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ABSTRACT

An extensive investigation has been made basedon the results of
full-scale dynamic tests performed on a modern earth dam, Santa Felicia
;Chm in Southern California. This dam was chosen for the experimental
studies because it had been subjected to strong shaking during two earth-
quakes: the strong, 6.3 local Richter magnitude San Fernando earthquake
of 1971, and a 1976 earthquake of magnitude 4.7. The records recovered
from these two earthguakes provided usable information on the dynamic
characteristics of the dam which was instrumented with motion sensors to
yield data on the structural response as well as the input ground motion
at the site.

In the test programs, various types of dynamic excitations were
used including mechanical vibration, ambient vibration, hydrodynamically
generated forces, and the two strong seismic ground motions; thus, the
imposed dynamic forces varied greatly in their time-history characteris-
tics, spatial distributions, and intensities. For the forced vibration
tests, the dam was excited into resonance in the upstream-downstream
direction and in the longitudinal direction by a coupled pair of mechani-
cal vibration generators (200 feet apart) capable of producing force up
to 10,000 1bs. Symmetric and antisymmetric vibrations were separated by
synchronizing the two shakers to run in-phase and 180° out-of-phase, re-
spectively, with the aid of control units. During the ambient vibration
tests, the naturally occurring vibrations of the dam caused by strong
wind and the spilling of the reservoir were measured. The test of dam
response to hydrodynamic forces invelved the use of pressure waves (to

impinge upon the upstream face of the dam) originating from a controlled,



submerged release of gas under pressure in the reservoir water. During

the dynamic tests, three-dimensional measurements of the motions of ap-
proximately 25 stations along the crest and seven stations on the down-
stream slope were recorded and then analyzed in both time and frequency
domains. Modes of vibrations and associated natural frequencies as well

as damping ratios were determined in the frequency range from 0.0 to

6.0 Hz. The reliability of the existing analytical technigues for earth
dams, which are restricted to horizontal shear deformation in the upstream-
downstream direction, was examined. Finally, in order to reveal any change
in the dynamic properties of the dam, the dam's natural frequencies, mode
shapes, dynamic shear moduli and damping factors (the latter two as func-
tions of the induced strains} estimated from the measured responses to the
two earthquakes were compared with those determined from the full-scale

dynamic excitation tests.



I. INTRODUCTION

An extensive investigation has involved the results of full-
scale dynamic tests performed on Santa Felicia Dam, a modern earth dam in
Southern California. This dam was chosen for the experimental studies
because it not only typifies many earth dams in seismic areas, but it
also has been subjected to strong shaking during two earthquakes: the
strong, 6.3 Tocal Richter magnitude San Fernando earthquake of February
1971, and a 1976 (April) earthquake of local magnitude 4.7. During the
earthquakes, the dam was instrumented with motion sensors which indicated
its structural response as well as the input ground motion at the site.
Thus the records recovered from these two earthquakes offered an unusual
opportunity for analysis of a dam's behavior during relatively intense
shaking by providing usable information on the dynamic characteristics of
the dam such as natural frequencies, mode shapes, dynamic shear moduli
and damping factors (the latter two as functions of the induced dynamic
strains). The purpose of the full-scale experimental work was not to in-
vestigate Santa Felicia Dam itself, but rather to gather experimental
data concerning its dynamic characteristics which could then be used to
test and develop various analytical and numerical methods for computing
the natural frequencies and mode shapes of dams in general, particularly
for predicting earthquake responses. It was intended also to gather in-
formation about the amount of damping, at low levels of excitation, in
an earth dam. For more details about the analyses of the dam's earth-
quake response during the two earthquakes, see Ref. 2.

In the test programs reported below, various types of relatively

Tow Tevel dynamic excitations were used including mechanical (or forced)



vibration, ambient vibration (unique in earth dam research), hydraulic
actuator ("popper") forces, and the two strong seismic ground motions;
thus, the imposed dynamic forces varied greatly in their time-history
characteristics, spatial distributions, and intensities. For the forced
vibration tests, the dam was excited into resonance in the upstream-
downstream direction and in the longitudinal direction by a coupled pair
of eccentric-mass vibration generators, located on the central part of
the crest (200 ft apart) capable of producing force up to 10,000 Tbs.
Symmetric and antisymmetric vibrations were separated by synchronizing
the two shakers to run in-phase and 180° out-of-phase, respectively, with
the aid of control units.

