-

tained for the fifth mode frequency. Study of the calculated

fifth mode shape (see Fig. 4.2) revealed that it involved rever

sal of displacement directions within the height of the dam;

i.e., it is equivalent to a second cantilever mode. Unfor-
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tunate1y, the excitation applied by the shakers at the dam crest

did not provide enough energy in this mode to produce a

measurable response. From a practical point of view, however,

this omission is not important because this type of mode cannot

make a very significant contribution to the earthquake response

of the dam.

4.3 Vibration Mode Shapes

The same analyses that produce the frequencies discussed in

the preceding section also provided the corresponding mode

shapes. Plots of the calculated modal crest displacements are

presented by the solid line curves in Fig. 4.1; for comparison,

the measured crest displacements (determined as described in

Chapter 3) are shown by the dashed lines. It must be noted,

however, that these measured motions are not consistent with the

calculated results. The calculated crest displacements are the

vector sum of the upstream and the cross-channel components at

each node, whereas the experimental motions were measured only in

the radial direction (tangential motions were not measured).

Thus, part of the apparent discrepancy between analysis and ex

periment in Fig. 4.1 is due to this cause, which is especially

important for the higher modes in which considerable tangential

motions occur. Note again that no experimental result was ob

tained for mode 5.

Although the measured mode shape data was obtained only at

the dam crest, it is of interest to note the modal vibration pat

terns over the full height of the dam. These patterns help ex

plain why the fifth vibration mode was not observed experimen

tally, as was mentioned above; also they provide some understand-
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ing of the pressure distributions determined within the reser

voir. The calculated mode shape results are presented in Fig.

4.2, parts "a" through "f" depicting modes 1 through 6 respec

tively. In each graph, the displacements are shown at three

horizontal sections: elevations 456 ft, 400 ft and 350 ft. In

addition, the displacement variation in the vertical direction is

shown for each mode at the vertical section having the greatest

crest displacement.

4.4 Modal Damping Ratios

As was described in Chapter 3, measured frequency response

curves were obtained for each mode by fitting a SDOF curve to the

response accelerations measured for each frequency. The results

of this procedure were shown in Figs. 3.3 to 3.7, and the ex

perimental peak response frequencies are listed in column 2 of

Table 4.1. For comparison purposes, the forced vibration

response of the dam crest due to harmonic crest excitation was

calculated for each of the frequencies of the response curve, as

described in Chapter 2. However, the true reservoir level and

final adjusted value of the concrete modulus were used in these

calculations. In addition, the damping ratio used in these cal

culations was adjusted so that the calculated amplitude of

response (based on superposition of the designated mode with the

two adjacent modes) matched the crest displacement measured at

the same station. The measured displacement, converted from the

peak acceleration given by the SDOF curve fit, is listed for each

mode in column 3 of Table 4.2, and this is the amplitude that was

matched by adjusting the damping ratio in the forced vibration

response analysis. The station at which the displacements were
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matched are shown in column 2 of the Table, and the damping

ratios used to obtain the displacement amplitudes of column 3 are

listed in column 5. For comparison purposes, the damping ratio

derived from the SDOF curve fit procedure is shown in column 4.

Although the two sets of damping ratios differ somewhat, for

practical purposes they may be considered equivalent; it is un

realistic to think of damping ratios specified to less than a

single percentage point.

A graphical comparison between the analytical and the ex

perimental frequency response curves is shown in Fig. 4.3. Here

the calculated displacement response values have been converted

to an acceleration response curve (dashed lines) for direct com

parison with the experimental smoothed SDOF curves shown pre

viously in Figs. 3.3 to 3.7. As expected, the curves generally

agree very well because the analysis is forced to match the test

displacement amplitude at the peak response frequency. However,

the difference between the calculated and the measured peak

response frequencies that is evident for modes 4 and 6 in Table

4.1 is also clear here. In addition, because it was the dis

placement responses that were matched, a discrepancy is induced

in the peak acceleration amplitudes by the differences in the

frequencies at which the displacements were matched. It also may

be noted that the breadth of the calculated and measured

frequency response curves differ; by reference to Table 4.2 it is

easy to see that the breadth is directly related to the damping

ratio, as required by the SDOF half-power method of damping

analysis.
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4.5 Pressure Response Curves

Following the procedure used to derive the smoothed SDOF

response curves from measured accelerations, similar smoothed

curves were derived from pressure data measured at all reservoir

stations -- both at the dam face and along the channel midsection

within the reservoir. Peak values of the SDOF fitted curves then

were taken to represent the measured pressures at the designated

modal frequencies. Typical response curves for pressures

measured at the dam face centerline at elevations 350 or 400 ft

are shown in Fig. 4.4. Note that results are not shown for mode

2 because water leakage made the gage inoperable during that

test.

The general resemblance of these pressure response curves to

the acceleration response curves of Fig. 4.3 is evident, and it

is not surprising because the pressures are induced directly by

the accelerations of the dam face. The fact that the relative

amplitude of the pressure curves from mode to mode is different

from the relative amplitude of the acceleration curves is because

the pressures and the accelerations were not determined at the

same nodes on the dam face.

Because of the mathematical proportionality between pressure

and acceleration at the dam face for the case of an incompres

sible liquid, the measured centerline pressures were normalized

by dividing them by the acceleration measured at the dam crest

for the same frequencies; the results of this normalizing proce

dure are shown in Fig. 4.5. Assuming that the accelerations at

the pressure gage location are proportional to the measured crest
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accelerations i.e., that the mode shape does not change with

small changes of frequency these normalized curves demonstrate

that the pressures are not directly proportional to the face ac

celerations. In other words, the deviation of the curves of Fig.

4.5 from a horizontal straight line demonstrates that the

pressure-acceleration relationship is not frequency independent

as is expected of an incompressible liquid and makes evident the

presence of some form of compressibility effects. No specific

compressibility mechanism has been postulated, but it is possible

that a rational explanation may be discovered for the distinctly

differing shapes of the various curves.

