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ABSTRACT

This itudy of Xiang Hong Dian Dam is the first phase of a cooperative

research project on "Interaction Effects in the Seismic Response of Arch

Dams" being carried out under the U.S.-China Protocol for Scientific and

Technical Cooperation in Earthquake Studies. The cooperating organizations

are the Scientific Research Institute of Water Conservancy and Hydro-

electric Power and Tsinghua University, of Beijing, and the Earthquake

Engineering Research Center of the University of California, Berkeley.

In this study, measurements were made of the vibration behavior of

Xiang Hong Dian Dam, a single curvature arch located in Anhui Province,

China; the vibrations were excited both by rotating mass shakers and

also by ambient vibration effects in the environment. The measured
®

vibration mode shapes and frequencies were then compared with results

obtained analytically using a finite element model of the dam, the reservoir,

and the foundation rock. The purpose of the study was to evaluate and

improve the mathematical models used to represent the foundation rock and the

reservoi r.

The essential results of the study are (1) a foundation rock model

extending a distance equal to the dam height in all directions from the

dam-rock interface is sufficient to represent the interaction, (2) the

reservoir can be modelled adequately by a mesh of incompressible liquid

elements extending upstream a distance three times the dam height, and (3)

using these interaction models excellent agreement was obtained between the

experimental and analytical vibration properties, after the modulus of e1asti-

city of the concrete had been adjusted properly. Further research is needed to

determine if these conclusions also may be applied to other arch dams.
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Chapter 1

INTRODUCTION

1.1 BACKGROUND

A concrete arch dam impounding a large reservoir presents a major

potential hazard to downstream centers of population, especially if the

dam is located in an active seismic region. Therefore, even though there

is:no record that a major arch dam ever has suffered significant damage

during an earthquake, it is essential to develop and verify procedures

for calculating the earthquake performance of proposed designs or existing

dams.

In principle, an arch dam is a typical form of structural system

suitable for analysis by standard finite element procedures, using

available general purpose structural analysis computer programs. However,

two features of an arch dam greatly complicate its structural performance.

First, such a structure is extremely stiff and massive, and it imposes

significant deformations on its foundation even though an arch dam will

be built only on a stiff. strong rock base. These deformations are

important even under static load, but they have a much greater influence

on the dynamic response during an earthquake. The second complicating

feature of any concrete dam system is the water in the reservoir. Under

static conditions this merely subjects the dam to an easily determined

load. but during an earthquake the mass of the water provides significant

inertial resistance to the dynamic response, and thus influences both the

frequency characteristics and the intensity of the resulting response.

Analytical procedures to account for the effects of both types of

interaction have been included in earthquake response calculations of

concrete dams for several decades. Typically the reservoir interaction

has been represented by an added mass applied to the face of the dam[l].
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although more recent research has suggested that the compressibility of

the reservoir water should be considered as well as its mass[2].

Foundation interaction was modeled traditionally by flexibility coefficients

defined for the interface between the dam concrete and the foundation

rock[3]; however, with the introduction of the finite element method it has

become customary to include a block of foundation rock directly in the

mathematical model of the darn-foundation system[4]. It is the purpose

of the research program described in this report to make a quantitative

evaluation of the best analytical procedures for taking account of these

interaction mechanisms by correlation of vibration measurements made

on arch dams in the field with predictions based on mathematical analyses.

It should be noted that field measurements of the vibration properties

of arch dams have been made many times in the past, and these measured

results often have been correlated with evaluated results[5]. However,

none of these previous field experimental studies have been directed

primarily towards the effects of reservoir or foundation interaction,

or toward verifying the analytical procedures used to represent these

effects.

1.2 ORGANIZATION OF THE RESEARCH PROJECT

The present study was initiated in 1982 as a three year cooperative

research project entitled "Interaction Effects in the Seismic Response of

Arch Dams", administered under the U.S.-China Protocol for Scientific

and Technical Cooperation in Earthquake Studies. The cooperating

institutions are the Earthquake Engineering Research Center (EERG) of the

University of California at Berkeley, acting for the United States, and

the Scientific Research Institute of Water Conservancy and Hydroelectric

Power (SRIWCHP) together with Tsinghua University, both of Beijing, acting
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for China. Professor R. W. Clough of the University of California and Vice

President K. T. Chang of Tsinghua University were the Principal Investi

gators. Funding for the EERC part of the research was provided by the

U.S. National Science Foundation, and funding for the SRIWCHP part was

provided by the Ministry of Water Conservancy and Electric Power of China.

1.3 SCOPE OF THE INVESTIGATION

The complete investigation included making detailed vibration measure

ments of two arch dams in China, one of single curvature, the other of

double curvature. The measured results from both dams are compared with

analytical predictions obtained using the most refined mathematical pro

cedures; conclusions are drawn concerning the validity of current

procedures for modeling the interaction effects, and recommendations are

made of the most effecti ve ana 1ys is techniques.

The present report describes the investigation carried out on the

first of the two dams studied in China: Xiang Hong Dian Dam in Anhui

Province. The report is presented in four main chapters dealing with:

Experimental Investigation, Analytical Study, Correlation of Experimental

and Analytical Results, and Static and Earthquake Response Behavior. In

a final section, conclusions drawn from the study of this first dam are

summarized.

1.4 ACKNOWLEDGMENTS

Although the study of Xiang Hong Dian Dam was done under the nominal

supervision of Professors Chang and Clough, it actually was a large team

effort with major contributions made by many individuals. Among the

principal participants, the following must be mentioned. The field work

was done under the direct supervision of Mr. H.-Q. Chen, Vice-Head of

Earthquake Engineering at SRIWCHP. Mr. Chen also supervised the reduction
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of the field data taken by the PRe team and the preparation of a draft

report on the experimental study. The U.S. part of the field investigation

was supervised by Mr. R. M. Stephen. Principal Development Engineer of

the University of California, Berkeley, and he also managed the reduction

and processing of the U.S. experimental data. Mr. G. P. Lu Deputy

Director of Scientific Research Institute for Water Conservancy of Anhui

Province (SRIWCAP), also took part in this study, and he

also was responsible for the SRIWCAP field investigation team. Mr. G. L.

Wang, Visiting Research Engineer at EERC, on leave from the Department

of Hydraulic Structures, Tsinghua University, did most of the analytical

studies under the guidance of Dr. Y. Ghanaat, Consultant to the project;

in addition Dr. Ghanaat made the necessary modifications of the ADAP

program and also supervised the correlation of analytical and experimental

resul ts.
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Chapter 2

EXPERIMENTAL INVESTIGATION

2.1 TEST STRUCTURE

After thorough review of single curvature arch dams in China, Xian

Hong Dian Dam was selected as the vehicle for the first experimental study

in this project. This is a relatively simple non-overflow gravity arch

structure located in the middle reach of the Pi River in Jinzhai County

of Anhui Province, as shown in Fig. 2.1. The Scientific Research

Institute of Water Conservancy of Anhui Province (SRIWCAP) took an active

part in the field measurement program. The photograph, Fig. 2.2, gives

a general view of the dam and reservoir. The rock foundation at the dam

site is mainly composed of magmatic rock with some tuff and breccia. It

is located in a moderately active seismic zone where the maximum design

earthquake intensity corresponds to MM III(i .e., intensity VIII in the

Modified Mercalli Scale). The dam construction was completed in July

1958; the field measurements described in this report were carried out in

August 1982.

As shown in the photograph, Fig. 2.3, the dam is constructed in a U

shaped valley, with a crest length-to-height ratio of 3.75. The maximum

height above the river channel is 87.5 m(287.1 ft), the crest stands

at 143.4 m above sea level, and the crest length is 361.0 m (1184.4 ft).

Figure 2.4 gives a plan and a section view of the structure. It is 5.0 m

(16.4 ft) thick at the crest and 39.0 m (128.0 ft) thick at the base, giving

a maximum thickness to height ratio of 0.45. The radius of the extrados

is constant at 180.0 m (590.6 ft); the intrados radius varies from 175.0 m

(574.2 ft) at the crest to 141.0 m (462.6 ft) at the base, with a maximum

central angle of 115°. The dam body consists of 25 blocks separated by
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vertical contraction joints; except for the two abutment blocks, at the

upstream face the length of the blocks is 14.0 m (45.9 ft). As may be

seen in Figs. 2.3 and 2.4, four walkways are located on the downstream

face, at elevations 127.0 m, 113.5 m, 100.0 m, and 86.5 m above sea level.

The design level of the reservoir is 139.1 m, its surface is 1400 km2, and

the stored volume is 2,630 million cu. meters. A plan view of the

reservoir is shown in Fig. 2.5.

2.2 TEST EQUIPMENT

The vibration properties, of the dam were measured using both forced

vibrations generated by rotating mass shakers as well as ambient

vibrations. The vibration behavior was measured by velocity meters

located at many points on the dam and by sensitive seismometers located

on the foundation rock. In addition hydrodynamic pressures were measured

in the reservoir during the forced vibration tests. The principal fea-

tures of the various items of experimental equipment are summarized in

this section.

2.2.1 Eccentric Mass Shakers

The rotating mass shakers used in this research program were recently

designed and built at the SRIWCHP in Beijing; Fig. 2.6 is a photograph

of a typical unit. As many as four of these units can be operated

simultaneously, with one of them serving as the "master" in the control

system and with the other "slave" units synchronized to operate in phase

with the master or 180 0 out of phase. The frequency of the exciters is

indicated digitally and can be controlled to 0.5% accuracy in each of

three ranges: 0.5 to 5.0 Hz, 1.0 to 10 Hz, and 2.5, to 25 Hz. Figure 2.7

shows the shaker control units in operation in the instrumentation house.

The phase difference between the exciters is controlled to less than 5



7

degrees; shifting between in-phase and out-af-phase operation of the slave

units may be accomplished while they are in operation.

The force capacity of each shaker unit is 4000 kg. The exciting

force depends on the speed of operation and the mass eccentricity, as

indicated by the graph of Fig, 2.8. The mass eccentricity is provided

by weights placed in baskets counter-rotating about twa vertical shafts,

as may be seen in Fig. 2.6. The large baskets seen in the photograph are

used for low frequency operation; for testing at high frequencies, these

baskets are removed and small baskets (not visible in the photo) are used

instead.

2.2.2 Measurement Systems

The radial and tangential components of the forced vibration

response of the dam were sensed by two sets of velocity meters, provided

by SRIWCHP and SRIWCAP, respectively. A group of these velocity meters,

designated Model 65, is shown in Fig. 2.9, prior to being positioned on

the dam. Their natural frequency is 1 Hz and the damping ratio is set at

0.7 critical; sensitivity of the instrument is about 370 volt-sec/meter.

Signal conditioners, Models GZ-5 and 701-5, were used to control and amplify

each set of six velocity meters. In general, for this study the amplifiers

were set in the integrating mode so that the resulting signal was

proportional to displacement.

Five photorecording oscillographs, Model SC-16 and SC-18, and two

magnetic tape recorders, Model SONY-l4 and TEAC R 280C were used to record

the signals from the velocity meters. The frequencies of the oscillo

graph galvanometers are 400 or 800 Hz. A common time mark was recorded

simultaneously in all five oscillographs.
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To measure the vibrations of the foundation rock during the forced

vibration tests and also to measure ambient vibrations of the dam, very

sensitive Kinemetrics Ranger seismometers Model SS-l were employed.

Figure 2.10 shows a Ranger seismometer in position on the rock at the dam

abutment. Eight of these units were used in this study, four with a

calibration of 165 volt-sec/meter and the others with 137 volt-sec/meter.

Separate Kinemetric signal conditioner units. Model SC-1, were used to

amplify and control each group of four seismometers; the nominal maximum

gain in each channel was 100,000. The amplified analog signals were

converted to digital form and recorded on magnetic tape using a Kinemetrics

Digital Data System, Model DDS-1103.

Another piece of equipment that greatly facilitated the field measure

ment work was the Rockland Spectrum Analyzer Model 512-18. The analog

signal from any of the transducers could be fed into this unit, where it

was digitized on line and then processed digitally by a Fast Fourier

Transform program to obtain the Fourier amplitude spectrum of the in

coming signal. The resulting response spectrum of the dam motions gave

a direct indication of its natural frequencies.

Hydrodynamic pressure measurements were made at the face of the dam

during the forced vibration testing. using three Kistler Model 206

Piezotron low pressure, high sensitivity transducers. Each of these piezo

electric gages was connected to a Piezotron coupler and the output was

fed to a Validyne integrating amplifier. Model AM49. With the amplifier

set to its highest gain. the output sensitivity was about 0.08 psi/volt.

Signals from these gages also were recorded on the Kinemetrics Digital

Data System mentioned above.
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2.2.3 locations of Shakers and Transducers

During the test, the four shaking machines were deployed along the dam

crest, each oriented to exert its force in the local radial direction. The

arrangement of the four units were symmetrical, at distances of 46.7 and

92.8 meters each side of the center line of the dam (Block 13) as shown in

Fig. 2.11. The "mas ter" unit was mounted at Block 16 and the other three

were located at Blocks 7, 10, and 19.