During the ambient vibration tests, the naturally occurring vibra-
tions of the dam caused by strong wind and the spilling of the reservoir
were measured, The test of dam response to hydraulic actuator forces
involved the use of pressure waves(hitting the upstream face of the dam)
originating from a controlled, submerged release of gas under pressure
into the reservoir water (popper tests). During the dynamic tests,
three-dimensional measurements of the motions of twenty-five stations
along the crest and seven stations on the downstream slope were recorded
and then analyzed in both time and frequency domains. From these
measurements, which are more extensive than in previous full-scale tests
of this type (Refs. 4, 13, 14, 15 and\l?), modes of vibrations and asso-
ciated natural frequencies as well as damping ratios were determined in
the frequency range from 0.0 to 6.0 Hz. It was possible to determine
frequencies and mode shapes of about 14 upstream-downstream symmetric
modes, 11 up-stream-downstream antisymmetric modes, and 18 longitudinal

modes.



Full-scale experimentally determined dynamic characteristics are re-
quired both to improve the technigues by which such properties are calculated
for purposes of analysis and design, and to permit interpretation of the
measured response of earth dams in the event of a strong earthquake. In
order to reveal any change in the dynamic properties of the dam due to the
type of excitation, its dynamic characteristics estimated from the measured
responses to the two earthquakes were compared with those determined from
the full-scale tests. Also, the measured frequencies and modes of upstream-
downstream vibrations resulting from the forced, ambienf and popper vibra-
tion tests were compared with those predicted by some existing 2-D shear-
beam theories. The results of these comparisons are presented in this
report. As information on the dynamic characteristics of dams and their
earthquake response accuhu]ates, it should be possible to develop better
procedures for determining the appropriate levels of earthquake loading for
design,

In this study, shear strains and shear moduli were estimated from the
full-scale tests and, in addition, were plotted along with those estimated
from the earthquake response analysis. Then the combined results were in-
terpolated and extrapolated to give informative material - to both the
earthquake and the geotechnical engineers. The same procedure was followed
for damping versus shear strains at different levels.

The full-scale vibration tests are especially important to understand-
ing the behavior of earth dams, because seil is a nonlinear, hysteretic,
and widely varying substance. Measurement of the properties of the soil in
a dam is extremely difficult: samples taken for Taboratory measurements

have necessarily been disturbed and may not reflect actual properties of

the soil in place. Also, laboratory measurements on a soil sample of only



a fraction of a cubic foot may not reflect the soil . properties throughout
the structure. Studies of the total performance of full-scale structures

like dams could enable engineers to determine which laboratory tests best

reflect large-scale soil dynamics.



II. OBJECTIVES OF THE EXPERIMENTAL INVESTIGATION

The principal objectives of these field measurements on Santa

Felicia Dam were:

1. To interpret the full-scale dynamic test results in terms of the
structural performance under the two real seismic conditions.

2. To reveal any change in the dynamic characteristics of the dam by
studying both the non]inéarity associated with various levels of
response and modal coupling and interference. For example, from the
forced vibration tests, where the level of displacements induced in
the dam was low, the fundamental frequency of the upstream-downstream
mode was found to be 1,635 Hz, while in the 1971 earthquake, which
induced larger displacements, the fundamental frequency was found (by
spectral analysis of the observed response) to be 1.45 Hz, lower than
that of the tests. This type of hehavior is representative of a
softening dynamic system composed of soil.

3. To test and improve the existing earth dam analytical technigues which
are restricted to horizontal shear deformation in the upstream-
downstream direction, and to facilitate development of mathematical
modelling intended to represent realistically the prototype behavior
in both longitudinal and vertical directions.

4. To recommend improvements in the existing, low-strain, full-scale
experimental techniques for use in future testing.

5. To enable improvement of seismic-resistant designs for earth dams,
and thus provide adequate levels of safety for such important struc-

tures.



Finally, it is believed that these data sets obtained from the full-
scale dynamic tests (including the two earthquake records) offer an
unusual opportunity of learning in a general way about the dynamic response

characteristics of earth dam structures.