4.6 Distribution of Hydrodynamic Pressures at the Dam Face

The complete set of hydrodynamic pressure results obtained

in this study of Monticello Dam are presented in Table 4.3 for

the values obtained at the dam face, and in Table 4.4 for pres

sures determined along the reservoir midsection at various dis

tances from the dam face. Results are listed separately for each

of the five excitation frequencies that produced maximum modal

responses, and are displayed in accordance with their reservoir

nodal point location: depth and position across face or distance

from face. The first value listed for each point is the hydro

dynamic pressure calculated assuming the reservoir liquid to be

incompressible; that is followed by the pressure calculated for

the compressible liquid. At the nodes where hydrodynamic pres

sures were measured during the harmonic testing, the measured

pressure result is listed third. It will be noted that the

measurements were not obtained at many points at several of the

test frequencies; this was due to malfunction of the pressure
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gages caused by water leakage. Also it will be noted that, for

reasons of completeness, pressures were calculated at stations

more distant from the dam face than were attempted to be included

in the measurement program.

For convenience, the pressure results at the dam face are

discussed in this section; those along the reservoir midsection

are discussed in the following section. The pressures at the dam

face are depicted graphically in Fig. 4.6; parts "a" through "e"

give values for modes 1 through 6, respectively, with mode 5

being omitted. Calculated results for the compressible liquid

are shown by the "heavy" solid line curves while the "light"

solid lines give the incompressible results; the measured values

are indicated by the "x" symbols. In general, these graphs show

that the assumed compressibility of the liquid has relatively

little effect on the calculated results, although in most modes

the calculated compressible pressures are slightly higher than

the incompressible. Measured values for the first mode are some

what lower than both types of calculated pressures; for the other

modes the agreement is better on the average, but the experimen

tal values tend to be erratic. These results do not provide any

meaningful evidence as to whether or not compressibility of the

liquid should be considered in analysis of dam-reservoir response

to dynamic loads. However, it is of interest that the measured

values generally are of the same order of magnitude as both sets

of calculated results.

4.7 Distribution of Hydrodynamic Pressures along the Reservoir

Midsection

As was noted in the preceding section, the calculated and
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measured values of hydrodynamic pressures along the midsection of

the reservoir are tabulated in Table 4.4. A graphical view of

these results is presented in Fig. 4.7, with experimental values

shown by the solid lines and calculated data by dashed lines.

This graph demonstrates dramatically that the relatively good

agreement between analysis and experiment observed at the dam

face does not exist at any significant distance into the reser

voir. Calculated values at a distance of 98 ft are at least two

orders of magnitude smaller than the measured pressures at that

distance, and similar comparisons apply to the 246 ft distance.

The plots of the measured pressure variation with distance

show that they diminish as might be expected from a typical wave

propagation phenomenon, whereas the analytical results merely

drop almost to zero at the first finite element node away from

the dam face. This indicates that the analytical procedure does

not capture any significant wave propagation phenomenon, and it

is interesting to note from the data in Table 4.4 that the con

sideration of compressibility in this model does not make a sig

nificant difference in the results.

The inability of the analysis to predict hydrodynamic pres

sures away from the dam face casts considerable doubt on the

validity of the ADAP-II finite element reservoir model applied

with the harmonic excitation analysis procedure. On the other

hand, it is only the hydrodynamic pressures at the dam face that

have any effect on the dynamic response of the dam, and since the

calculated dam face pressures are reasonably consistent with the

measured values, it may be concluded that this type of reservoir

interaction analysis can be effective in the earthquake response
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analysis of an arch dam. Further evidence on this point will be

discussed in the next chapter of this report.
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Chapter 5

EARTHQUAKE RESPONSE ANALYSIS

5.1 Background

The final phase of this investigation of arch dam-reservoir

interaction was an analytical study of the stresses induced in

Monticello Dam by the ground motions recorded from a selected

earthquake applied at the boundary of the finite element founda

tion model. The purpose of this study was to compare the

stresses calculated by the ADAP-II program, using an incompres

sible finite element reservoir model, with the results obtained

by the program EACD-3D (10) recently developed by Professor A. K.

Chopra. Both analyses were done for the reservoir at 420 ft

elevation.

Professor Chopra's program uses a finite element model of

the dam similar to the ADAP model, but allows for compressibility

in the reservoir model. Thus it was hoped that this comparison

would give direct evidence of the importance of liquid compres

sibility on the most significant aspect of the seismic response

-- the stresses in the dam. It was recognized, of course, that

other response quantities such as hydrodynamic pressure might be

more sensitive to the influence of liquid compressibility. But

the focus of this research effort has been on the question of

seismic safety, so in this sense the liquid compressibility is

important only with regard to its influence on the amplitude of

seismic stresses in the dam.
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In this chapter, the general features of the program EACD-3D

will be described first, next the earthquake selected for this

comparative study will be discussed, and finally the results ob

tained by the two computer programs (ADAP-II and EACD-3D) will be

presented and compared.

5.2 Computer Program EACD-3D

As was mentioned above, the mathematical model employed in

the EACD-3D program uses a finite element assemblage to represent

the concrete arch and the block of foundation rock that is as

sumed to interact with the dam; these finite element models are

essentially equivalent to those employed by the ADAP program.

Also, in the region near the dam face, EACD-3D uses liquid finite

elements to model the reservoir; these are similar to the liquid

elements in ADAP-II, but they incorporate a finite rather than

infinite modulus of compressibility. A major difference in EACD

3D, however, is that the reservoir beyond the finite element mesh

is modeled as a prismatic body of water extending to infinity;

this permits the pressure waves in the compressible water to

radiate earthquake response energy away from the dam. Another

major difference of EACD-3D is that the reservoir boundary is as

sumed to be a compressible medium which also can absorb wave

energy from the reservoir. The stiffness property of the bound

ary is expressed by the wave reflection coefficient "0''', and it

may be selected to represent any expected foundation behavior,

ranging from the total reflection of a rigid surface (<< = 1.0) to

the condition of complete absorption with no reflection (<<= 0).

Actual boundary conditions in the field, which may range from

rock faces to a soft silt layer, would have reflection coeffi-
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cients somewhere between these limiting values.