The velocity transducers were positioned on the dam crest and on the

four downstream face walkways. A total of 57 velocity gage stations were

used; on the right side of the dam; these were located at the crest and at

the top walkway near the center of all blocks. At other levels on the right

side of the dam and at all levels on the left side they were located only

in the odd numbered blocks. One additional velocity meter station was

located at crest level on the right abutment rock to provide correlation

with data obtained on rock with other instruments.

The Ranger seismometer stations were established on the foundation

rock of the right abutment except for one unit that was positioned next

to the velocity meter at the crest of Block 3; this unit also was in

tended to provide correlation between measurements made with the two

different types of gages. In general, the rock stations first were

located at each level as close to the end of the dam as possible; then

additional stations were established at the same levels at distances of

5 to 10 meters from the dam. A total of 14 Ranger stations were established

including the one on the crest of the dam. In addition, four pressure gage

stations were established on the right side of the center line; at each

of these stations the pressure was to be measured at three water depths:

5m, 15m, and 25m, however, because of gage mal function some of these

measurements were not made.
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The locations of the velocity gages , of the Ranger seismometers and

of the pressure gages all are indicated on Fig. 2.12. Because there

were more recording stations than instruments for each type of instrument,

it was necessary to repeat the tests several times with the instruments

moved to different locations. The tests had to be run four times to

obtain all the Ranger seismometer readings.

2.3 EXPERIMENTAL PROCEDURES AND RESULTS

The fundamental dynamic properties of the dam that were measured in

this test program were the vibration frequencies, the mode shapes, modal

damping ratios and the distribution of hydrodynamic pressures during the

forced vibration. Procedures used to determine each of these types of

quantities and the results obtained are described in the following

sections.

2.3.1 Vibration Frequencies

The ambient vibrations resulting from wind and wave action provided

the simplest means of evaluating the vibration properties of the dam.

For this purpose, ambient motions were measured in both radial and tangential

directions by the Ranger seismometers located at 11 stations equally spaced

across the crest of the dam. Three minute samples of data in each

di recti on were recorded in di gi ta1 form by the Ki nema ti cs recorder from

each of the 11 transducer stations. Then after the tapes were returned to

Berkeley, these digital records were converted to Fourier amplitude spectra

by a Fast Fourier Transform computer program. The final result of this

procedure is the relative amplitude of vibration in each direction at each

gage station evaluated at frequency increments of 0.0244 Hz. A graph of

these relative amplitudes plotted against the frequency is called a dis

placement frequency response curve. The ambient displacement frequency
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response curve derived from data obtained at the crest of Block 12 is

shown in fig. 2.13. Of course the frequencies at which the peak responses

are observed represent the natural vibration frequencies; these peak

frequencies indicated in Fig. 2.13 are listed in Table 2.1.

Essentially the same concept is involved in the forced vibration

determination of the natural frequencies, except that the vibratory

motion is induced by the shaker system and thus is obtained for only one

frequency at a time. Consequently, the relative motion observed for

different frequencies at any selected point on the dam, or for different

points on the dam at any selected frequency, can be observed directly

on the oscillograph records, and there is no need to apply a Fourier

transform analysis. To determine the peak response frequencies, the

oscillograph records from several velocity meters located at the dam

crest were monitored as the exciting frequency of the shaking machines

was increased by increments. Near each resonance peak in the response

curves, where the slope was changing rapidly with frequency, the frequency

steps were made as small as the speed controller permitted «0.05 Hz) in

order to define the peak response frequency accurately; for frequencies

far from resonance, the steps were made relatively large. Each time the

frequency was set to a particular value, sufficient time was allowed for

the response amplitude to stabilize before the traces were recorded; at

the same time, the frequency was read from the digital counter of the

control system and it was written on the chart. After the oscillograph

records were returned from the field, the displacement amplitude at each

frequency was read and normalized to a constant value of exciting

force. These normalized amplitudes were then plotted versus frequency to

obtain the forced vibration displacement frequency response curves. The

curves obtained using symmetric and anti-symmetric excitation are presented
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in Figs. 2.14 and 2.15, respectively. The corresponding forced vibration

peak response frequencies are listed in Table 2.1, together with the

ambient vibration results.

It is interesting to note that the forced and ambient frequency

response curves show similar peaks for the frequency range up to about

7 Hz, but that an additional peak is seen on the ambient curve at 7.13 Hz

which is not present on the forced vibration curve. This demonstrates a

basic limitation of the forced vibration test procedure: the arrangement

of the shaker system may not significantly excite some true vibration mode.

Further comments concerning this "missing mode" will be made in the

discussion of the analytical results.

Another point to be noted is that the reservoir surface level changed

from 122.45 to 127.43 m during the test program, due to nearly continuous

heavy rainfall. This 5 m raising of the water level caused significant increase

in the reservoir added mass and led to noticeable reduction in the vibra-

tion frequencies. Thus, it is necessary to note the reservoir level in

any listing of the vibration frequencies; this point will be discussed

later in the correlation of experimental and analytical results (Chapter

4) .

2.3.2 Mode Shapes

The vibration mode shapes were obtained easily from the ambient

vibration measurements because the Fourier amplitude spectra indicate

directly the relative displacement amplitude at each frequency. Thus,

the vibration shape for each modal frequency was obtained by merely

observing the relative amplitude recorded at each Ranger seismometer

station at the peak response frequencies. Corrections were made for

differences in sensitivity of the seismometers by applying the relative

sensitivity factors indicated by measurements made with all instruments
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positioned at the same point on the dam. It will be noted that the

ambient vibration mode shapes (shown in Figs. 2.31 to 2.36 and discussed

later in this section) were obtained only at the dam crest because it was

assumed that the ambient motions at other levels would not be large

enough to be recorded effectively.

In concept. the procedure for determining mode shapes from the forced

vibration tests was similar except that it was necessary to take readings

of the relative response amplitudes only at the peak

response frequencies already determined. Operating the shakers

continuously at each such frequency. response amplitudes were measured

at all stations on the dam and in the foundation rock. As mentioned

earlier. it was necessary to move the transducers several times to observe

the response at all stations; in order to ensure consistent results. one

reference transducer was retained in the same location as the others

were moved, then all measured values were adjusted to correspond to a

constant reference amplitude.

The radial and tangential displacement patterns for the dam obtained

in this way from the forced vibration tests are plotted in Figs. 2.16 to

2.25 for the 10 forced vibration frequencies listed in Table 2.1. It

will be noted that the displaced shapes are plotted for the crest and for

the four walkway levels in each figure. It also should be noted that

these shapes are induced by the exciters acting at the crest; that is.

they are forced response shapes and are not entirely equivalent to the

corresponding free vibration mode shapes, although they generally are

quite similar. Additional information about these shapes is given in

Figs. 2.26 to 2.30. in which the radial displacement pattern is plotted

over the height of three typical blocks for each specified forcing

frequency. It is significant that no change of sign of the displacement
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is seen over the height of any block, even for the highest frequency that

is plotted. The magnitude of the applied shaking forces, and the resulting

radial displacement amplitudes at the crest for each of these forcing

frequencies are listed in Table 2.2.

Corresponding radial displacements measured by the Ranger seismometers

on the abutment rock for the first four forced vibration frequencies are

listed in Table 2.3. These seismometer stations were located at the crest

and at the four walkway levels; at most levels two measurements are listed,

one on the rock essentially at the concrete interface and the other at a

distance of 5 to 10 m from the end of the dam. The table lists these

horizontal distances together with the measured response displacement.

As was mentioned earlier. parallel readings were made at the crest of

Block 3 with a Ranger seismometer and a PRC velocity meter so that the

amplitude of motion in the abutment rock (Table 2.3)could be correlated

with that observed on the dam (Table 2.2). These parallel readings at

Block 3 in the radial and the tangential directions for each of the

test frequencies are listed in Table 2.4; also listed is the proportionality

factor that would convert thePRC reading to the U.S. value. Study of this

table shows that the two types of transducers give essentially the same

results for the first three frequencies. Considering that the PRC velocity

meters were operating near their threshold of sensitivity, the agreement

between the two sets of data is remarkable. Because the measured abut-

ment rock motions are significant only in comparison with values calculated

from the mathematical model, plots of these abutment motions are presented

and discussed later in the correlation between analysis and experiment.

The normalized values of radial displacements obtained from ambient

vibration measurements are listed in Table 2.5 for the first six ambient

vibration peak frequencies. These ambient vibration shapes are plotted
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in Figs. 2.31 to 2.36; for comparison, the corresponding forced vibration

shapes for the first five frequencies (equivalent to Figs. 2.16 to 2.20)

also are plotted in the same figures. As was noted earlier, the mode with

an ambient frequency of 7.13 Hz was not identified in the forced vibration

test; for this reason the calculated sixth mode shape is plotted for

comparison with the ambient vibration mode shape in Fig. 2 .36. This "missing

mode" in the forced vibration test will be discussed later in connection

with the analytical investigation. Study of the results of the forced and

the ambient vibration test procedures shows that the two methods give

surprisingly similar mode shapes and frequencies. This demonstrates the

great merit of the ambient vibration procedure because it is much faster

and less expensive than the forced vibration method. Moreover, the

ambient vibration shapes may be closer to the true free vibration shapes

because they are not distorted by the shaker forces applied at the dam

crest; and as noted in this example the ambient procedure may identify

modes that are missed in a forced vibration test. However, it should be

noted that the interaction measurements that are the essential part of

this research project can be obtained only by the forced vibration

procedure.

2.3.3 Damping Ratios

Damping ratios were determined for each forced vibration frequency

using the half-power method applied to the normalized displacement frequency

response curves. The formula used may be written

Llfn
qn = 2f

n

where t,:n = modal damping ratio

f = modal frequencyn

Llfn =width of modal response curve.
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The width ~fn is defined as the difference between the frequencies at

the two points on the response curve with amplitude 0.707 times the peak

response amplitude for mode "n". Strictly speaking, this formula is valid

only for determining the damping ratio of a single-degree-of-freedom

system; however, it gives a good indication of the modal damping ratio

for a multiple-degree-of-freedom system if its frequencies are well

separated so there is little interference from adjacent response peaks.

Results of this damping ratio analysis from the forced vibration displace

ment frequency response curves are listed in Table 2.6.

2.3.4 Hydrodynamic Pressures

To measure the hydrodynamic pressures during the forced vibration

tests, the pressure gages were suspended by their waterproof electrical

cables from the crest of the dam. At first it was intended to suspend

the three gages at depths of 5, 15, and 25 m, respectively, moving them

successively to stations located at the centers of Blocks 7, 9, and 11.

Unfortunately, first one and then a second gage suffered short circuits

due to water leakage, hence only one gage was available during much of the

test program and data was not obtained at all depths at each station.

The pressure readings were recorded by the Kinemetrics digital tape

recorder, and were processed after the tapes were returned to Berkeley

in the same way as the Ranger seismometer readings on the abutment rock.

The hydrodynami c press ure ampl itudes measured at the vari OUS gage poi nts

are listed in Table 2.7; in addition they are plotted in comparison with

the predicted pressure values in the correlation section of this report.
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Chapter 3

ANALYTICAL STUDY

3.1 ADAP COMPUTER PROGRAM

3.1.1 General Comments

The essential feature of this cooperative research program is the

correlation of analytically predicted performance with the dynamic response

measured during field tests of the dam. Thus, it is necessary to have an

effective analysis procedure that is capable of evaluating the effects of

foundation and reservoir interaction on the structural response to harmonic

excitation. Although in principle many general purpose finite element

analysis programs might be adapted to this purpose, it was decided from

the beginning to use the program ADAP[6] (Arch Qam Analysis frogram)

because it was specifically developed for analysis of static and dynamic

response of concrete arch dams. The original program was written at the

EERe as a research project funded by the U.S. Bureau of Reclamation.

General features of ADAP, as it was developed originally and as it

subsequently has been improved, are described briefly in this section.

More specific details about the program as it was applied to the analysis

of XHD dam are presented in the following sections of this chapter.

3.1.2 Element Types

The ADAP program makes use of special "thickshell" (THKSHL) and

"3D-shell" (3DSHEL) elements to model the curved surfaces in the body of

an arch dam. The thickshell elements are derived by an isoparametric

formulation using quadratic geometric and displacement interpolation

functions in the dam face directions, but only linear interpolation in

the thickness direction. "Reduced integration ll is employed through the

thickness to allow for the effects of shear distortion ... eight nodes are
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defined at the edges of the element mid-surface, each having five degrees

of freedom--the deformation degree of freedom through the thickness having

been replaced by a zero stress constraint in this direction. The dam

body also could be modeled by the 3D-shell elements, which are based on the
.

same type of isoparametric interpolation functions, but retain the

complete set of 16 nodes, 8 each at the corners and mid-edges of the

exterior faces. Each of these nodes has three translational degrees of

freedom so special "transition" elements also are provided to permit

assembly of the different types of elements; the transition elements may have

nodes either at the outer surfaces or at the mid-surface on any edge.