IIT. DESCRIPTION OF THE DAM

Santa Felicia Dam (Fig. 1) is located on Piru Creek 65 km north-west
of Los Angeles, It is owned by the United Water Conservation District of
Ventura County and was completed in December 1955. The dam consists of a
rolled-fill embankment, a low-level outlet works, and an ungated chute
spillway. It is about 273 ft high above its lowest foundation and 200 ft
above the original stream bed; it is 450 ft long across the valley at the
base and approximately 1,275 ft long at the crest (Fig. 2). An impervious
core of silty clays and clayey sands and gravels, with 0.33:1 slopes, is
carried up from bedrock. Gravelly materials excavated from the core
trench and those available from other excavations were placed on the up-
stream and downstream faces. The bedrock consists of sandstone strata of
varying degrees of hardness interlayered with shale seams of varying
thickness. The geological profile across the site was utilized to provide
a sound, watertight and economical section and to assure a firm seal
between the bedrock and the core throughout the dam's length. The imper-
vious core and pervious shell materials are basically of an alluvial
nature; the alluvium consists of clay, sand, gravel, and boulders. Table
1 indicates design values assumed to be representative of the typical
soils as determined from field and laboratory testing before and during

construction.

During the tests the reservoir was full, as shown in Fig. 3.

In 1967 the dam was equipped with two accelerographs which recorded
the earthquakes of 1971 and 1976; one instrument was located at the cen-
tral section of the crest and the other was placed at the right abutment

on the downstream side. A more complete description of the dam and perman-

ent strong-motion instrumentation is given in Ref. 2.
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Table 1

Characteristics of Santa Felicia Dam Materials (during construction)

(Ref. 2)

Property Core Shell Foundation
Dry unit weight 114 pcf 125 pcf 116 pcf
Moist unit weight 131 pcf 131 pcf 122 pcf
Saturated unit weight 134 pcf 141 pcf 135 pcf
Submerged unit weight 73 pcf 79 pcf 73 pcf
Permeability 0.001 ft/day 20 ft/day 150 ft/day
Specific gravity 2.68 2.69 2.69

(Note: 1 ft = 0.305 m and 1 pcf (1b/ft°) = 16.02 Kg/m°)
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IV. DESCRIPTION OF THE INSTRUMENTATION

The essential features of the instrumentation are substantially the
same as those used in previous full-scale tests and have been described in
detail in other reports (Refs. 6 to 13, and Ref. 15); only a brief summary

is given here.

IV-1. Vibration Pick-ups (motion-sensing transducers)

The vibrations of the dam during forced, ambient, and popper tests
were picked up by eight Kinemetrics SS-~1 Range seismometers (velocity-type
transducers with natural period close to one second) manufactured and sup-
plied by Kinemetrics Inc. of Pasadena, California. Due to the difficulty
of making absolute calibrations of the velocity-sensing Rangers in the
field, they were used only to measure relative motion and phase between
stations. Figure 4 shows three of the Range seismometers mounted on an
aluminum plate in such a way that three orthogonal components of motion
(upstream-downstream or U-D, longitudinal or L, and vertical or V) at any

point on the crest could be measured.

1v-2. Recording Instruments

2-1. Signal Conditioners

Two four-channel Kinemetrics SC-1 signal conditioners were used dur-
ing the tests to amplify, filter, and simultaneously control the eight
outputs from the seismometers. Each channel of the signal conditioner is
adjustable to provide displacement, velocity or acceleration outputs. The
signal conditioners also provide optional low-pass filters which are con-
tinuously adjustable between 1.0 and 100.0 Hz. The power for the two

signal conditioners was provided by a motor-driven electric generator
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placed at the central region of the dam's crest (Fig. 5).

2-2. 0scillograph Recorder

The measurements taken during the dynamic tests were monitored on an
eight-channel Hewlett-Packard 7418A oscillograph recorder. This enabled
an immediate visual inspection of the vibrational motion at the seismom-
eter locations to be made during each measurement. It was also used for
calibrating the seismometers by monitoring their outputs and adjusting the

attenuation of the signal conditioners.

2-3. Instrumentation Tape Recorders

During the tests, the amplified and filtered signals (sinusoidal
and random) were recorded on two four-channel Hewlett-Packard 3960A
instrumentation tape recorders. The electrical outputs of this type of
recorder can be digitized for computer processing by means of an analog-
digital converter. Figure 6 shows the recording instruments including
(from left to right) the oscillograph recorder, the two signal condition-

ers, and the tape recorders.