For reasons of computational efficiency, the dam, the foun

dation block and the reservoir are formulated as individual sub

structures; the dynamic behavior of each substructure is

expressed in terms of generalized coordinates which are its

vibration mode shapes. However, similar to the ADAP-II model,

only the flexibility of foundation block is considered and its

inertial and damping effects are ignored. In order to deal with

compressibility in both the reservoir and its boundary region, a

frequency domain procedure is used to evaluate the response of

the coupled system of substructures to dynamic loads. A Fast

Fourier Transform (FFT) subroutine is used first to express the

earthquake excitation in terms of its harmonic components. Then

the response of the system to each harmonic component is

expressed by a transfer function which indicates the harmonic

amplitude of a specified response quantity due to application of

unit harmonic earthquake motions. The product of the transfer

function and the harmonics of the earthquake input, taken

frequency by frequency, then represents the frequency domain ex

pression of the earthquake response. The final step of the

analysis is the transformation of the response back to time

domain, using an inverse FFT subroutine. Because EACD-3D is com

pletely described in Reference 10, this brief description will

suffice for the purposes of this report.

5.3 Earthquake Response Transfer Functions

In the frequency domain method of analysis, the physical

properties of the system being analyzed are represented com

pletely by the transfer functions. In the EACD-3D program, the
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transfer functions express the harmonic response of a specified

response quantity of the dam-foundation-reservoir model to har

monic excitation applied to the rigid boundary of the foundation

block. An example of such a transfer function is shown in Fig.

5.1; this indicates the radial direction acceleration of the cen

ter of the dam crest due to unit acceleration of the foundation

boundary in the upstream direction. The three curves indicate

the effect of different assumed boundary reflection coefficients:

full reflection, (;Ii. = 1.0; very stiff boundary, tJt., = 0.9; and

rather soft silt boundary, oc = 0.5. In this plot, the frequency

is expressed as a ratio to the first mode frequency of the dam

foundation system without any reservoir. The frequencies of the

dam-foundation system without reservoir calculated by EACD-3D are

listed in column 2 of Table 5.1. From this it is apparent that a

frequency ratio of 1.0 in Fig. 5.1 represents a frequency of 3.85

Hz. The corresponding frequencies calculated by ADAP are shown

in the third column of Table 5.1; these show that the ADAP and

the EACD-3D models are essentially equivalent. The first spike

in the transfer functions, at a frequency ratio of about 0.86,

represents the first mode of the dam-foundation-reservoir system

with a frequency of about 3.31 Hz. This may be compared with the

ADAP-II first mode frequency reported in Chapter 2 of 3.23 Hz,

for the reservoir at 420 ft elevation.

The other spikes in the transfer functions of Fig. 5.1 rep

resent the second sYmmetric mode of the dam-foundation-reservoir

system and the frequencies of the infinite reservoir.

Frequencies calculated by EACD-3D for the infinite prismatic

reservoir are listed in Table 5.2. The second major spike, at a
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frequency ratio of about 1.55, is equivalent to 5.97 Hz which

compares very well with the first reservoir mode frequency in

Table 5.2 of 6.02 Hz. Also the next major spike in Fig. 5.1, at

a frequency ratio of about 3.33, or about 12.82 Hz, is reasonably

close to the third infinite channel frequency of 14.19 Hz. It is

important to note that the transfer function spikes for these

reservoir resonances are very sharp when rigid reservoir bound

aries are assumed (~= 1.0), but that they are greatly attenuated

even with a reflection coefficient as large as~ = 0.9, and are

essentially eliminated by a soft boundary (~= 0.5). Also it is

important to note that boundary energy absorption has a rela

tively lesser effect on the fundamental resonance of the dam as

represented by the spikes at the frequency ratio of 0.85.

Because the earthquake motions applied to the boundary of

the foundation block have components acting in the vertical and

the cross-channel directions as well as upstream, it was neces

sary to develop transfer functions for these additional com

ponents of seismic input. These functions are presented in Figs.

5.2 and 5.3 for the vertical and cross-channel excitations,

respectively, in the same format used in Fig. 5.1. The curves in

Fig. 5.2 exhibit spikes at the same frequencies seen in Fig. 5.1;

this is to be expected because both the upstream and vertical mo

tions excite the essentially symmetric modes of vibration of the

system. On the other hand, the spikes in Fig. 5.3 represent es

sentially antisymmetric response modes; thus the first spike on

this curve at a ratio of 1.00, or 3.85 Hz, corresponds to the

second mode frequency of the dam-foundation-reservoir system,

calculated by ADAP-II (Table 2.2) to have a frequency of 3.67 Hz.
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The discrepancy between these values is associated partly with

the dam-foundation model (see Table 5.1) and partly with the dif

ferences in reservoir modeling. The second major spike in Fig.

5.3 represents the first antisymmetric mode of the infinite

reservoir; the much smaller peaks corresponding with the first

and second symmetric reservoir modes also may be noted in this

figure due to the fact that the system is not truly symmetric.

5.4 Earthquake Excitation

In order to judge the importance of the reservoir compres

sibility effect on the earthquake response of Monticello Dam, it

was considered important to apply an earthquake that might be

representative of the region where the dam is located. It was

not the purpose of this investigation to evaluate the seismic

safety of the dam, and therefore no seismicity study was made of

the dam site and surrounding region. However, it seemed reason

able to assume that the frequency characteristics of an earth

quake at Monticello would be similar to those of earthquakes re

corded in other parts of the San Francisco Bay region. Accord

ingly, the earthquake selected as input for this analysis was the

one recorded at Morgan Hill, California, in April 1984 (11). The

peak acceleration contained in the record is 0.34 g, and this ap

pears to be a reasonable estimate of the intensity of a major

earthquake that might occur at Monticello Dam.

Figs. 5.4, 5.5 and 5.6 (reproduced from Reference 11) show

the acceleration, velocity and displacement histories for the

earthquake motions assumed to act on Monticello Dam in the

upstream, vertical and cross-channel directions, respectively.