Also included in the basic element library is an eight-node "brick"

element (designated 3D) based on linear isoparametric interpolation in

all three axes. These elements generally are used to model the foundation

rock, but they also can be used to model the dam body--using three elements

through the thickness.

3.1.3 Program Capabilities

The program includes a mesh generator capability for the dam body,

which provides an element system for any three-centered arch based on

specified arch center coordinates, radii, and central angles. Similarly,

the finite element system to model an appropriate block of foundation rock

also can be generated automatically based on the essential dam abutment

coordinates.

In the original version, ADAP was capable of evaluating static stresses

and displacements due to dead weight of the concrete and hydrostatic

pressures, as well as to specified distributions of temperature change within

the dam concrete. It also was capable of calculating the vibration mode

shapes and frequencies of the dam-foundation system, and of calculating

its response to arbitrary earthquake input--applied in each of three
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global axes and specified either as a time-history acce1erogram or as a

response spectrum. In a subsequent development[7J, interaction effects

with an incompressible reservoir were added to the dynamic analysis. The

reservoir can be modeled by added masses derived either by an extension

of the Westergaard concept[l] which accounts for the curved surfaces of

the arch dam, or by a finite element modeling of the reservoir. The

elements used in the reservoir model have a 16 node configuration similar

to those used to model the dam, so the reservoir added masses can be

combined directly with the mass matrix for the dam.

An additional analytical capability has been added to ADAP during

the present investigation--it can now evaluate the response to specified

harmonic forces applied to the dam at any designated points. Thus, the

mathematical model can simulate directly forced vibration tests as they

are done in the field, and can evaluate the resulting amplitudes of dis

placements at selected reference points or of hydrodynamic pressures

at the face of the dam (or in the reservoir).

3.2 IDEALIZATION OF XIANG HONG DIAN DAM

In this investigation, the entire dam system consisting of the concrete

body, the foundation rock, and the reservoir water was modeled by finite

element meshes that conformed to the specified geometry of the actual

components in the field. The modeling of each component is described in

the following sections.

3.2. 1 Dam Body

The basic concept of the mesh generator used to idealize the dam body

is that all nodes are arranged on horizontal sections (designated as the

mesh elevations) and on vertical planes projected upward from the inter

section of the mesh elevations with the canyon wall. These vertical and
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horizontal sections are identified first on the "reference surface"; this

consists of vertical cylindrical surfaces (typically three circular cylinders)

that pass through the upstream edge of the dam crest. Then the coordinates

of the nodes on the upstream and downstream faces are obtained by radial

projection from the reference surface.

This modelling concept is very suitable for Xiang Hong Dian Dam (XHD)

because it is a simple gravity arch of single curvature with a vertical

upstream face; moreover its contraction joints between blocks are vertical.

Preliminary studies indicated that 6 mesh elevations would provide an

adequate model of this dam, leading to a total of 30 concrete e1ements--

18 3DSHEL elements adjacent to the canyon face and 12 THKSHL elements for

the interior regions. The arrangement of these elements projected on

the X-Z plane is shown in Fig. 3.1, while Fig. 3.2 gives a perspective

view of the elements in the dam body.

3.2.2 Foundation Rock

The mesh generator program for the foundation rock permits development

of finite element rock models with three degrees of refinement. The

foundation mesh is constructed on planes cut into the canyon walls in the

direction normal to the dam-rock contact surface at the interface node

locations. Figure 3.3 shows the traces of these normal planes as they

intersect the X-Z plane of the XHD dam coordinate axes. On each of these

normal planes, a semi-circle is drawn from the dam-rock interface with a

radius equal to 1 or 1.5 times the height of the dam. Six nodes equally

spaced around this semi-circle define the boundary of the foundation rock.

Preliminary analyses indicated that the coarsest mesh (i.e., foundation

mesh type-l, with a radius equal to the dam height) is appropriate for

modelling the foundation rock of the XHD dam, because it provides adequate
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accuracy with minimal computer costs. Figure 3.4 shows the mesh

arrangement of the foundation rock associated with the right part of

the dam; the entire foundation model consisted of 80 eight-node brick

elements (3D). The rock beyond this foundation zone was assumed to be

rigid~ so all boundary nodes of the foundation block were fixed in

pos iti on.

3.2.3 Reservoir

In order to establish the finite element model of the reservoir~ it

first was necessary to determine the upstream extent of the system to be

included in the analysis. Based on the topography of the reservoir

bottom and on previous parametric studies. a reach extending 300 m

upstream of the dam face (i.e .• about three times the height of the dam)

was selected for the reservoir model; Fig. 3.5 is a map showning the

topography of the XHD reservoir bottom and the extent of the finite

element model.

It should be noted that the reservoir model subroutine includes a mesh

generatorcapabi 1ity based on the concept that the reservo; r is bounded

by a cylindrical surface obtained by translating the canyon wall-concrete

interface upstream (i.e .• in the Y axis direction). The reservoir elements

are then arranged in successive "layers" with the nodes on successive

sections located to correspond with the interface nodes; the number of

layers to be used in any case may be specified arbitrarily. In the case

of XHD dam, however~ the topography of the reservoir was not of this

cylindrical form. so the nodal coordinates of the reservoir had to be

specified directly as input data. Figure 3.6 shows the liquid finite

element mesh at the nodal sections labeled L = 15 m. 65 m. 130 m and 300 m

in Fig. 3.5 as well as at the dam interface. The four layers of elements
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defined by these sections were found to give adequate accuracy, but

the additional section at L = 620 m was used in some preliminary studies.

Boundary nodes at the reservoir-rock interface and at the upstream face

of the model were assumed to be fixed; hydrodynamic pressures at the top

surface were assumed to be zero (i.e., wave action was neglected).

Because the reservoir is seldom filled to the crest of the dam,

the top nodes of the reservoir elements must be established at the

specified reservoir level and do not coincide with the concrete dam

crest nodes. Therefore the accelerations that control the pressures

developed at the nodes of the top layer of liquid elements (and

accordingly the added mass of these elements) must be determined by special

procedures. In this subroutine, the accelerations are determined at the

integration points of the liquid elements using the displacement inter-

po1ation functions defined for the concrete elements.

3.2.4 Material Properties

The material properties used in preliminary studies of XHD dam were

supplied by the Scientific Research Institute of Water Conservancy of

Anhui Province (SRIWCAP), as follows. For the dam concrete, the Young's

modulus used in static analyses was Es = 2.0 x 106 T/m2 (2.84 x 106 psi)

and in dynamic analyses it was Ed = 4.0 x 106 T/m2 (5.68 x 106 psi). For

the foundation rock, the Young's modulus was 2.6 x 106 T/m2 (3.69 x 106

psi) for both static and dynamic analyses. The Poisson's ratio for both

concrete and rock was set to 0.2. The unit weight of the concrete was

2.4 T/m3 (150 pcf), but it was assumed to be zero for the foundation rock

(i.e., a massless foundation was assumed). The unit weight of the reservoir

water was taken to be 1.0 T/m3 (62.4 pcf) and it was assumed to be

incompressible. No temperature change data was available, so thermal
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stresses were not considered in the static analysis.

As is described in the section on correlation of analysis and experi

ment, the elastic moduli of the rock and concrete were adjusted later

to give the best possible agreement between measured results and

analytical predictions.

3.3 ANALYTICAL PROCEDURES

3.3.1 Static Analysis

The static analysis was performed by solving the following equation

of static equilibrium:

K U = R (3.1)

where K is the stiffness matrix of the dam-foundation system, and Q and

R are vectors, respectively, of displacements and loads corresponding to

nodal point degrees of freedom. For the Xiang Hong Dian Dam, the load

vector included the combination of gravity load and hydrostatic pressure

components, only. Temperature change was not considered in this static

analysis; ignoring the thermal stresses may be considered to be equivalent

to assuming that the stresses induced by temperature change have been

eliminated by subsequent creep effects. Once ~ and ~ were assembled, Eq.

3.1 was solved for the global displacements Q using Gaussian elimination

applied to the symmetric banded stiffness matrix K.

3.3.2 Dynamic Analysis - General Comments

The dynamic behavior of the dam-reservoir-foundation system is

expressed by the system equations of motion which express the dynamic

equilibrium; thus they are equivalent to Eq. 3.1 but with the addition

of the dynamic resisting forces due to inertia and damping, as

follows:
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MU + c U + ~ Q = ~(t) (3.2)

in which Mis the mass matrix of the dam-reservoir system, ~ is the viscous

damping matrix, and Qand Qare the nodal velocity and acceleration vectors

representing the first and second time derivatives of the displacement

vector. The first step in the dynamic analysis was the evaluation of the

added mass of the reservoir water, which is combined in ~ with the mass of

the dam concrete. As was noted earlier. the foundation rock is assumed to

be massless. so it does not contribute to M.

Because the finite element model of the entire dam-reservoir

foundation system involves hundreds of degrees of freedom, it is desirable

to transform Eq. 3.2 to a more efficient set of coordinates than the nodal

displacements. The vibration mode shapes are a very efficient means of

describing the dynamic response; if the response is linear. generally

only a few modes are needed to express the essential dynamic behavior. Thus

the second step in the dynamic analysis of XHD dam was the evaluation of its

mode shapes and frequencies.

In the present case. the modal coordinates have an additional important

advantage: because it is assumed that the damping matrix ~ provides

proportional damping. the transformed equations of motion are uncoupled,

so the dynamic response may be calculated separately for each modal

coordinate and the total response obtained by mode-superposition. The

dynamic excitation vector. R(t), in Eq. 3.2 represented two different types

of input in the present study--earthquake ground motions and harmonic

excitation provided by the rotating mass shakers attached to the dam

crest. In the following sections, the procedures used in evaluating the

added mass of the reservoir, the system mode shapes and frequencies, the

modal excitation functions, and the modal responses are each discussed
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in sequence.

3.3.3 Added Mass of the Reservoir

Because the objectives of this research project required that only

the best available analytical procedures be used for correlation with the

experimental results, only the finite element reservoir analysis capability

of ADAP was used to represent the reservoir interaction. The formulation

of this analysis subroutine (called RSVOIR) is presented in Reference 7;

a brief summary of the procedure is presented here for completeness. In

modeling the interaction mechanism, it is assumed that the hydrodynamic

pressure in the reservoir is governed by the wave equation:

2 _ 1 ..
V P (x,y,z,t) - c2 P (x,y,z,t)

where c is the velocity of sound in water. In the formulation used in

ADAP, the reservoir water is assumed to be incompressible, therefore,

(3.3)

the velocity of sound becomes infinite and the-RHS of Eq. 3.3 vanishes.

Boundary conditions for the reservoir are given by

ap
ans

= _p Ut
ns

(3.4)

where n is the outward normal direction from the reservoir-boundarys
interface and U~ is the total normal acceleration of the fluid at the

s
boundary.

Following the Galerkin procedure, the discretized equivalent of Eq.

3.3 is

f ~T (V2P)dV = 0
v

where N is a row vector of arbitrary weighting functions, and P is an

approximate expression of the pressure distribution in the reservoir.

In this analysis, the pressure distribution in the reservoir will be

(3.5)
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expressed by the finite element concept, dividing it into fluid elements

and expressing the pressure within each element by the nodal pressure

p(e), multiplied by interpolation function ~(e), i.e.

(3.6)

Substituting Eq. 3.6 into Eq. 3.5 and using the pressure interpolation

function N also as the Galerkin weighting functions leads to the finite

element equivalent of Eq. 3.3, after integrating by parts and applying

the boundary conditions of Eq. 3.4. When expressions of this type for

all elements are assembled. the final results may be written

(3.7)

.. t
where P = vector of nodal pressures and!!s = vector of total nodal

accelerations in Cartesian coordinates at the dam-reservoir interface.

The global matrices ..9. and .b.s are assembled from the corresponding element

expressions; note that h is defined only for elements at the dam--s

reservoir interface.