IV-3. Shaking Machines (force generating systems)

A VG vibrational generating system (manufactured by Kinemetrics Inc.)
having two mechanical shakers (described in Refs. 7, 8, 9, and 10) was
used to excite the dam sinusoidally. The shakers were provided with a
precise and stable control system, capable of imposing and holding a fre-
quency in the range 0.0 to about 10.0 Hz within 0.1%.

Each machine comprises two counter-rotating (about a vertical axis),
wedge-shaped baskets so arranged that they provide an oscillating lateral
force (varying sinusoidally with time). The direction and magnitude of

the periodic force can be selected by adjusting the baskets and their



~i| Fi

Fig. 5. The electric generator used for instrument operation.
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lead weight contents. Since, in a particular test sequence, the frequency
is changed at intervals to cover a certain range including a resonance peak
or peaks, the actual force level, which depends on the square of the angu-
lar velocity, varies. The maximum frequency of about 9.5 Hertz is limited
by the stress in the shakers. Consequently, for each interval of frequen-
cies studied over the entire frequency range, different lead weights are
placed in the basket, greater weights at the lower frequencies. In this
way the force level is maintained relatively constant over the whole fre-
quency range, although it varies in any one test sequence. Each shaker
generates a peak force in the range 1000 to 5000 pounds, depending again on
the lead weights used and the exciting frequency.

To couple the shaking machines to the dam, two reinforced concrete
blocks (8' by 8' by 20" thick) were cast in place in excavated areas on
the crest as shown in Figs. 7 and 8. The two blocks were 200 ft apart
(each one about 100 ft from the crest midpoint) and were positioned
slightly to one side of the center line of the crest to allow sufficient
clearance for traffic on the crest. Although this arrangement was fairly
satisfactory, there was still a substantially enhanced local displacement
field in the vicinity of the machine and block (see "Experimental analysis
and results"); better coupling would have been desirable. Also, it was not
possible to form concrete foundations on other portions of the crest more
amenable to the generation of nonsymmetrical mode shapes.

Finally, the two shakers ran simultaneously at the same frequency;
they were synchronized to run in-phase (for symmetric vibration) and 180°
out-of-phase (for antisymmetric vibration) with the aid of the control

units. Figure 9 shows one of the two shakers mounted on its concrete
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block; it also shows the master control console of the vibration generating

system.

IV-4. Data Processing Instruments

1. Electronic Analog-Digital Converter

The recorded tapes from all the tests (forced, ambient, and popper)
were taken to the Caltech Vibration Laboratory where the recorded analog
signals were digitized using the Kinemetrics DDS-1103 electronic analog-
digital converter.

2. Digital Signal Processor

The phase information between different measurement stations for
the forced, ambient and popper tests was obtained, in the Vibration Labo-
ratory, by using a digital signal processor (model SD360 manufactured by
Spectral Dynamics Corporation). The signal processor was used to calcu-
late and display the Fourier transforms, the cross-correlation functions,
and the cross-spectral functions of the digitized and recorded responses.

The SD360 is a hard-wired FFT (Fast Fourier Transform) analyzer
that provides complete signal analysis from 0.01 to 150,000 Hz. It com-
bines the capabilities of two real time spectrum analyzers, a transform
function analyzer, analog signal conditioners, and a computer; it employs
the FFT method for processing raw data signals into finalized information
that can be reviewed and used immediately. The DSP conditions and anal-
yzes two signals, correlates the mutual properties, and displays results
in a broad variety of forms and formats. Instant selection is provided
for 12 distinct data analyses, from simple signal averaging and single- or
dual-channel FFT to transfer function analysis, correlation, cross-

spectrum, coherence, and coherent output power.



Figure 10 shows the DSP, the digital converter, the oscillograph
recorder and the two tape recorders during the data reduction in the

Vibration Laboratory.

IV-5. The Popper Test Instruments

The popper test utilized, as the loading mechanism, pressure waves
in the dam reservoir induced by single or low-frequency, multiple-pulse
P-wave impingements on the upstream face (for more details see Ref. 16).
This provides a small pressure over a large area of the dam so that a
relatively large load is applied. The pressure waves (which vary approxi-
mately with the inverse of the distance) originated from a controlled sub-
merged release of high pressure gas from a differential pressure piston-
driven mechanism. This release of gas was accompanied by an audible
thump. Figure 11 shows all the popper test instruments which were
operated from a small boat in the reservoir. There were no dynamic pres-
sure transducers mounted on the upstream face to measure the pressure (or

the force) applied to the dam.