Response spectra calculated from these input motions (also from
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Reference 11) are shown in Figs. 5.7, 5.8 and 5.9, respectively,

in the form of four-way log plots. The plots show the pseudo

spectral velocity (PSV), the pseudo-spectral acceleration (PSA)

and the spectral displacement of the ground motion components

when read against the appropriate log scales. Five different

curves are presented showing the results for 0, 2, 5, 10 and 20

percent critical damping, with decreasing amplitude corresponding

to increasing damping. Also shown by a dashed line on each

figure is the Fourier amplitude spectrum of the input motion

component; these are the result of Fast Fourier Transformation of

the earthquake record, as discussed above.

5.5 Response to Earthquake Input

As was mentioned above, the response of Monticello Dam to

the Morgan Hill Earthquake motions was calculated by both ADAP-II

with its incompressible reservoir model, and by EACD-3D which ac

counts for reservoir compressibility. In both programs a form of

mode superposition is used; in ADAP-II the vibration modes are

those of the dam-foundation-reservoir system, in EACD-3D the

modes are those of the dam-foundation system with empty reser

voir. In ADAP-II, the reservoir boundary is assumed to be rigid;

in EACD-3D three different boundary rigidity conditions were as

sumed expressed by reflection coefficients of.. = 1.0 (rigid), c(,. =

0.9 and 0(.= 0.5 (very soft).

Both of these computer programs have the capability of cal

culating the static state of stress that exists before the

earthquake occurs. The results of such an analysis considering

the gravity load of the concrete and the hydrostatic pressure of

the reservoir at 420 ft elevation are presented in the form of
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stress contours in Fig. 5.10. The contour interval in these

plots is 50 psi and negative values indicated compression. Plots

a, b, c and d show arch direction stresses on the upstream and

downstream faces, and cantilever direction stresses on the

upstream and downstream faces, respectively. No specific sig

nificance is given to these results; they are shown in order to

give a sense of scale to the dynamic earthquake stresses. In

practice, the static and dynamic stresses would be combined, of

course, to indicate tendencies toward cracking damage to the dam.

They are not combined in this investigation in order to emphasize

the fact that this is not intended to be an evaluation of the

safety of Monticello Dam.

As noted, a total of four dynamic analyses were performed,

one with ADAP-II and three with EACD-3D using three different

reflection coefficients. Complete time history response results

were obtained from all of these analyses, but a good basis for

evaluation of the importance of reservoir compressibility and of

boundary wave absorption is provided by comparison of the much

simpler "envelope" stress contours for the four analyses. The

envelope values are the largest value of each stress component

obtained in each element of the finite element mesh during the

entire history of the earthquake. Thus it is apparent that the

contours do not show a concurrent state of stress -- the maximum

values occur at different times at different locations. However,

the tensile stress values in particular do show the tendency

toward cracking damage of the dam, and comparison of these ten

sile envelope contours gives a significant indication of the in

fluence of the various analytical assumptions. It must be noted
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that all three components of earthquake

simultaneously, so these envelope values

dynamic effect of the earthquake.

The tensile stress envelope contours obtained from these

analyses are presented in Figs. 5.11, 5.12, 5.13 and 5.14. Each

figure portrays only one component of stress on one face of the

dam; the four plots displayed on each figure show the results ob

tained with ADAP-II first, and then with the three different

reflection coefficients assumed in the EACD-3D analyses. Con

sidering first Fig. 5.11, which shows arch direction stresses on

the upstream face of the dam, it is apparent from the top two

plots that ADAP and EACD with d = 1.0 give quite similar results.

The shapes of the contours differ somewhat, but the peak stress

values and their locations are quite similar. This comparison

indicates that for this particular dam and earthquake, and for

this stress component, the water compressibility does not have

any significant effect. Comparing the second and third plots, it

is seen that the softer boundary (with ~= 0.9) gives a slight

reduction of peak stresses. On the other hand, the fourth plot,

for cL= 0.5 shows a very significant reduction of stress, so it

is clear that very soft (silt) boundaries can have a useful

mitigating effect on the peak earthquake response stresses. En

tirely equivalent conclusions can be drawn from the four plots of

Fig. 5.12, which depict the arch direction stresses on the down

stream face. It is apparent that the dynamic stresses on this

face are somewhat smaller than those on the upstream face, but

the relationship between the four plots is equivalent to that

shown in Fig. 5.11. Note that the contour interval in Fig. 5.12d
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is only 25 psi because the stresses in this case tend to be so

low.

Very similar conclusions can be drawn from the four plots of

Fig. 5.13, which show cantilever direction stresses on the up

stream face. The shapes of the contours obtained from ADAP show

greater differences from the EACD contour shapes for cL= 1.0, but

the potential for cracking of the dam is very similar in the two

analyses. The reduction of cantilever stress with diminishing

reflection coefficients seems to be less pronounced than the arch

stress reduction of Fig. 5.11, but again this is not a major fac

tor in the analysis.

The first two plots in Fig. 5.14, on the other hand, show a

remarkable difference in the stresses computed by ADAP from the

EACD (ol= 1.0) results. For some reason the water compres

sibility appears to cause an increase in the cantilever stresses

on the downstream face, but it is surprising that the effect is

so much more pronounced on the downstream face as compared with

the upstream. The conclusions to be drawn from these results

will be presented and discussed in Chapter 6, but it is worth

noting at this point that the differences in assumed reflection

coefficients seem to have a greater effect on the dam stresses

than the difference between compressible and incompressible

reservoir water. On the other hand, it is only by assuming com

pressible reservoir water that the boundary flexibility effects

can be considered.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This intensive study of dynamic interaction of the reservoir

with Monticello Dam has led to a number of conclusions about

the effectiveness of the experimental procedure, about the valid

ity of the analytical methods for simulating the harmonic test

behavior, about the influence of compressibility of the reservoir

water on its interaction effects, and about the analytical pre

diction of arch dam response to earthquakes. Comments and con

clusions on each of these topics are grouped under appropriate

headings in the following sections of this report.