Because the RHS of Eq. 3.7 is defined only for nodes at the dam-

reservoir interface. the pressures on the LHS can be partitioned

correspondingly, and static condensation can be applied to reduce Eq. 3.7

to a form involving only the interface nodes

This can be solved for the interface pressures

-1 .. t
p = po h U
-s -"'S -S-S

Equation 3.9 expresses the hydrodynamic pressures at the interface in

(3.8)

(3.9)

terms of the nodal accelerations at the interface. Applying the principle

of virtual displacements, it can be shown that the Cartesian coordinate

components of the corresponding nodal forces are given by
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where

T -1
~ = P~.9s ~

is the added mass of the reservoir resisting the nodal accelerations

(3.10)

(3.11)

at the interface. The final analytical step involves combining this

added mass matrix with the mass matrix of the dam. It should be noted

that this added mass matrix is a full matrix in general, but involves

only the interface nodes of the dam; by noting the appropriate nodal

locations in the dam mass matrix, ~. They may be combined by standard

"direct stiffness assembly" procedures, which may be represented

symbo1i ca lly as

M = m + m-a
(3.12)

(3.13)

3.3.4 Vibration Mode Shapes and Freguencies

The vibration mode shapes and frequencies of the dam-reservoir system

are calculated by solving the undamped eigenproblem of the equations of

motion (Eq. 3.2) which may be expressed as
2[K - w M]¢ = 0- n-2..fl -

in which ~ is the mode shape vector for mode "n" (i .e., it represents

the relative values of the nodal displacements Uin this mode) and wn

is the circular frequency of vibration in this mode. In ADAP this eigen

problem is solved by subspace iteration[8] for any specified number "p"

of the lowest mode shapes and frequencies.

3.3.5 Mode Superposition Procedure

The basic step in the mode superposition analysis procedure is

transforming the equations of motion (Eq. 3.2) to the uncoupled modal

coordinate form. For this purpose, it is assumed that the displacements
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can be expressed in terms of a selected number (M) of the modal

coordinates, i.e.,
M

~(t) = L:
n=l

¢ Y (t) = ~ Y(t)-n n - - (3.14)

where the columns of ¢ are the first Mmode shape vectors !n and

I(t) is a vector of the corresponding modal displacements. Substituting

Eq. 3.14 into Eq. 3.2 and taking advantage of the modal orthogonality

properties leads to a set of Mindependent equations of motion of the

form
p (t)

Y + 2~ Y + w2 y - n
-n n...:...n nn-~

(3.15)

in which Mn =~ ~!n is the modal mass, ~n is the modal damping ratio,

and p(t) = ¢T R(t) is the modal load. The modal response Yn(t) isn -n -

obtained by solving Eq. 3.15 by any appropriate method, as will be

described later; the total response is then given by Eq. 3.14.

3.3.6 Earthquake Response Analysis

In the case of earthquake excitation of the dam-reservoir-foundation

system, no external load B(t) is applied directly to the system; however,

an effective earthquake force Beff(t) is induced by the seismic

acceleration of the dam support points Qg(t). In this case the displace

ment vector Q(t) represents motions of the dam relative to the support

points (outer boundary of the foundation element model) and the effective

force is given by

(3.16)

where r is an influence coefficient matrix, each column of which expresses

the total displacements of the dam resul ting from a unit value of a boundary

displacement.
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In ADAP, the seismic input can be defined separately for the three

global axes, i.e.,

(3.17)

SO r has three columns to correspond, i.e.,

The effecti ve modal earthquake force then is given by
(t) _ T _ ~ ..

rn -.P-n ~ff( t) - -ern ~(t)

where the modal earthquake excitation coefficient~n is defined as

4 ... = + <p T t1 r
-" -'-fl--

(3.18)

(3.19)

(3.20)

Time History Analysis: ADAP provides two different procedures for

evaluating the earthquake response: the time history method and the response
..

spectrum method. For the time history methop, the seismic input Qg(t)

is specified directly, usually as a seismograph record obtained during an

earthquake. From this, the effective modal earthquake force fn(t) is

obtained using Eq. 3.19, and then the modal response Yn(t) is obtained by

solving Eq. 3.15. In ADAP, the modal response is calculated by the linear

acceleration step-by-step method[8] and then the total response is

obtained by superposing the modal responses for each instant of time

(Eq.3.14).

Response Spectrum Analysis: In the response spectrum method, the

earthquake input is specified in terms of the response of a single degree

of freedom system to the earthquake acceleration history such as is

represented by the modal response equation (Eq. 3.15). Using Eq. 3.19

to express the modal force resulting from a single component of earthquake

acceleration, Ug(t), the response can be expressed as follows:
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(3.21)

where the earthquake response function V(t) can be expressed by the

Duhamel integral:

(3.22)

The earthquake pseudo-velocity response spectrum, Sv ' is then defined as
n

the maximum value of the response function developed at any time during

the earthquake history, ; .e., SVn = Vn(ma){); so by Eq. 3.21 the maximum

response in mode "n" is given by

I nY (max) = -M---- SVnn n wn
(3.23)

in which it will be noted that the negative sign has been dropped because

it has little significance in earthquake response analysis.

The maximum system displacements in mode "n" may now be obtained by

use of the mode shape vector, thus

U (max) = ¢ y (max)
-n ..Lfl -n (3.24)

However, because the maximum response in the various modes do not occur at

the same time, it is not possible to obtain the total maximum response by

simple mode superposition (Eq. 3.14); instead probability considerations

must be employed in combining the maximum values determined in the

individual modes. The most reliable and convenient procedure for combining

the modal maxima is the Complete Quadratic Combination method (designated

CQC)[9]. Any desired modal response quantity can be combined in this way;

for example, the maximum nodal displacements (given by Eq. 3.24 for a single

mode) may be expressed:
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M
E U.(max) Q.. U.(max)

-1 1J -Jj=l
(3.25)

in which the cross-modal coefficient Qij may be expressed

8~2 (1 +5)5 3/ 2
(3.26)

and the subscripts i and j represent the range of mode numbers included

in the analysis. Here ~ is the modal damping ratio (assumed to be the

same in all modes) and 5 = wj/wi (i.e., the frequency ratio for modes i

and j).

Of course other response quantities can be derived from the system

displacements, but it is important to note that the modal maxima of the

speci fic response quantity must be derived first, and then these maxima

combined by the CQC procedure--it is not correct to use the combined

displacement maxima (e.g., Eq. 3.25) to obtain the maximum derived

response quantity. For example. the system stresses Q.(t) can be derived

from the nodal displacements at any time by means of the stress

transformation matrix E, i.e .•

(3.27)

Accordingly the modal maximum stress is obtained similarly from the modal

maximum displacements:

(max) = E U (max)
Q.n - -n (3.28)

Then the CQC procedures can be used to approximate the combined effect of

all modal maxima, by parallel with Eq. 3.25

(max) ::
~ I"" (rna x) (ma x)

'I
t... t... a. Q.. a.

-1 lJ -J
'J i j
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The foregoing response spectrum combination analysis has considered

only a single component of seismic input, whereas the arch dam systems

will be subjected to independent excitation in the three global

coordinate axes. The recommended procedure for dealing with multiple

component excitation in a response spectrum analysis is to calculate the

maximum due to each component of input by a separate CQC analysis

equivalent to Eq. 3.25, and then to combine these maxima by the square

root of the sum of the squares (SRSS) method. For example if the

maximum response due to the x, y. and z components of input are designated

~x(max), ~y(max), and ~z{max), respectively, then the maximum result due

to the combined input may be approximated by

(3.29)

3.3.7 Forced Vibration Response

for the purpose of this investigation, it was necessary to extend

ADAP so that the forced vibration test procedure could be simulated

analytically. Thus, the dynamic input forces, R(t), in the equation of

motion (Eq. 3.2) were specified to be harmonically varying quantities of

arbitrary amplitude acting at the finite element nodal points

~(t) =£ sin wt (3.30)

where F is a vector describing the distribution of the harmonic load and

wis the excitation frequency. Two special subroutines were developed to

evaluate the harmonic displacement response and the-harmonic hydrodynamic

pressure response, respectively, obtained during the forced vibration test

procedure, as descri bed; n the follow; ng sections.
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Displacement Amplitude: The basic harmonic excitation subroutine is a

post processor called "FORCEVB". It is written specifically to evaluate

response to harmonic forces applied at the dam crest, where the forces

result from counter-rotating eccentric masses as is the case with the

testing machines. In this case, each machine produces a force

2
R(t) = Me r w sin wt (3.31 )

where M is the total eccentric mass, r is the radial distance to its centere --

of gravity and w is the angular velocity of the test machine. In the test

of XHD dam, four equal exciting forces were applied, located at the dam

crest as shown in Fig. 2.11 and oriented to apply the forces in the

radial direction at each point. Thus, the input force can be expressed

in terms of the global x and y components of the four equal crest loads.

T _2
> Me r w sin wt (3.32)

in which f and f are the x and y components of a unit radial loadpx py

applied at shaker position "p".

Because the analysis was performed in modal coordinates, it was

necessary to evaluate the modal forces associated with Eq. 3.32 using

the standard modal load expression; P (t) = ~ T R(t). In the presentn -'-11-

case this may be written as follows:

where
4

= L:
p=l

2

(3.33)

(3.34)

in which ~npx and ~npy are x and y mode shape components at point p in

mode n. In general, the shaker locations do not coincide with the finite

element nodal points, so these mode shape values at the shaker locations

are approximated by assuming cubic interpolation functions along the crest.
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The modal response to this harmonic excitation is given by the

solution of the modal equation of motion (Eq. 3.15) which may be expressed

as[lO]

(3.35)

in which 6n = w/wn is the ratio of the exciting frequency to the modal

frequency and ~n is the modal damping ratio. From this, the amplitude of

the response in mode "n", YnO ' could be obtained easily by merely taking

the square root of the sum of the squares of the sine and cosine terms,

and then the amplitude of motion at the system nodal points due to this mode

only would be given by

(3.36)

In general, however the vibration exciters operating at any frequency,

-w, induce some response in all modes. Thus, even though the response in

mode "n" tends to dominate the response when the shakers are set to operate

in resonance with that mode frequency (i.e., setting W= wn), there can be

a significant displacement contribution from the adjacent modes (" n-l" and

"n+l"). The analytical procedure employed in FORCEVB has been developed

to take account of these two modes adjacent to mode "n"; accordingly Eq. 3.35

is written for three modes:

P· oY. (t) = -:..'--".
, M. w. 2

1 ,
(3.37)

= Ai sin Wt + Bi cos Wt

where i = n-l, n, n+l and 6i = W/Wi . The amplitude of response obtained

with the exciting frequency set to the frequency of mode "n" (i .e., W~ wn)

then is given by the superposition of the contributions from these three

adjacent modes, taking the square root of the sum of the squares of the
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sine and cosine terms, i.e.,

~[
n+l ] 2 [n+l J 2

U 0 = L 5P.. A. + I .P.. B·-n . 1 1 1 . 1 1 11 =n- 1=n-
(3.38)

Pressure Amplitude: The forced vibration displacement response analysis

procedure described above also was extended to evaluate the pressures

developed at the face of the dam by reservoir interaction during the forced

vibration test. This extension was relatively simple because the subroutine

RSVOIR makes use of the local pressures expressed in terms of the local

accelerations in order to establish the added mass matrix. In the present

project a post-processor program, called FVHYDRO, was written to evaluate

the forced vibration pressures, starting with the hydrodynamic pressure

coefficient matrix (pressures due to unit accelerations of the dam face

nodes) that was calculated and stored on tape by the basic subroutine

RSVOIR. Then FVHYDRO calculates the acceleration of each face node from

the forced vibration displacements (described above) by multiplying each

displacement by the square of the forced vibration frequency. The final

pressure results then are obtained as the product of the local accelerations

and the hydrodynamic pressure coefficient matrix.

It is of interest to note that a similar post-processor program, called

EQHYDRO, was written to evaluate the hydrodynamic pressures developed at

the face of the dam during earthquake response. In this case the local

accelerations are obtained by the mode superposition procedure from the

modal accelerations calculated in the step-by-step analysis of the modal

response. Of course, the hydrodynami c pressure coeffi ci ent matri x determi ned

by RSVOIR also is used in this case to obtain the pressures from the local

accelerations.
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3.4 RESULTS OF PRELIMINARY ANALYSES

3.4.1 General Comments

The first objective in the analytical studies was to establish the

extent of the finite element mesh systems required to effectively model

the interaction of the foundation rock and the reservoir. For this

purpose a series of analyses were carried out to determine how the

frequencies of vibration varied with changes of foundation rock and reservoir

boundaries, it being assumed that the frequencies would converge to the

true values as the extent of the finite element models became sufficiently

large. Results of these studies of the effects of various parametric

changes on the vibration frequencies are presented in the following

sections.

3.4.2 Basic Effects of Reservoir and Foundation Interaction

Before the influence of the extent of foundation and reservoir could

be studied, it was necessary to establish the basic effects of their

interaction mechanisms on the dynamic behavior of the dam. This was

accomplished by first evaluating the vibration frequencies of the concrete

dam alone, without foundation or reservoir interaction, and then

successively adding a reasonable foundation rock system followed by a

reasonably sized reservoir system. The frequencies of vibration for the

first 12 modes in each of these cases are listed in Table 3.1. Also shown

for comparison are the corresponding results measured experimentally.