-

—PE

(a) Digitization of the recorded analog signals.

Fig. 10.

(b) The spectrum analyzer

Data processing in the Vibration Laboratory.



s

Popper test instruments.
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V. EXPERIMENTAL PROCEDURE

The on-site work encompassed a ten-week period from the beginning of
February until mid-April 1978. The work involved installation of the con-
crete blocks and the instruments, operation of these instruments, and
taking measurements. The greatest time was spent on measurement of the
forced vibration; measurements of the ambient vibrations were taken when
wind combined with the spilling water downstream to give a more signifi-

cant level of excitation.

V-1. Installation

The crest was apportioned 25 measurement stations at intervals of
approximately 50 ft (see Fig. 12); these stations were designated by EIl
to E12 for the eastern half and W1 to W12 for the western half, with the
center station designated 0. There were two arrays of measurement sta-
tions on the downstream slope (Figs. 12 and 13). Each array consisted of
7 stations (at intervals of approximately 50 ft along the slope); one
array was along the mid-point cross section, for measurements of symmetric
modes, while the other was even with station E4, for measurements of anti-
symmetric modes. One vibration generator was mounted at station E2 which
was about 100 ft east of the midpoint of the dam's crest (station 0), and
the other was placed at station W2, about 100 ft west of the midpoint
(Figs. 12 and 14).

The recording instruments, consisting of the signal conditioners,
the tape recorders, and the oscillograph recorder were placed in the cen-

tral region of the crest between the two shakers.
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V-2. Operation

V-2-1. Calibration

The first procedure in any measurement involved the relative dynamic
calibration of the seismometers at frequencies of interest; this was accom-
plished by aligning them side by side in the same direction and by
measuring their motion (as shown in Fig. 15 for the longitudinal direction).
For the forced vibration calibration the dam was excited at a known fre-
quency, and the outputs of all the seismometers were measured; the neces-
sary adjustment of the signal conditioners' attenuation was made in order
to obtain the same amplitudes. For the ambient vibration, relative calib-
ration was performed at all of the frequencies of interest by comparing
the discrete peaks of the Fourier amplitude spectra of the recorded 10-
minute motion. In this manner the differences in output between the trans-
ducers for a particular frequency could be determined. The dynamic calib-
rations were particularly useful for determining the preliminary as well as
the three-dimensional mode shapes; this only requires relative values of

response at different stations.

V-2-2. Forced Vibration Tests

The first stage of the forced vibration testing program involved a
series of preliminary frequency sweeps using sinusoidal excitation. After
calibrating the eight seismometers, they were placed at the initial sta-
tions selected for a particular frequency range, and were oriented in
the direction of the exciting force; then the dam was excited at a specific
frequency until steady-state response was attained, at which time the re-
sponses at selected stations on the crest and on the downstream slope were

recorded. The frequency of excitation was then increased (at intervals
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Fig. 15. Typical calibration set-up for Ranger seismometers (in
longitudinal direction).
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between 0.01 and 0.05 Hz) and the process repeated. At each frequency
change, the shakers were held at constant frequency long enough for all
transient effects to decay, so only steady-state response was recorded. The
transient effect was a problem (particularly on windy days) for the Tow
modes, for which the exciting forces were very Tow,as shown in Fig. 16 for
f = 1.2 Hzy it was also a problem for seismometers located close to the
spillway (see Fig. 17). To get rid of this transient effect, a very narrow
bandpass filter around the exciting frequency was used; in addition, the
spectral and time analyses by the Fourier analyzer he]péd a great deal in
determining amplitudes and phases.

The response of the dam in the frequency range 1.0 to 6.0 Hz was
explored in this manner, both in the horizontal plane by stations along the
crest and (for some preliminary modes) in the vertical plane by stations
arrayed down the downstream slope. This stage of testing enabled the
natural frequencies and preliminary mode shapes to be determined. 1In order
to clearly identify some of the unclear resonating mode shapes (in the
shaking direction) more detailed measurements were taken at other selected
stations to cover a greater portion of the dam.