6.1.1 Experimental Procedure

(a) The rotating mass shakers provide a convenient means of

measuring vibration frequencies, mode shapes, and damping of

an arch dam -- including effects of the dynamic interaction

with the reservoir and the foundation material. However,

the results show that one or more vibration modes may be

overlooked if they are not sufficiently excited by the

shakers located at predetermined positions on the dam.

(b) Mode shapes and frequencies determined in this study

agreed well with those measured in 1966, demonstrating the

general reliability of the procedure; however, the same mode

was overlooked in both test programs because the shakers

were positioned in essentially the same locations.
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(c) Harmonic forces produced by the two 5 kip shakers were

sufficient to generate significant hydrodynamic pressures in

the reservoir; these were sensed effectively by the pressure

transducers, not only at the dam face, but at distances from

the face as great as 250 ft.

6.1.2 Validation of the Analytical Model

(a) The most reliable estimate of the modulus of elasticity

of the dam and foundation is given by matching the calcu

lated and experimental frequencies of the lowest three or

four modes. In the present study, matching of the lowest

three frequencies gave excellent agreement up to the sixth

mode, except for the mode that was not identified experimen

tally.

(b) Damping ratios obtained from experimental data by the

half-power method are in fair agreement with those deter

mined by matching analytical and experimental harmonic dis

placement amplitudes for each mode; values typically are in

the range of 1.5 to 3.0 percent for this very low amplitude

deformation.

(c) Harmonic pressures induced at the dam face are very

small, hence the comparison of analytical and experimental

results is subject to considerable error in both types of

data. Nevertheless, the good order of magnitude agreement

for pressures at the dam face suggests that the ADAP-II

analytical model will be reasonably effective in accounting

for reservoir interaction effects in predicting the earth

quake response of the dam.

(d) On the other hand, the pressures predicted by the ADAP
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program (either considering or neglecting liquid compress

ibility) along the reservoir axis at various distances from

the dam face were at least two orders of magnitude smaller

than the measured values. Thus it is clear that the ADAP

program reservoir model has some serious deficiencies; fur

ther research is needed to determine if there are similar

deficiencies in the EACD-3D program.

6.1.3 Influence of Liquid Compressibility

(a) Measured hydrodynamic pressure-frequency response

curves obtained in this study show little evidence of reser

voir resonance effects. However, the fundamental reservoir

frequency indicated both by EACD and by ADAP including liq

uid compressibility is about 60 percent higher than the fun

damental frequency of the dam-foundation system without

reservoir; hence for this dam-reservoir system the coupling

effect of the reservoir with the dam response is not ex

pected to be great.

(b) Measured pressure-frequency response curves for modes 4

and 6 show shifts of peak response frequency with changing

position in the reservoir which may be due to compres

sibility effects, but no hypothesis has been developed to

explain the shifts.

(c) Including compressibility in the ADAP reservoir model

had only minor effects on the harmonic excitation pressures

calculated at the dam face, and did not improve the com

parison with measured results.

(d) When the pressure measured at the dam face was normal

ized by dividing by the crest acceleration measured at the
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same frequency, the resulting ratio showed a significant

variation with frequency -- thus demonstrating a measurable

effect of reservoir compressibility. However, the compres

sibility mechanism leading to the observed frequency

response effect is not yet understood.

6.1.4 Earthquake Response Behavior

It is important to recognize that the earthquake response

results presented in this study are very limited in scope, and

therefore should not be used to draw general conclusions about

the earthquake behavior of arch dams. Only a single dam

reservoir system has been considered, with only a single earth

quake excitation; and it is well recognized that both the ratio

of dam and reservoir frequencies as well as the frequency content

of the earthquake motions can have controlling influences on the

earthquake response of an arch dam. In spite of these limita

tions, however, the results of the analyses demonstrate several

interesting facts that apply to this specific dam-earthquake com

bination, and thus represent one point in the range of behavior

that may be observed in the earthquake response of arch dams.

The points of interest that have been noted are as follows:

(a) For practical purposes, the stress envelope results ob

tained by the ADAP analysis (incompressible water) are

equivalent to those given for the rigid boundary case by the

EACD-3D program. Thus it may be concluded that the compres

sibility effect (which is considered by EACD-3D) is not im

portant in the earthquake response of Monticello Dam. This

observation is not surprising in this case because the three

lowest modes of the dam have frequencies below the lowest
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mode frequency of the reservoir, hence compressibility does

not influence the interaction mechanism very much.

(b) On the other hand, when the compressible reservoir was

considered together with a very soft boundary (reflection

coefficient ~= 0.5), the absorption of the reservoir pres

sure waves into the boundary led to a very significant

reduction of the envelope stress results. Thus it is clear

that a soft reservoir boundary can have a very beneficial

effect on the earthquake safety of an arch dam, but it is

only possible to take advantage of this effect by using a

compressible reservoir analysis program such as EACD-3D.

Consequently the extra computational cost of a frequency

domain analysis (such as EACD-3D) may be easily justified if

a dam is located in a region of high seismicity and if the

reservoir boundary may be assumed to be flexible.

(c) The principal question that remains if an EACD-3D

analysis is considered appropriate in a given situation is

the value to be assumed for the boundary reflection coeffi

cient,oL. The results obtained here show that a wide range

of results may be obtained by using different values ofQ£,

and there is essentially no information as to the value that

would apply to any given arch dam reservoir. It is believed

that the range of values considered in this study

(1.0~cx.~0.5) would include any practical case, but no

guidance is available as to the choice of values within that

range.

(d) The results of this study suggest that the relatively

simple ADAP-II type of analysis is appropriate for use in
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preliminary design, because it is likely to give conserva

tive results (i.e. to overestimate the seismic stresses),

especially if the reservoir can be assumed to have a rela

tively soft boundary. If the dam demonstrates an adequate

margin of safety in these preliminary analyses, there is no

need to perform an additional analysis considering reservoir

compressibility. On the other hand, if the margin of safety

indicated by the ADAP-II type of analysis is not considered

adequate, additional analyses using EACD-3D may be jus

tified, considering both upper and lower bound estimates of

the reservoir boundary reflection coefficient. Also, if the

design has been based on an earthquake having a relatively

short return period, additional analysis of the EACD-3D type

may be desirable in assessing the expected performance of

the dam during a maximum credible earthquake; in this event

higher damping would apply and some moderate cracking might

be acceptable. This additional analysis would provide a

measure of the margin of safety of the dam design in terms

of the increased seismic excitation that could be accom

modated.