The dam idealization considered in this study is that shown in Figs.
. 6 23.1 and 3.2; the Young's modulus of the concrete was 4.0 x 10 Tim, as

mentioned above, and for Case A in Table 3.1 the foundation rock was

assumed to be infinitely rigid so that no interaction took place. In Case B,

the same dam was considered but the Type-l foundation mesh was added
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(Figs. 3.3 and 3.4); in this case the Young's modulus of the rock was

set at 2.6 x 106 T/m2 (i.e., 65% of that of the concrete). It is evident

from these tabulated results that the added flexibility provided by the

foundation rock had a somewhat variable effect in reducing the frequencies

of the different vibration modes, but it was reasonably consistent and

caused an average reduction of about 7 percent. In Case C the reservoir

was added to the model, considering it full to 71 m depth arid 300 m in

length. This caused a similar reduction in vibration frequencies,due to

increased effective mass in this case rather than to reduced stiffness.

Again the reduction was somewhat variable from mode to mode, as would

be expected; the average reduction was about 5 percent. Comparison of Case

C with the experimental results demonstrates that the basic reservoir and

foundation interaction models are at least qualitatively valid; more

refined correlation and adjustment of the models will be discussed later.

3.4.3 Influence of Extent of Foundation

The extent of the foundation model used in the basic studies discussed

above (Mesh Generator-Type 1) is based on a general rule developed in static

analyses of arch dams--that the foundation block should extend a distance

equal to the dam height in all directions from the dam contact surface at the

canyon walls and base. Because the foundation rock is assumed to be massless

(so that only its flexibility is considered), this criterion should be

equally valid for the dynamic analysis. However, the more refined and

extensive foundation block models provided by the ADAP foundation mesh

generator program (Types 2 and 3) were also considered,to determine if the

basic foundation model was significantly too stiff.

Vibration frequencies obtained in this parametric study are listed in

Table 3.2, again for the first 12 modes. For reference purposes, a rigid

foundation case is listed as Case 1; it should be noted that this is
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different from Case A of Table 2.1 because the 71 m deep reservoir is

included in all cases in Table 3.2. Thus, Case 2 of Table 3.2 which

includes the Type-l foundation block is identical with Case C of Table

3.1. Comparison of Cases 3 and 4 with Case 2 show that the more refined

and extensive foundation blocks of Types 2 and 3 have very little in

fluence on the vibration frequencies. As expected, they do provide a

slight reduction in frequency, in general, but these minor changes do not

justify the use of the significantly more expensive foundation meshes.

Consequently, it wa·s concluded that mesh Type-l is suitable for the

analysis of XHD dam.

3.4.4 Influence of Reservoir Length

The reservoir considered in the basic case of Table 3.1 and in all

cases of Table 3.2 had a length of 300 m. This choice was based on

independent studies which indicated that a length pbout three times the

height of the dam shbuld be suffici.ent to avoid significant interference

from the assumed upstream face of the reservoir. However, it was decided

to verify the chosen length in this investigation by evaluating the

vibration frequencies obtained with six different reservoir lengths. The

results of this study are listed in Table 3.3, which shows the frequencies

calculated for the first six modes for each of the specified lengths.

The reservoir is assumed to be full to the crest of the dam in all

cases; the position of the end section of the dam for each case is shown

on the map of the reservoir, Fig. 3.5. It must be noted that this

parametric study was done after the final adjustment of the dam material

properties (described later), so the frequencies shown in Table 3.3 for

the 300 m length are not consistent with the values listed in Table 3.1 and

3.2 for the corresponding reservoir and foundation model.
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As expected, the effective added mass of the reservoir is seen in

Table 3.3 to be greatest for the short reservoir because of the constraint

provided by the rigid upstream boundary. The frequencies increase with

increasing length of reservoir because this constraint becomes less

significant as it is moved farther from the dam. Study of the table shows

that a length of 130 m provides very little constraint at the upstream

end and could be used satisfactorily for most practical work. However,

in this study the more refined result obtained with the 300 m length was

considered desirable; on the other hand, the table clearly shows that

there is no need to use more than 300 m length for this particular reservoir.

3.4.5 Influence of Reservoir Depth

As was mentioned earlier, the reservoir level changed significantly

during the field investigation, and this resulted in measureable changes

of the vibration frequencies. Thus, it was essential to use the

appropriate water level in the analysis of the vibration frequencies in order

to correlate them with the measured results. For this reason, it was

decided to make a parametric study of the influence of reservoir depth on

the vibration frequencies, calculating the first twelve frequencies for

each of six water levels ranging from empty to completely full.

Results of this investigation are listed in Table 3.4 and also are

plotted in Fig. 3.7. Again this parametric study was done after adjust

ment of the material properties, so the frequencies are not consistent

with those in Tables 3.1 and 3.2 t but they are consistent with those in

Table 3.3. It is apparent in Fig. 3.7 that the added mass of the

reservoir has a very minor effect on the vibration frequencies so long as

its surface is below mid-height of the dam. However, it begins to have a

very significant influence when it reaches about 0.7 of the height, and the
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changes of frequency with reservoir level changes cannot be ignored if

the reservoir is more than 0.7 full. This same analytical information

is plotted in Fig. 3.8 for the first four modes, but only for the range

of water levels observed during the field test program; the observed

frequency values for the various water depths also are plotted for

comparison. Agreement between analysis and experiment is very good

considering that the experimental frequency could be measured only to the

nearest 0.05 Hz.

3.4.6 Vibration Mode Shapes

From the results of these parametric studies, it was apparent that

the basic reservoir and foundation interaction model (Case C of Table 3.1)

was satisfactory and could be used in preliminary analyses of the dam

reservoir system. Thus, the vibration frequencies listed for Case C in

Table 3.1 were used as preliminary results; the corresponding mode shapes

for these 12 modes are plotted in Figs. 3.9 to 3.20. In each figure, the

crest displacements (combined x and y components) are depicted, as well as

the displacements of the central vertical section (for the symmetric modes)

or of the adjacent vertical node lines (for the antisymmetric modes).

These figures clearly demonstrates that the structure is not truly symmetric

because of the lack of symmetry or antisymmetry in the mode shapes. It

is of interest to note that Mode 5 is the first to show a reversal of sign

in the displacements on the vertical sections; the difficulty experienced

in distinguising this mode from the next one during the field tests may

be associated with this factor, as will be discussed l~ter.

To provide a more complete understanding of these mode shapes, they

have been plotted in isometric form in Figs. 3.21 to 3.32. A special

post-processing subroutine called MESHPLT was written to produce these
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plots. It has the capability of constructing isometric views of the dis

placements of all nodal points, or of any selected set of nodes. In these

figures, the displacements of the finite element nodes on the upstream dam

face are shown; because of the simple cylindrical form of this face, these

displacements are easier to visualize than those of the downstream face.

It is important to realize that the amplitudes of displacements shown in

these mode shape plots have no significance -- only the shape (i.e.,

relative values of displacements) has meaning; the displacements have been

normalized to give a reasonably clear picture.

It may be noted in the isometric plots that significant motions are

evident along the concrete-rock interface. In general this participation

of the foundation rock in the vibrations is greater for the higher modes,

as may be expected; however, even in Mode 1 the foundation motions are

quite large. In order to better understand the foundation interaction

mechanism, enlarged displacement plots were made of a selected set of

nodes at the base of the dam and in the adjacent rock. Two plots of this.

type are shown in Figs. 3.33 and 3.34.
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Chapter 4

CORRELATION OF ANALYTICAL AND EXPERIMENTAL RESULTS

4.1 OBJECTIVE OF THE CORRELATION STUDY

Although the basic mathematical model adopted in the preceding chapter

provided reasonable estimates of the vibration behavior of XHD dam, it was

clear from a comparison of the measured frequencies with frequencies

calculated for the same level of water in the reservoir that the mathe-

matical model needed further refinement. In particular it was realized

that the Young's modulus values used for the concrete and the foundation

rock in the preliminary studies could not be considered reliable. In fact,

the only way to obtain accurate values for the dynamic elastic moduli of

an arch dam-foundation system is by field vibration measurements. Thus,

the first objective in the correlation of analytical and experimental

results was the determination of these modulus values.

In the present study, it was decided to first establish the relative

values of the rock and concrete moduli by consideration of the vibration

mode shapes in the interface region and then to determine the modulus of

the concrete by correlation of the vibration frequencies. After the

mathematical model properties were refined in this way, the correlation

of analytical and experimental results served to verify the mathematical

procedures used in the dynamic response analysis, and thus to give

confidence in the dynamic response behavior predicted by such analyses.

4.2 FOUNDATION ROCK: CONCRETE MODULUS RATIO

In the preliminary studies of the dam-foundation systems, it was

assumed that the Young's modulus of the rock was Ef = 2.5 x 106 T/m2 while

that of the dam was Ed = 4.0 x 106 T/m 2; thus the assumed ratio of rock

to concrete stiffness was 0.65. To determine whether this ratio was
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appropriate for XHD dam, a parametric study was carried out considering

foundation rock that was twice as stiff and half as stiff as the basic

model; in other words, additional modulus ratios of 1.30 and 0.325 ~er~

used. In this study, the forced vibration response shape at the rock

concrete interface was calculated, including the response of the mode

corresponding to the excitation frequency together with the contributions

of the two adjacent modes (as described in the preceding chapter). The

damping in each mode was adjusted until the response amplitude calculated

at the dam crest corresponded with that observed during the corresponding

field test. Then shapes of the forced vibration response in the interface

region were plotted for the first five modal excitation frequencies for

each of the designated ratios of foundation rock to concrete modulus:

1.30, 0.65, and 0.325. It should be noted that the shape is independent

of the actual value of the modulus--it depends only on the ratio.

The plots of the calculated horizontal motions at the right abutment

interface are shown in Fig. 4.1 for modes 1, 2, and 3 and in Fig. 4.2 for

modes 4 and 5. Also shown in each figure are the corresponding motions

measured during the forced vibration field tests. The same data are presented

in tabular form in Tables 4.1 to 4.6. Study of these plots and tables re

veals that the analysis with the modulus ratio of 1.3 generally gives

the best agreement with the experimental result; in general, the

relatively softer foundation rock allows too much foundation interaction

in the vibratory response.

The forced vibration results shown in Figs. 4.1 and 4.2 were obtained

using the standard assumption (mentioned earlier) that the foundation rock

had no mass. In order to determine whether this parametric foundation

rock study was sensitive to the massless rock assumption, the calculations

were repeated (for modulus ratios of 1.30 and 0.65) assuming the foundation
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rock to have the same unit weight as the concrete. These displacements

calculated at the interface nodes when the rock mass was considered also

are listed in Tables 4.1 to 4.6. Comparison of the results for the case

with mass with those for the massless case demonstrates that the mass is not

a significant factor in this correlation study. Thus, summarizing the

results of this parameter study of the foundation rock--the modulus ratio

should be set at 1.3 and the rock may be assumed massless.

4.3 YOUNG'S MODULUS OF THE CONCRETE

Making use of this revised foundation rock modulus ratio of 1.3

and the actual reservoir level at the time of the field measurement

program (126.9m = O.811H), the vibration frequencies of the dam-reservoir

foundation system were again calculated--still using the originally
6 ?assumed Young's modulus for the concrete of 4.0 x 10 Tim. The first 12

frequencies obtained in this analysis are listed in the first column of

Table 4.7. For comparison the forced response peak frequencies are

listed in the last column, the designation S or AS indicates whether the

shaker force pattern was symmetrical or antisymmetrical.

It is apparent in this comparison that the analytical frequencies

are too high, implying that the assumed concrete modulus is too great.

Noting that the frequencies vary with the square root of the modulus

of elasticity, the modulus value required to give a calculated frequency

equal to the experimental frequency was determined for each of the first

four modes of vibration. The average of these adjusted moduli was then

assumed to be the true value of the Young's modulus for XHD dam. Only

the first four modes were used in this adjustment process because they

were considered to be the most important in subsequent dynamic response

analyses, and also because the experimental values for these modes were

considered to be most reliable.
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The adjusted Young's modulus obtained by this procedure was Ed = 3.555 x

106 T/m2; the frequencies of vibration calculated using this adjusted

modulus are listed in the second column of Table 4.7. The averag~

discrepancy between these calculated frequencies and the measured values

for the first four modes averages only 0.9 percent, which is well within

the precision of the measurements. Even for the higher modes the agreem~nt

is remarkably good, except for modes 5 and 8. To conclude this discussion,

Table 4.8 summarizes the frequencies determined by both experimental

procedures, ambient and forced vibration, together with the values

calculated with the final mathematical model of the dam-reservoir-

foundation system.

4.4 VIBRATION MODE SHAPES

The final mathematical model including the adjusted values of rock

and concrete moduli was used in all subsequent analyses and the validity

of the analyses was demonstrated by correlation of analytical results with

the measured values. The first such correlation involved comparing the

mode shapes calculated in the vibration analysis of the dam with the mode

shapes measured during the forced vibration testing. Figures 4.3 to 4.7

show the radial displacement mode shapes calculated and measured at the dam

crest as well as at the upper two walkways on the downstream face of the

dam. For the purpose of this presentation, the analytical shapes have

been normalized to match the displacement measured at one point on the dam

crest. The apparent quality of the correlation could have been improved

in some modes if a different normalizing point had been chosen; however, it

is evident that the analytical model duplicates the general character of

the measured vibration shapes.

The plot of the fifth mode shape shown in Fig. 4.7 includes both the

fifth eigenvector (equivalent to the analytical results shown for the
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lower modes) and also the forced vibration shape at the dam crest

obtained by including contributions from the fourth and sixth modes, as

discussed in the preceding chapter. The difference between the two types

of analytical results clearly shows that the adjacent modes should make

a significant contribution to the forced response test; however, the

measured mode shape actually correlates better with the eigenvector shape

(a result which is not understood at present).

No experimental result is plotted for the sixth mode in Fig. 4.8

because thi s mode was not i dentifi ed experi menta lly, as was menti oned

earlier; instead, the analytical mode 6 shape (eigenvector) is compared

with the calculated forced vibration response which includes contributions

from modes 5 and 7. One reason why mode 6 was overlooked in the field

test is apparent in Fig. 4.8--the crest shape produced by forced excitation

at the sixth mode frequency is very similar to the fifth mode shape. In

fact, this figure shows that the fifth mode make-s a very large contribution

to the response at the sixth mode frequency; on the other hand, it is evident

that the antisymmetric seventh mode (Fig. 4.9) contributes very little.

4.5 FREQUENCY RESPONSE CURVES

The forced vibration response analysis capability was used to provide

another form of correlation between analysis and experiment by simulating the

development of the frequency response curves. First, the damping ratio

for each mode was determined which made the calculated peak frequency

response amplitude match the value measured at an appropriate point on the

dam crest. This was done by calculating the peak frequency response at the

designated point using the experimentally determined damping ratio, and

then multiplying the experimental damping ratio by the analytical

response amplitude divided by the experimental amplitude.Using this adjusted
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damping ratio, the response at the designated point was calculated for

successively changed exciting frequencies. Figure 4.10 shows the

experimental and analytical response curves for the first two symmetrically

excited modes and Fig. 4.11 for the first two antisymmetrica1ly excited

modes. It will be noted that mode 3 was excited by both symmetrical and

anti symmetrical input, but that the response to symmetrical forces is much

more prominent. As is to be expected. the frequency response curves

demonstrate the same frequency discrepancies noted earlier between the

analytical and experimental results. The damping ratios obtained by this

adjustment procedure in the forced response analyses and by the half-power

method from the experimental frequency response curves are listed on each

figure; the agreement between these results is considered to be excellent.

As has been mentioned earlier, the sixth vibration mode obtained by

analysis was not identified experimentally. In order to understand why the

experimental procedure had not been successful .with this mode. the forced

vibration procedure was simulated analytically in the range of the fifth

and sixth mode frequencies. Figure 4.12 shows the analytical and

experimental frequency response curves for mode 5, and also the analytical

frequency response curve obtained by combining the response from modes 5,

6, and 7 in the vicinity of the mode 6 frequency. It is apparent that the

fifth mode dominates the frequency response curve so that no response peak

is obtained for mode 6. This fact, combined with the earlier observation

that the crest shapes of modes 5 and 6 are very similar (Figs. 4.7 and 4.8),

prevented experimental recognition of mode 6.

4.6 HYDRODYNAMIC PRESSURES

The measurement of hydrodynamic pressures at the face of the dam during

forced vibration testing, and the availability of the corresponding pressure

analysis subroutine FVHYDRO, made it possible to correlate the measured and
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calculated hydrodynamic pressure results. So far as is known, this is the

first time that any field test verification has been made of an analytical

model used to represent the effects of reservoir interaction on the dynamic

response of an arch dam.

The distributions of hydrodynamic pressures across the face of the

dam calculated at depths of 5 m, 15 m and 25 m below the surface are plotted

in Figs. 4.13 through 4.16 for excitation at the frequencies of modes 1

through 4, respectively. Also shown on these plots (by the " "o symbols)

are the pressures measured at various stations on the right side of the dam

at these same water depths. The agreement between these analytical and

experimental results is considered to be remarkable, especially for the

first two modes. It is unfortunate that the shortcircuiting problems with

the pressure gages made it impossible to make more water pressure measure-

ments atXHD dam; however these results suggest that excellent results

should be obtained in the future with the transdu~ers modified to correct

the water leakage problem.

Even though only the above limited correlation with experimental data

is possible, the complete pressure distributions obtained from forced

vibration in modes 1 through 6 in this analytical study are presented in

Figs. 4.17 through 4.22, respectively. These results give a good general

picture of the reservoir interaction mechanism during forced vibration. In

each figure, the distribution of pressure is shown across the face of the

dam at 49.55 m above the bottom (i;e., at a depth of 21.45 m below the

surface). In addition, the pressure distributiQn is shown on threevertical

lines extending from the water surface to the reservoir bottom at the dam

face. Each of these vertical lines is associated with a node line at the

face of the dam, as indicated by its position below the horizontal section

graph in the figure. It is evident in these figures that the vibration
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pressure is directly related to the local amplitude of motion, but that

it is also influenced by boundary constraints such as the reservoir bottom,

the canyon walls, and the free surface.
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Chapter 5

STATIC AND EARTHQUAKE RESPONSE BEHAVIOR

5.1 GENERAL COMMENTS

The principal reason for developing a mathematical model and an

analysis procedure as described in the preceding chapters is to determine

whether an existing or proposed arch dam is capable of safely resisting

the static and dynamic loads to which it may be subjected. Therefore,

the final phase of this study of XHD dam was the calculation of the stresses

and displacements that would be developed in it by possible static and

seismic loading conditions.

Because this analysis has been performed for demonstration purposes

only, not to verify the safety of XHD dam, the static load and vibration

properties were taken for the 71 m water depth used in the correlation

studies -- rather than for the full reservoir as would be done in an

actual safety study. In addition, no detailed study was made to establish

the maximum expectable earthquake ground motions for this site; instead

an arbitrary choice was made of the earthquake input. For these reasons,

the analytical results presented here should be considered only as

generally representative of the dam behavior but not of maximum possible

response values.

5.2 STATIC ANALYSIS

As was mentioned earlier, ADAP has the capability of evaluating

stresses and displacements due to any chosen static load condition, so

once the dam model had been defined (as described in the preceding

chapters) it was necessary only to specify the water depth in order to

pbtain the static response behavior. As mentioned above. the water depth

was taken to be 71 meters. The crest displacements resulting from this
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hydrostatic load and from the dead weight of the concrete are depicted in Fig.

5.1,both separately and combined, and Fig. 5.2 shows the displacements in the

y-z plane of the crown cantilever, again showing the separate and combined

effects of the two types of static load. As expected in a good design, the

gravity load effects tend to cancel the hydrostatic load effects. The stresses

associated with these static displacements are very small and will be

discussed later, together with the dynamic earthquake response results.

5.3 COMBINED STATIC AND EARTHQUAKE RESPONSE

Because no earthquake records have been obtained near XHD dam, the

choice of earthquake input to be used in this demonstration analysis was

quite arbitrary. The earthquake record obtained from an aftershock at

Hsin Feng Jiang dam in Kwangdong Province was considered to be representative

of tectonic conditions reasonably similar to those at the XHD dam site, so

it was adopted for this study; but because the peak acceleration in this

record is only 0.045g the ground motion intensity was increased by a factor

of 5. The resulting peak acceleration of 0.225g probably is representative

ofa typical design earthquake in the XHD region.

Figure 5.3A(a} shows the magnified acceleration history of the Hsin Feng

Jiang earthquake, as it was used for this demonstration analysis. A para

bolic baseline correction was applied to the acceleration data to obtain

reasonable final values of ground velocity and displacements; plots of these

quantities (after correction) are presented in Figs. 5.3A(b} and (c). Figure

5.3B shows the response spectrum of this input motion, obtained by integration

of the equations of motion; separate curves .are presented for damping ratios

of 0, 1, 2, 5 and 10 percent.

The step-by-step time history analysis of response to this earthquake

record was carried out using six modes of vibration and a time step of 0.01

sec. for each mode. Two percent damping was assumed in each mode; the rather
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low value was chosen to correspond with the l~w amplitude of response

generated by the earthquake. The maximum displacements caused by this

earthquake acting in the upstream-downstream direction are depicted in

Fig. 5.4; both the crest motions and those of the crown cantilever are

shown. It should be noted that these are "envelope" results, i.e., they

show the maximum displacement of each node at ~ time during the earthquake.

Thus, the displaced shape was never exactly as shown. but in general the

maximum concurrent displacements are not greatly different from these envelope

values. Comparing Fig. 5.4 with Figs. 5.1 and 5.2, it is apparent that the

dynamic response to the Hsin Feng Jiang earthquake (multiplied by 5) is

similar in magnitude to the static load effects.

The maximum stresses resulting from the combined action of the earth

quake together with the static loads are shown in Figs. 5.5 for the upstream

face and in Fig. 5.6 for the downstream face. The stress values are depicted

in the form of contour plots, with the interval between the contours

representing a stress of 1 kg/cm2. It will be noted that the stresses are

shown separately for the horizontal (arch) direction and vertical (cantilever)

direction; also the maximum tensile and compressive stress distributions are

shown in separate figures. The dynamic stresses vary between tensile and

compressive during the earthquake while the static stresses are constant;

thus, the maximum dynamic stress of each sign has been combined separately

with the static stress to obtain these results. The same results for two

vertical sections of the dam (A & B, shown in Fig. 5.7) are listed in Tables

5.1 through 5.4. In these tables, the separate contributions from the static

and earthquake loads are identified, as well as the superposed results.

The nature of the earthquake response history is indicated in Fi gs. 5.8

and 5.9. The dynamic radial displacement calculated at the center point of

the dam crest (Node 201 in Fi g. 5.7) is shown in Fi g. 5.8. It is evident

from this plot that the displacement respons~ is dominated by the first mode
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vibratory motions. Figure 5.9(a) depicts the dynamic variation of arch

stress at a point on Section A near the dam crest; this is where the maximum

calculated arch stresses were located. Figure 5.9(b) similarly shows the

variation of cantilever stress on the upstream face at the dam base near

Section A; again this is the region of maximum cantilever stress. By

comparing these dynamic response plots, it may be seen that the entire

dynamic behavior is largely controlled by the first mode response; all

plots vary similarly with time and show peak values at the same instant.

As was noted earlier with the displacement results, it is apparent from

the stress values listed in Tables 5.1 to 5.4 that the dynamic stress

response is similar in magnitude to the static stresses. Of course, in a

highly seismic region where a much more intense earthquake than this might

occur, the dynamic stresses would dominate the response. Considering the

(amplified) Hsin Feng Jiang earthquake as the design requirement, however,

it is evident that the XHD dam is not in danger of being damaged.



54

Chapter 6

SUMMARY AND CONCLUSIONS

6.1 SUMMARY

This study of XiangHong Dian Dam is the first phase of the

cooperative research project on "Interaction Effects in the Seismic

Response of Arch Dams" being carried out under the U.S.-China Protocol for

Scientific and Technical Cooperation in Earthquake Studies. The ultimate

purpose of the research is to improve procedures for calculating the

response of arch dams to earthquake excitation, and the immediate objective

is to obtain better understanding of the dynamic interaction of arch dams

with their reservoir and foundation rock systems. This investigation has

involved measuring the interaction effects during forced vibration tests

of XHD dam and correlating these experimental results with the behavior

indicated by the mathematical model of the dam-reservoir-foundation

system. The refinements of the model made to improve the correlation

of analysis with experiment provide the basis for advancing the state of

the art of earthquake response analysis of arch dams.

The present report deals only with the study of Xiang Hong Dian Dam,

a single curvature arch located in Anhui Province. The second phase of the

investigation concerns Quan Shui Dam, a thin-shell double curvature arch

located in Kwangdong Province; a separate report will describe the work

done on that structure. Then a final report will be prepared summarizing

the information obtained about the dynamic interaction of reservoir and

foundation rock with arch dams, and conclusions drawn concerning the

mathematical modeling of these interaction effects. The next section of this

Chapter summarizes conclusions that have been drawn from the study of XHD

Dam; these should be regarded as"preliminary", however, until the Quan

Shui Dam investigation has been completed, because the interaction effects
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may be quite different in these different types of arch dams.

6.2 CONCLUSIONS ON MODELING OF ARCH DAM RESPONSE

1. The finite element model of the concrete dam provided by the thick

shell and 3D-shell elements in the ADAP computer program seems very

satisfactory. Relatively few elements are required to obtain a good

representation of the vibration behavior in the first 5 or 6 modes.

which is sufficient to indicate the essential character of the

earthquake response behavior.