6.2 Recommendations

Although considerable progress has been made during this in

vestigation toward understanding of reservoir interaction effects

in the earthquake response of arch dams, it is evident that fur

ther study on this subject still is needed. Two specific areas

recommended for further research are discussed below; undoubtedly

several other topics also could be identified.
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6.2.1 Extension of the EACD-3D Program

In its present version, the program EACD-3D is intended only

to evaluate response due to earthquake excitation; the

earthquake motions are considered as rigid body accelera

tions of the base beneath the foundation rock model. An im

portant improvement of the program would be to modify it so

that it can evaluate response to forces acting at specified

points on the body of the dam. With this change, the

program could be used to evaluate the response to the har

monic loading applied by the rotating mass shakers at the

dam crest; then the hydrodynamic pressures developed at the

dam face and within the reservoir could be calculated and

compared with the pressures measured during this field test

program. It is of primary importance to determine whether

EACD-3D gives a reliable estimate of the pressure wave

propagation up the reservoir, in contrast with the failure

of the ADAP-II program to do this. If so, further study

could be devoted to the ADAP program to understand why it

does not perform correctly and then to make appropriate

changes in it.

6.2.2 Parametric Study of Earthquake Response

As noted above, the earthquake response analyses of Mon

ticello Dam done with ADAP-II and with EACD-3D have provided

very useful information about the effects of reservoir in

teraction on the earthquake behavior of arch dams. However,

it is recognized that conclusions cannot be drawn from this

single case, and it is essential that the analyses be

repeated for cases involving wide changes in the basic
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parameters of the problem. To fully understand the problem,

it is recommended that a broad program of analyses be

carried out; some appropriate parameter variations would be

as follows:

(a) Earthquake Characteristics - repeat the analyses of

Monticello Dam and reservoir done for the Morgan Hill

earthquake, using the standard Cal Tech artificial

earthquakes, Types A, Band C using the two versions of each

type. Note that at least the same three reservoir boundary

reflection coefficients should be considered in each case.

In addition, it would be useful to do analyses with one or

two other real earthquakes, to include examples of the ran

dom variability that has been eliminated from the artificial

ground motions.

(b) Dam Scale - repeat the Morgan Hill earthquake analysis

using scale models of Monticello Dam and reservoir; initial

studies should be done for half scale and double scale

models.

(c) Dam Design - repeat the Morgan Hill analysis of Mon

ticello Dam considering arch dams with a wide range of

geometry and size. Examples of interest would be McKay's

Point Dam, the proposed Auburn Dam with double curvature

geometry, Morrow Point Dam and possibly Xiang Hong Dian and

Quan Shui Dams that were tested in China.

With this range of variations, it is expected that

general conclusions could be drawn with regard to the impor

tance of reservoir and boundary compressibility on the

earthquake response.



56

REFERENCES

1. R. W. Clough, K-T Chang, et aI, "Dynamic Response Behavior of
Xiang Hong Dian Dam," University of California Earthquake En
gineering Research Center Report No. UCB/EERC-84/02, Berkeley,
California, April 1984.

2. R. W. Clough, K-T Chang, et aI, "Dynamic Response
Quan Shui Dam," University of California Earthquake
Research Center Report No. UCB/EERC-84/20, Berkeley,
November 1984.

Behavior of
Engineering
California,

3. R. W. Clough, K-T Chang et aI, "Dynamic Interaction Effects
in Arch Dams," University of California Earthquake Engineering
Research Center Report No. UCB/EERC-85/11, Berkeley, California,
October 1985.

4. U. S. Department of the Interior, Bureau of Reclamation,
Design of Arch Dams, Denver, Colorado, 1977 (pp 422 and 423).

5. G. C. Rouse and J. G. Bouwkamp, "Vibration Studies of Mon
ticello Dam," U. S. Department of the Interior, Bureau of Recla
mation Research Report No.9, 1967.

6. L. H.
Response of
U. S. Bureau
1971.

Roehm, "Comparison of Computed and Measured Dynamic
Monticello Dam," Engineering and Research Center,

of Reclamation, Report No. REC-ERC-71-45, December

7. R. W. Clough, J. M. Raphael, S. Mojtahedi, "ADAP - A Computer
Program for Static and Dynamic Analysis of Arch Dams," University
of California Earthquake Engineering Research Center Report No.
UCB/EERC-73/14, Berkeley, California, June 1973.

8. J. S-H Kuo, "Fluid Structure Interaction: Added Mass Com
putations for Incompressible Fluid," University of California
Earthquake Engineering Research Center Report No. UCB/EERC-82/19,
Berkeley, California, August 1982.

9. D. E. Hudson, "Synchronized Vibration Generators for Dynamic
Testing of Full Scale Structures," Earthquake Engineering Re
search Laboratory Report, California Institute of Technology,
Pasadena, California r 1962.

10. K-L Fok, J. F. Hall, and A. K. Chopra, "EACD-3D: A Computer
Program for Three-Dimensional Earthquake Analysis of Concrete
Dams," University of California Earthquake Engineering Research
Center Report No. UCB/EERC-86/09, Berkeley, California, July
1986.

11. A. F. Shakal, M. J. Huang, et al., "Processed Data from the
Strong Motion Records of the Morgan Hill Earthquake of 24 April
1984 -- Part I. Ground Response Records," California Department
of Conservation, Division of Mines and Geology Report No. OSMS
85-04, May 1986.