2. The foundation rock model provided by the simplest standard foundation

mesh in ADAP serves to represent the foundation interaction effectively.

if the modulus ratio of rock to concrete is chosen appropriately. In

XHD Dam. the rock base appears to be slightly harder than the concrete.

with a ratio of EflEd = 1.3. The basic dimension of the foundation

rock model used in this study is essentially equal to the dam height in

all directions from the concrete-rock interface.

3. The finite element reservoir model included in the present version of

the ADAP program gives a good representation of the reservoir interaction

effects assuming incompressible water. The extent of the model in the

upstream direction need be no more than three times the dam height. but it

is important to represent the major topographical features of the

reservoir bottom within this reach.

4. It is essential to include the interaction effects of reservoir and

foundation. modelled as described above. to obtain good correlation

between calculated and measured vibration properties. In addition. it

was found necessary with XHD Dam to adjust the dynamic modulus

of elasticity of the dam concrete from the value obtained by
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laboratory studies (4.0 x 106 T/m2). In this case, the adjusted

value was 3.56 x 106 T/m 2 ; thus, the dynamic modulus measured in

the field was found to be about 89 percent of the laboratory value.

5. This field study demonstrated that the foundation rock interaction

can be measured effectively during forced vibration testing of arch

dams, and that such measurements should be made to evaluate the dynamic

interaction mechanism for the purpose of validating the foundation

model.

6. The study also demonstrated that the reservoir interaction can be

measured directly by using pressure transducers during the forced

vibration test. Results from this study tend to indicate the validity

of the incompressible liquid model, but these data are too limited

to draw a definite conclusion; it is expected that the Quan Shui

Dam study will greatly clarify this issue,

7. Although it was not the purpose of this study to evaluate the

structural safety of XHD Dam, the results of the static analyses that

have been performed indicate that it is well designed to resist the

static loads to which it is subjected, In addition, the response

analysis due to the amplified Hsin Feng Xiang earthquake shows that

the dam is easily able to resist the intensity of earthquakes that may

be expected in this region.
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Table 2.1 VIBRATION FREQUENCIES DETERMINED EXPERIMENTALLY-HZ

Mode Forced Vibration Ambient Vibration

1 *S 4.1 3.94

2 A 4,3 4.25

3 S 5.1 5.05

4 A 6.0 5.95

5 S 7.0 6.87

6 7.13

7 A 8.2 8.12

8 S 9.5 9.40

9 A 10.8 10.75

10 S 12.5 12.40

11 S 14.1 14.28

*Note: S = Symmetric Excitation, A = Antisymmetric Excitation
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TABLE 2.3 RADIAL RESPONSE a RIGHT SIDE ABUTMENT ROCK

Elev. Dist. From Displacements (xl0· 7m) at Frequency

(m) Dam (m) 4.1 HZ. 4.3 HZ. 5.1 HZ. 6.0 HZ.

0 -0.52 -1.48 -0.84 -1.42
143.4

12.8 0.13 0.49 O. " 0.34

0 -0.59 -1. 12 -0.47 1.53

I
127.0

--- --- -.- --- ---

0 -0.53 1.33 0.85 2.60
"3.0

4.0 0.07 0.51 0.20 1.37

I 0 0.14 1.41 0.90 2.75I
I 100.0
I

5.5 0.07 0.70 0.22 1.48

0 0.12 1.89 0.77 1.54
86.5

, 9.7 0.06 0.90 0.20 1.18
I
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TABLE 2.4 COMPARISON OF U.S. AND CHINA DISPLACEMENT MEASUREMENTS
(Recorded at Block No.3)

0.99

1.19

Prop.
Factor

1 j

3.721 I 3.745 I
0.935 0.785 i

I

Displacement f

Response (m) i
(mxl 0- 7) i--------------1

U.S. i China i
i I

R

T

Di recti on
R ::: Radial
T ::: Tangential

4.1

I

I Frequency
Ii Hz.

4.3
R

T

1.773

6.949

1. 695 !

7.140

1.04

0.97

20.96
5.1

R

T

i
i
I

9.379 I
20.70

8.920

I 1 .01 t
I

! :
i 1.05 '

o 58

0.8248.89

8 745

40.32

5 076

R
6.0

T i
,. . .

1

R 34.50 107.06 0.32 I
I

7.0 I
! IT 8.796 15.880 0.55
;

R 29.48 i 32.10 0.92
8.2

0.9438 IT 2.140 0.44



TABLE 2.5 NORMALIZED AMBIENT VIBRATION MODE SHAPES
(Radial Direction, at Crest)

Relative Displacement at Block No.

Frequency Ri ght I I i Left
(Hz) Abutment 3 5.5+ 8 10.5+ 12.5+ 14.5+ 16 I 18.5+ 20.5+ Abutment

4.05 -0.02 -0.14 -0.09 0.19 0.64
,

0.81 * I 0.05 -0.08 *I- 1.00 I

I
!

4.27 -0.05 0.05 0.20 0.55 1.00 I 0.63 * -0.76 -0.45 -0.13 *I

5.03 -0.07 -0.09 -0.74 -1.00 -0 27 ! 0.55 * -0.37 -1.00 -0.12 *• !

5.88 -0.12 -0.31 -1.00 -0.58 0.57 I 0.48 * 0.37 0.67 0.24 *
J

6.88 -0.07
I

0.18 0.50 -0.27 -0.40 I 0.36 * -0.44 -0.23 1.00 *
!

**7.13 0.13 0.39 0.84 -0.33 -1.00 I -?48 * -0.54 -0.01 0.14 *

* Sei smometer di d not work.
** This is the "missing mode ll in the forced vibration experiment.
+ Block No. 5.5 (etc.) denotes left edge of Block No.5.

0'\
N
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TABLE 2.6 DAMPING RATIOS FROM EXPERIMENTAL FREQUENCY RESPONSE CURVES

FREQUENCY I LOCATION OF DAMPING!

~ HZ. i TRANSDUCER RATIOI iI
i

I
!

I 4.1 13 I 0.017
I

II 4.3 11 0.014
I
I
I

5.1 13
I 0.010 I
i
i

\ !
6.0 11 0.011

I !
7.0 3 I 0.011I

I i
I I
i I

8.2 3 i 0.010I j

I

9.5 I
3 0.006!

10.8 9 0.009

12.5 13 0.011

14.1 3 0.010
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TABLE 2.7 HYDRODYNAMIC PRESSURES MEASURED DURING FORCED VIBRATION

Location of
Frequency Pressure Gage Hydrodynamic Pressure

(Hz) Block No. Water Depth (m) xl0- 3 T/M2

11 5 2.1

9 5 2.0
4.1 11 15 3.1

11 25 3.5

9 25 1.8

11 5 7.4

9 5 6.3
11 15 9.5

4.3 9 15 8.4

7 15 6.3
11 25 9.8

9 25 7.0

11 5 2.1

9 5 7.0

11 15 2.8
5. 1 7 15 7.6

11 25 3.0

9 25 3.1

11 5 7.0

9 5 2.5
6.0 11 15 9.15

7 15 4.2

11 25 I 7.7
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TABLE 3.1 FREQUENCIES OF VIBRATION, BASIC FOUNDATION AND RESERVOIR CASES

FreQuencv - Hz.
CASE A : B C

~-'.~--- Experimental
Basic Foundation No Yes Yes Forced

Response
Basic Reservoir No No Yes Frequency *

Mode 1 4.80 4.50
.
4.06 4.1

Mode 2 5.06 I 4.76 4.46 4.3

I

Mode 3 5.84 1 5.55 5.32 5.1

Mode 4 6.67 6.39 6.24 6.0

Mode 5 8.08 7.73 7.69 7.0

9.02
,

8.68 7.84Mode 6 --

Mode 7 10.00 8.98 8.72 8.2

Mode 8 11 .61 10.12 9.16 9.5
,

Mode 9 11.81 . 11.02 10.32 --
Mode 10 12.56 11 .25 11 .06 10.8

Mode 11 13.14 12.35 12.20 12.5
!

Mode 12 13.82 \ 12.45 12.32 14.1
I ! I

*Note: The reservoir was not at the maximum depth duri ng these
experiments, as was ass umed in these ana lyses.
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TABLE 3.2 INFLUENCE OF FOUNDATION MODEL ON VIBRATION FREQUENCIES

Frequenc' - Hz
ICase 1 2 3 4 i

Founda ti on Mes h Rigid Type 1 Type 2 Type 3 I
Mode 1 4.41 4.06 4.07 4.02

Mode 2 4.80 4.46 4.46 4.43 I
Mode 3 5.64 5.32 5.31 5.29

I

I
Mode 4 6.54 6.24 6.22 6.20 I

I

Mode 5 8.06 7.69 7.65 7.64

Mode 6 8.65 7.84 7.85 7.75

I
Mode 7 9.09 8.72 8.70 8.67

Mode 8 10.17 9.16 9.15 9.01

Mode 9 11 .55 10.32 10.31 9.92

I r~ode 10 12.21 11.06 11.02 10.94
I

Mode 11 12.40 11.20 11.18 11 .10

Mode 12 13.11 12.32 12.25
I

11 .71
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TABLE 3.3 INFLUENCE OF RESERVOIR LENGTH ON VIBRATION FREQUENCIES

Reservoir Length
Mode L = 15 m L = 65 m L = 130 m L = 300 m L = 600 m L = 700 mNo.

1 2.841 3.233 3.242 3.262 3.262 3.262

2 3.411 3.577 3.596 3.606 3.606 3.606

I
3 4.178 4.255 4.332 4.342 4.342 4.342 I
4 5.083 I 5.122 5.237 5.266 5.266 5.266

5 I 6.523 6.553 6.632 6.750 6.750 6.750

I

I6 I 6.525 7.049 7.137 7.156 7.156 7.156
!

Note: The reservoir is full and boundary is natural topography.
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TABLE 3.4 INFLUENCE OF RESERVOIR DEPTH ON VIBRATION FREQUENCIES (HZ)

I Depth of Reservoir Water, Z

I Mode I Z = 0 Z = 37.6m Z = 68. 78m Z = 71.0m Z = 71.59m Z = 87.5m
i No. I (No Res ervo i r) (O.43H) (O.786H) (O.811H) (O.818H) (1. OH)!

1 4.398 4.349 4.036 3.977 3.957 3.262

2 I 4.620 4.610 4.396 4.347 4.328 3.606

3 I 5.379 5.360 5.204 5.156 5.137 4.342
I

4 6.140 6.130 6.034 5.996 5.986 5.266

5 7.745 7.730 7.530 7.501 7.491 6.750

6 8.556 8.508 7.662 7.623 7.613 7.156

7 8.737 I 8.477 8.400 8.381 8.380 7.775
I8 9.964 9.905 9.150

,
9.100 9.090 8.• 812

I9 10.850 10.849 10.519 10.509 10.499 9.962
I

10 11. 181 11 .039 I 10.723 10.656 10.637 10.458

11 12.308 12.201 11 .006 10.967 10.957 10.585

12 13.117 12.984 12.675 12.665
I

12.655 12.583

Note: H = maximum height of the dam.
----- Length of Reservoir is 300 m.
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TABLE 4.1

MODE 1 FORCED VIBRATION DISPLACEMENTS AT ROCK-CONCRETE INTERFACE

Displacements -8(m x 10 )

Node E/Ed = 1.3 Ef/Ed = 0.65 EflEd
No. Measured Massless w/Mass Massless w/Mass =0.325

422 -5.2 -1.67 -2.20 -3.97 -6.16 -4.32

394 -5.5 -2.79 -3.05 -5.82 -6.60 -5.41

360 -0.5 -0.44 -0.49 -0.28 -0.32 -0.47

320 4.0 1.86 1.94 4.20 4.47 I 4.67I

274 -- 6.84 7.2 13.90 14.47 14.23
: I

Note: Analytical Ed = 4.0 x 106 T/m2 (5.68 x 106 psi).
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TABLE 4.2

MODE 2 FORCED VIBRATION DISPLACEMENTS AT ROCK-CONCRETE INTERFACE

I Displacements (m x 10-8)
I Node Ef/Ed = 1.3 Ef/Ed = 0.65 Ef/l: d
I No. Measured Massless w/Mass Massless w/Mass =0.325

422 -14.8 -4.26 -5.48 -9.59 -14.48 -11 .60

394 2.5 -0.70 - .73 1. 75 2.11 2.92

360 15.5 19.60 20.36 39.97 43.78 40.68

320 26.5 21.42 22.31 42.73 46.96 44.89

274 --- 24.96 25.87 47.31 51.67 48.58

Note: Ana1ytjca1 Ed = 4.0 x 106 T/m2 (5.68 x 106 psi).
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TABLE 4.3

MODE 3 FORCED VIBRATION DISPLACEMENTS AT ROCK-CONCRETE INTERFACE

Note: Analytical Ed = 4.0 x 106 T/m2 (5.68 x 106 psi).