57

Table 2.1 Measured and Calculated Natural Frequencies (Hz)
(Reservoir at 433 ft Elevation)

Ec = 5,100,000 psi

(a) (b) ( c ) ( d)

Foundation NO YES YES Measured
Reservoir NO NO YES (1966)

1 4.38 4.18 3.45 3.12

2 4.80 4.54 3.93 3.55

3 6.05 5.80 5.17 4.63

4 7.34 7.00 6.46 6.00

5 8.58 8.48 7.60 7.60

6 9.83 9.20 8.02

7 10.53 10.08 9.44

Table 2.2 Measured and Calculated Frequencies for
Two Reservoir Levels (Hz)

Ec = 4,141,000 psi

Mode Water Level ~7ater Level Measured (1966)
No 433 ft 420 ft 433 ft

1 3.11 3.23 3.12

2 3.54 3.67 3.55

3 4.66 4.83 4.63

4 5.82 6.00 6.00

5 6.85 6.91 7.60

6 7.23 7.40

7 8.51 8.58



Table 4.1 Measured and Adjusted Calculated Frequencies (Hz)
(Reservoir Elevation = 436.2 ft)

Mode Measured Calculated
6 Ec for PeEfect Calculated

6
Measured

No (June 1986) (Ec=4.141xl0 ) Match(xlO psi) (Ec=4.262xl0 ) (Ambient)

1 3. 12 3.078 4.256 3. 122 3.09

2 3.55 3.507 4.242 3.558 3.56

3 4.70 4.619 4.288 4.686 4.62

4 6.00 5.772 4.475 5.856 5.84

5 missed 6.834 -- 6.933 --

6 7.60 7.172 4.650 7.276 --

7 8.49 8.476 4. 155 8.598 --

l;1
~
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Table 4.2 Forced Vibration Analysis of Damping Ratio

Mode Matching Matched Max. Damping Ratio ( %)
No Station Displac~ment SDOF Fit Ampl. Match

( x 10 in.)

1 f 8.54 3.00 2.71

2 h 14.05 1. 83 2.55

3 e 3.28 1. 80 3.16

4 f 7.20 1. 38 1. 14

5 - (missed) -- --

6 f 5.21 2.40 0.77
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Table 4.3 Forced Vibration Hydrodynamic Pressures
at Dam Face ( x 1000 psi)

Pressure Station f h j k Elev
(ft)

Mode
No

Incompressible -6.288 -11.12 -7.459 -2.631
Compressible -6.726 -11.68 -7.908 -2.898 400
Measured "3.000 -4.56

Incompressible -6.735 -10.57 -8.063 -3.541
Compressible -7.726 -11.80 -9.068 -4.171 350
Measured -6.17 -3.500

1
Incompressible -6.741 -9.928 -7.605 -4.218
Compressible -8.152 -11.630 -9.017 -5.160 300
Measured -5.410 -7.380 -5.760 -3.610

Incompressible -5.991 -7.777 -6.554 -5.253
Compressible -7.694 -9.776 -8.236 -6.477 250
Measured -3.330

Incompressible 17.12 3.742 -17.53 -14.19
Compressible 17.76 3.937 -18.02 -14.78 400

Incompressible 15.52 4.620 -13.78 -13.77
Compressible 16.80 5.026 -14.71 -14.99 350
Measured -10.00

2
Incompressible 12.90 3.389 -11.67 -13.25
Compressible 14.47 3.915 -12.76 -14.84 300
Measured 12.70 -11.90 -17.00

Incompressible 9.249 2.368 -8.086 -13.54
Compressible 10.89 2.959 -9.127 -15.43 250

Incompressible -3.987 2.628 -2.344 -5.553
Compressible -4.389 2.439 -2.629 -5.947 400

Incompressible -3.578 1. 452 -1.139 -4.626
Compressible -4.435 0.942 -1.777 -5.435 350
Measured 2.110 -4.090 -7.270

3
Incompressible -2.761 0.949 -1.295 -4.016
Compressible -3.891 0.155 -2.183 -5.076 300
Measured -1. 900 4.160 -1.970 -2.980

Incompressible -1.927 0.262 -1.031 -3.310
Compressible -3.193 -0.733 -2.062 -4.514 250
Measured -6.390 -1.860
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Table 4.3 Forced Vibration Hydrodynamic Pressures
at Dam Face ( Cont'd)

Pressure Station f h j k Elev
(f t)

Mode
No

Incompressible 3.264 5.093 -7.526 8.439
Compressible 3.087 5.225 -7.782 8.998 400
Measured 3.270

Incompressible 2.129 5.085 -6.370 5.379
Compressible 1.648 5.213 -6.711 6.337 350
Measured 2.520 -2.740 2.190

4
Incompressible 1.908 3.444 -3.632 4.057
Compressible 1.268 3.447 -3.925 5.073 300
Measured 2.520 1.740 -3.780 2.790

Incompressible 1.124 2.042 -1.589 1. 215
Compressible 0.4811 1.929 -1.847 1.890 250
Measured -2.370

Incompressible -8.412 10.20 -4.826 0.779
Compressible -8.098 11. 40 -4.423 1.219 400
Measured 3.02

Incompressible -8.582 1. 856 -4.430 -1.557
Compressible -7.539 4.089 -3.394 -0.734 350
Measured 3.600 -11.770

6
Incompressible -7.922 -1.937 -5.133 -2.156
Compressible -6.157 0.957 -3.569 -1.241 300
Measured -1.715 3.760

Incompressible -6.216 -4.034 -4.563 -4.441
Compressible -3.919 -0.609 -2.622 -4.034 250
Measured -1.810



Table 4.4 Calculated and Measured Hydrodynamic Pressures
Along Reservoir Center-line at Various Elevations

( x 1000 psi)

DIS TAN C E FRO M DAM F ACE

0\
N

MODEELEV900 ....380 ....246 ....98 ....0 ....
~

Incompressible -11.120 -7.929E-3 -6.914E-3 -1.568E-3 3.300E-4
Compressible -11.680 -1.378E-2 -1.119E-2 -3.648E-3 5.060E-4 400
Measured 4.560 1. 510 7.030E-1

Incompressible -10.570 -3.453E-2 -1.293E-2 -3.932 E- 3 9.158E-4
Compressible -11.800 -4.939E-2 -2.285E-2 -8.713E-3 1.324E-3 350
Measured 6.170 2.940 1.056 1

Incompressible -9.928 -6.050E-2 -1.919E-2 -5.800E-3 1.350E-3
Compressible -11.630 -8.573E-2 -3.422E-2 -1.286E-2 1.952E-3 300
Measured 7.380

Incompressible -7.777 -8.692E-2 -2.454E-2 -7.070E-3 1.626E-3
Compressible -9.776 -1.246E-1 -4.375E-2 -1.580E-2 2.359E-3 250
Measured

Incompressible 3.742 7.936E-3 2.331E-3 6.731E-4 -1.453E-4
Compressible 3.937 1.070E-2 4.297E-3 1.779E-3 -1.919E-4 400
Measured 2.310E-l

Incompressible 4.620 1.885E-2 4.844E-3 1.673E-3 -3.908E-4
Compressible 5.026 2.573E-2 9.363E-3 4.223E-3 -5.013E-4 350
Measured 2.990E-l 2

Incompressible 3.389 2.942E-2 6.730E-3 2.556E-3 -6.179E-4
Compressible 3.915 4.086E-2 1.351E-2 6.327E-3 -7.827E-4 300
Measured 2.500

Incompressible 2.368 3.689E-2 8.875E-3 3.118E-3 -1.458E-4
Compressible 2.959 5.269E-2 1.748E-2 7.776E-3 -9.439E-4 250
Measured



Table 4.4 Calculated and Measured Hydrodynamic Pressures
Along Reservoir Center-line at Various Elevations

( Cont'd )

0\
lJ,)

MODEELEV900'380'246'98 '0'
~

Incompressible 2.628 -1.729E-3 9.226E-5 -1.638E-4 5.228E-5
Compressible 2.439 -4. 7 21 E- 3 -2.483E-3 -1.673E-3 -1.151E-4 400
Measured 6.540E-l 5.610E-l

Incompressible 1. 452 -3.407E-4 -8.015E-4 -2. 625E-4 6.293E-5
Compressible 0.942 -7.927E-3 -6.779E-3 -3.727E-3 -3.218E-4 350
Measured 2.110 1.750E-l 1.080 3

Incompressible 0.949 -1.371E-3 -1.190E-3 -3.817E-4 8.883E-5
Compressible 0.155 -1.447E-2 -1.017E-2 -5.496E-3 -4.841E-4 300
Measured 4.160 9.880E-l

Incompressible 0.262 -3.170E-3 -1.389E-3 -4.645E-4 1.058E-4
Compressible -0.733 2.302E-2 -1.263E-2 -6.785E-3 -6.146E-4 250
Measured 6.390

==
Incompressible 5.093 3.205E-3 1.139E-3 1.451E-4 -7.196E-6
Compressible 5.225 5.184E-3 8.852E-3 1.442E-2 2.633E-2 400
Measured 3.270 3.200E-l 3.200E-l

Incompressible 5.085 9.487E-3 1.614E-3 5.393E-4 -1.127E-4
Compressible 5.213 1.292E-2 1.915E-2 3.337E-2 6.039E-2 350
Measured 2.520 4.140E-l 4.340E-l 4

Incompressible 3.444 1.400E-2 2.125E-3 8.696E-4 -2.061E-4
Compressible 3.447 1.538E-2 2.783E-2 4.949E-2 8.935E-2 300
Measured 1.740 1.410

Incompressible 2.042 1.593E-2 3.133E-3 1.055E-3 -2.484E-4
Compressible 1. 929 1.113E-2 3.519E-2 6.129E-2 1.111E-l 250
Measured 1.720E-l



Table 4.4 Calculated and Measured Hydrodynamic Pressures
Along Reservoir Center-line at Various Elevations

( Cont'd)

0' 98' 246' 380' 900' ELEV MODE

Incompressible 10.200 -1.420 E- 2 -8.772E-2 -1.116E-3 3.227E-4
Comopressible 11.400 2.241E-3 3.822E-2 4.229E-2 -4.563E-2 400
Measured 3.020 5.410 E-l 2.430E-l

Incompressible 1. 856 -1.421E-2 -6.882E-3 -2.062E-3 4.860E-4
Compressible 4.089 2.502 E- 2 8.355E-2 9.780E-2 -1.052E-l 350
Measured 3.600 1. 007 4.160E-l 6

Incompressible -1.937 -2.396E-2 -1.068E-2 -3.015E-3 7.009E-4
Compressible 0.957 3.676E-2 1.258E-l 1.448E-l -1.558E-l 300
Measured 3.760 7.060E-l 5.120E-l

Incompressible -4.034 -4.015E-2 -1.305E-2 -3.704E-3 8.531E-4
Compressible -0.609 7.004E-2 1.555E-l 1.798E-l -1.936E-l 250
Measured 1.810

CiI
~
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Table 5.1 Calculated Frequencies of Dam-Foundati~n System
Without Reservoir (Ec = 4.141 x 10 psi)

Mode EACD-3D ADAP-II
No (H z) (H z)

1 3.850 3.766

2 4.244 4.091

3 5.467 5.226

4 6.686 6.307

5 8. 166 7.641

6 8.574 8.290

7 9.807 9.083

No te:

EACD-3D
ADAP-II

Thickshell elements only, 9 mesh levels
Thickshell and 3D-Shell elements, 8 mesh
levels
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Table 5.2 EACD-3D Calculated Frequencies of Infinite Reservoir

Mod e No. Frequency (Hz)

1 6.02

2 11. 42

3 1 [, • 19

4 18.27

5 19.31

6 21.79

7 24.04

8 26.10

9 27.06

10 29.78

11 31.83

12 32.18
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Fig. 1.1 Aerial View of U.S.B.R. Monticello Dam, California
(from Reference 4)
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Fig. 2.2 Finite Element Model Monticello Dam

Fig. 2.3 Perspective View of Foundation Model, Right Half
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(a) Plan V1ew

x

OJ) Isometric View

Fig. 2.4 Finite Element ReservOir Model
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Pig. 2.7 Porced Vibration Pressures Calculated at Dam Face
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Fig. 2.8 Forced Vibration Pressures Calculated 98 ft From Dam Face
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Fig. 5.13 Envelope Earthquake Cantilever Stresses on Upstream Face
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