.
(m x 10-8)Di sp1 acements

-----", -_..-.._, .. ".-~" ..•.._"._. ' ...

EfiE d = 1.3 Ef/Ed = 0.65 EfiEdNode
w/Mass I)

_ .._w •••• ___•••• _ ...

No. Measured Massless Massless w/Mass =0.325
II
I

422 -8.40 -4.24 -5.32 -10.05 -14.50 -12.03

394 I 6.00 7.13 7.48 ! 17.42 19.01 16.44
i

I
360 I 8.50 21.47 22.47 42.55 45.89 41.02I

i

320 8.00 14.40 15.2 28.62 31 .32 30.29

I
274 --- 6.14 6.53 ! 12.07 13.40 14.85

! . .
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TABLE 4.4

MODE 4 FORCED VIBRATION DISPLACEMENTS AT ROCK-CONCRETE INTERFACE

'1 Disp1 acements (m X 10.8)
!
".

I 11

T------
i

Node I EflEd = 1.3 EflEd = 0.65 I Ef/~
I

No. I Measured 1- Massless w/Mass II Massless w/Ma-s-s·-j =0.325I
I ,
II I i

422 -14.2 II -10.20 -10.23 I -20.70 -16.79 :-31.67
!j ;
:

I 394 24.0 41.96 45.82 87.87 105.7 1,108.00
I !I

I
360 II 22.5 51 .79 55.87 i 93.38 108.6 I 134. 60 1

I,
, i I I
l

63.891320 8.0 17.60 19.66 31 .87 39.89
I, II ! i

I 274 :; -- I -5.80 -5.61 i -10.61 -9.32 6.68!
I

I ,
I' i t,

Note: Analytical Ed = 4.0 x 106 T/m2 (5.68 x 106 psi).
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TABLE 4.5

MODE 5 FORCED VIBRATION DISPLACEMENTS AT ROCK-CONCRETE INTERFACE

Displacements (m x 10-8)

Node
No. Measured

422 16.3 12.76 12.58 I :22.56 i 9.26 ! 11. 11

394 -27. a
I

-63.95 -70.92 1\ -123.90 : -157.7 Ii -23.99
I

360

i
320 !

274 I

-26.0

9.0

-34.66

-16.15

-40.69

-39.51

-15.31 !
i
I

I

-37.85 I

-54.80 I -72.8

9.99 -16.28

40.00 -24.88

I -24.96
\

!
i -34.94
1,

!
I -80.36
i

Note: Analytical Ed = 4.0 x 106 T/m2 (5.68 x 106 psi).
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TABLE 4.6

MODE 7 FORCED VIBRATION DISPLACEMENTS AT ROCK-CONCRETE INTERFACE

( -8Displacements m x 10 )i !
I, 1,------ --"-'~r-------'-

I Ii E/Ed = 1.3
IMa::~:~S;~:~~Mass-II E/E d iNode

I I~No. Measured Ii Massless w/Mass =0. 325 1
, ' !. i

Ii
! !

I
i

I i
422 -5.2 -2.68 - 1.02 -3.80

I
- .22 -6.32 i

i i
I

i I

II
Ii

I
394 18.0 15.94 16.26 23.72 33.13 II 38.88 I'III i

I
; !i

360 4.5
I

5.60 5.86 8.76 14.56 21 .92 I
I,

i

I
320 -1.0 : I -2.36 -2.14 -0.80 4.03 6.53

I Ii
274 -- ! -4.91 -5.23 -5.03 4.68 I: -2.74

, !i' , I

Note: Analytical Ed = 4.0 x 106 T/m 2 (5.68 x 106 psi).
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TABLE 4.7

MODIFICATION OF CALCULATED FREQUENCIES WITH YOUNG'S MODULUS ADJUSTMENT

HZF: reqUenCles -
ICalculated I

~.-

Ed = 4xl06 T/m
2 Ed=3.555X10o T/m2 1Mode No. Measured I

I
I

I1 4.23 3.98 I 4.1 (S)
I

I
(AS) I2 4.62 4.35 I 4.3

I

3 5.48 5. 16

I
5.1 (S)

4 6.37 6.00 6.0 (AS)
I

5 7.96 7.50

I

7.0 (S)

6 8.07 7.62 ---

I
I

7 8.90 8.38 8.2 (AS)

8 9.58 9.03 9.5 (S)

9 10.60 9.99 ---

10 11 .27 10.63
I

10.8 (AS)

11 11 .55 10.89 I ---I
12 12.19 11.49

I
I ---

i I
Notes: Ef/Ed = 1.3.

Water level = 0.811 H (126.9m).
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TABLE 4.8

FINAL COMPARISON OF CALCULATED AND MEASURED VIBRATION FREQUENCIES

Vibration Frequenci s - HZ

I Measured I
Mode No. I Forced Ambient Ca lcul ated

1 4.1 (S) I 3.94 3.99I
I

2 4.3 (A) 4.25 4.36

3 5.1 (S) 5.05 5.17

4 6.0 (A) 5.95 6.01
I

(5)
I

5 7.0 6.87 7.50

6 -- 7.13 7.61

7 8.2 (A) 8.12 8.39

8 9.5 (5) 9.40 9.03

9 -- -- 9.99

10 I 10.8 (A) 10.75 10.63

11 -- -- 10.89

12 -- -- 11.49

-- I *12.5 (S) 12.40; --
-- *14.1 (5) 14.28

I

*Note: These were assumed to be Modes 10 and 11 in early stages of
the investigation (see Table 2.1), and later were assumed to
be Modes 11 and 12 (see Table 3.1). Only in the final
correlation study was it realized that Modes 6, 9, 11, and
12 all were missed experimentally.
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Table 5.1 MAXIMUM ARCH STRESSES AT SECTION A-A - kg/Cm2

Ups tream Face Downs tream Face
Elevation Gravi ty and

Earthquake I Gravity and ~
( m. ) Hydrostatic Tota 1 . Hydrostatic Earthquake i Total

I I
;

137.9 -4.43 -7.56 -11 .99 -3.46 -6.75 ! -10.21
•

I

122.9 -6.54 -4.64 -11.18 -4.12 -4.32 - 8.44
112.36 -7.05 -2.79 - 9.84 -4.12 -3.02 ; - 7.14
98.54 -6.23 -1.40 - 7.63 -3.85 -1.58 - 5.43

90.34 -5.28 -0.82 - 6.10 -3.37 -1.03 - 4.40
81.66 -4.12 -0.38 - 4.50 -2.85 -0.58 - 3.43
76.00 -3.48 -0.04 - 3.52 : -2.46 -0.27 - 2.73

71.00 -2.23 0.37 1.86 · -3.38 -0.20 - 3.58
65.35 - O. 12 1.67 1.55 -3.13 0.02 - 3.11

Table 5.2 MAXIMUM CANTlLEVERSTRESSES AT SECTION A--A - kg/cm2

I
Upstream face .1 Downstream Face

IElevation Gravity and I Gravity and l
I ( m. ) Hydrostatic Earthquake Total ; Hydrostatic IEarthquake Total

!

I
137.9 -2.38 -0.18 - 2.56 -0.04 -1.20 • - 1. 24
122.9 -7.76 -1.52 - 9.28 0.36 -4.52 - 4.88

I 112.36 -9.52 -2.77 -12.29 -0.30 -5.56 - 5.86
I 98.54 -8.28 -3.62 -11 .90 -4.10 -4.70 - 8.80I

I 90.34 -7.10 -3.75 -10.85 -6.63 -3.93 -10.56
1 81.66 -5.97 -3.71 - 9.68 -9.H -3.24 -12.38

I
76.00 -3.44 -3.27 - 6.71 -12.50 -2.43 -14.93

71.00 -3.99 -2.95 - 6.94 -14.10 -2.40 -16.50

I 65.35 -0.07 -6.47 - 6.54 -15.60 -2.20 -17 .80
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Table 5.3 MAXIMUM ARCH STRESSES AT SECTION B-B - kg/cm2

I Ups tream Face
El evati on Gravity and 1

( m. ) Hydrostatic I Earthquake
!

Downs tream Face
.. Gravity and

Total Hydrostatic Earthquake Total

137.9

122.9

112.36

98.54

90.34

81.66

I 76.00

71.00

65.35

-4.14

-6.07

-6.53

-5.52

-4.42

-3.30

0.0

1. 73

0.64 .

-6.33

-4.31

-2.37

-1.09

-0.43

-0.01

0.21

0.37

1.68

-10.47

-10.38

- 8.90
- 6.61 i

- 4.85 !

- 3.31
: t

~~~~ iI
2.32 II

-3.28

-4.10

-4.10

-4.11

-3.90

-3.48

-0.001

0.16

-2.71

-6.98

-4.25

-3.01

-1.77

-1 .21

-0.80

-0.52

-0.42

-0.06

-10.26

- 8.35

- 7.11

- 5.88

- 5.11

- 4.28

- 0.52

- 0.26

- 2.77

2Table 5.4 MAXIMUM CANTILEVER STRESSES AT SECTION B-B - kg/cm

i Ups tream Face i Downstream FaceI

IElevation Gravity and II Gravity and
( m. ) Hydrostatic Earthquake Total I Hydras tati c Earthquake Total

137.9 -2.36 0.54 - 1. 82 i -0.05 -0.103 - 0.15

122.9 -7.64 -1.02 - 8.66 0.20 -3.74 - 3.54

112.36 -9.35 -2.18 - 11 .53 -0.51 -5.01 - 5.51

98.54 -8.10 -3.00 -11.10 -4.50 -4.25 - 8.75

90.34 -6.85 -3.30 -10.15 -7.02 -3.62 -10.64

81.66 -5.73 -3.31 - 9.04 -9.63 -3.02 -12.65
76.00 0.02 -2.65 - 2.63 -0.004 -2.37 - 2.38

71.00 - 1.01 -2.70 - 3.71 -0.51 -3.05 - 3.56
65.35 -7.05 -6.70 -13.75 -4.07 -2.30 - 6.37



79

'lJ
.~

?o
~

0-

FIG. 2.1 Location of Xiang Hong Dian Dam In Anhui Province
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FIG. 2.2 View ai' Xiang liang Dian Dam And Reservoir

FIG. 2.3 Downslream Face of Xiang lIang Dian Dam
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FIG. 2.5 Topographic Map or Xiang IIong Dam Reservoir Area
(Colllour Interval = Sm)
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FIG.27 Shaker Control System In Operation
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FIG. 2.8 Exciting Force Induced By Single Shaker Unit
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FIG. 2.9 Velocity Meters Ready To Be Positioned On Dam

FIG. 2.10 Ranger Seismometer In Position
On The Abutment Rock
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FIG. 2.11 Position Of Vibration Generators On The Dam Crest
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FIG. 2.13 Fourier Amplitude Spectrum From Ambient Vibrations
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FIG. 2.17
Horizontal Forced Vibration Response: [=4.3 Hz
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Horizontal Forced Vibration Response: [=5.1 Hz

FIG. 2.19
Horizontal Forced Vibration Response: [=6.0 Hz
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Horizontal Forced Vibration Response: [=8.2 Hz
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FIG. 2.23
Horizontal Forced Vibration Response: [= 10.8 Hz
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Horizontal Forced Vibration Response: f= 14.1 Hz
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MODES
f=7.0 Hz

MODE 7
f=8.2 Hz

'0
'-J

Horizontal Forced Vibration Response To Vertical Systems

5
BLOCK NO.

13

FIG. 2.28

17 9 " 15



MODE 8
f=9.5 Hz

MODE 9
f=10.8 Hz

'"00
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RADIAL DISPLACEMENTS AT CREST
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FIG. 2.31 Ambient And Forced Vibration Shapes: Mode 1

FORCED VIBRATION (f=4.3) ,
AMBIENT VIBRATION (f=4.27) , ,,

FIG. 2.32 Ambient And Forced Vibration Shapes: Mode 2

--
- - - - FORCED VIBRATION (f=5.1)
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FIG. 2.33 Ambient And Forced Vibration Shapes: Mode 3
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FIG. 2.34 Ambient And Forced Vibration Shapes: Mode 4

--_. FORCED VIBRATION (f=7.0)
AMBIENT VIBRATION (f=6.88)

FIG. 2.35 Ambient And Forced Vibration Shapes: Mode 5
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AMBIENT VIBRATION (f=7.13)

FIG. 2.36 Calculated And Ambient Vibration Shapes: Mode 6
(Missed Mode In Forced Vibration)
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FIG. 3.1 Element Mesh On Upstream Face Projected On X-Z Plane
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FIO. 3.5 Plan Of Xiang Hong Dian Reservoir (J:l0000)
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FIG. 3.33 Mode 1, Displacements Of Foundaton Rock
And Adjacent Downstream Force Modes

FIG. 3.34 Mode 2, Displacements Of Foundaton Rock
And Adjacent Downstream Force Modes
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