The second stage of the testing involved measuring the more impor-
tant modes of vibration determined from the frequency sweeps. The dam was
excited at a specific freguency corresponding to one of these modes until
steady-state response of the dam was attained. Then the dam's three-
dimensiona1'response was measured using six seismometers. Three were
mounted on an aluminum plate in such a way that three orthogonal compon-
ents {U-D, L and V) of motion at one point could be measured. This package

was placed at a reference point at station W1 (Figs. 12 and 13) where it
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remained throughout ail the mode-measuring tests. Another package of
three transducers was then moved from station to station to measure the
3-D motion during steady-state response. In order to discriminate among
the vertical profiles of the mode shapes, the instruments were also in-
stalled at vertical intervals on the downstream slope of the dam, as shown
in Figs. 12 and 13. Eight modes of the upstream-downstream (U-D) vibra-
tion were measured in this way.

To study the interaction between the foundation slab (the concrete
block of the shaker) and the surrounding soil, two other seismometers
were used during the 3-D measurements of the modes; one was placed perman-
ently (as a reference) on the slab and the other was placed at different
points surrounding the block on the crest (see Fig. 18).

During the longitudinal shaking, which was the last stage of the
who]e testing program, one af the two shakers was malfunctioning so the
other one was used alone.

Some technical difficulties arose when adding an additional sta-
tionary synchro (to the circuit which maintains the relative phase between
two shakers) to measure the phase between the excitation and response, and
it was eventually decided to dispense with it, although this feature
would have permitted a marked increase in the 1nf0fmation gained from the
tests.

Also, because of the constant high water level in the reservoir at
the time of the tests, it was not possible to determine the effect of the
reservoir level on the behavior of the dam. Nor was it possible to take
measurements on the upstream face which would have enabled a comparison of
the upstream and downstream displacements as a check on the assumption of

equal displacement predicted by shear-beam theories.
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Figure 19 summarizes the instrumentation used in the tests, the
measuring procedures, and the experimental set-up of the frequency sweeps

as well as the 3-D mode measurements on Santa Felicia Dam.

V-2-3. Ambient Vibration Tests

The naturally occurring vibrations of the dam caused by strong
winds (of speed ranging from 10 to 40 mph), spilling of the reservoir,
microtremors, and other environﬁenta1 factors were measured during ambient
tests to yield dynamic properties of the dam. The principal exciting
force was the wind, the strength of which was easily monitored by noting
the gradual rise and fall of the level of the seismometersg' recording.
Average wind speeds on different days were recorded based on the meteor-
ological reports broadcast by radio stations. On most days it was observed
that the amount of energy imparted to the dam by the spilling of the
reservoir was less than that produced by the wind.

Measurements of the upstream-downstream (U-D) as well as the
three-dimensional motions of a large number of stations on the crest and
the downstream slope were taken on seven different days under varying

conditions.

V-2-4. Popper Tests

The test of the dam response to small hydraulic actuating forges
was accomplished by use of pressure waves, impinging upon the upstream
face of the dam and generated from a controlled, submerged release of gas
under pressure in the reservoir water. The purposes of this test were:
(1) to determine the feasibility of the popper method of testing a rela-
tively Targe earth dam, and (2) to obtain more information on the dam's

low-strain dynamic characteristics. By Yoading mostly the central portion
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of the dam, it was intended to excite the first shear mode exclusive of
atl other modes. Theoretically, to excite any mode exclusively, the dis-
tance from the source of the P~wave to the dam must be adjusted such that
the pressure distribution would approximate the mode shape to be excited
(Ref. 16).

Three sets of popper tests were performed on March 17, 1978; each
set lasted about 20 minutes. In popper test I the source of energy
release was placed relatively close to the dam, in the central region (in
this manner several symmetric modes were excited with each release of
energy). In popper test II, the source was moved closer to the dam
(about 10-20 ft) along a line perpendicular to the dam's longitudinal
axis. In popper test III, the boat which released the popper traversed
half of the dam length (starting from the east abutment) and energy was
released at every other measurement station (additional modes could be
excited by varying the location of the popper with respect to distance
along the crest). During all popper tests some seismometers were oriented
(at selected stations) in the upstream-downstream direction only, to gain

the maximum amount of information about the U-D modal configurations.

V-3. Recording

Recording was begun after several minutes of visual monitoring of
the vibration (on the oscillograph recorder), during which fine adjust-
menterere made. In all tests, the velocity circuits of the two signal
conditioners were used to measure the motion due to both lTower and higher
modes (particularly in the ambient vibration tests) since the velocity
responses enhance the higher frequencies of the motion. The recording

time for the steady-state vibration was about 4 to 5 minutes, while random
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responses of ambient vibration were recorded for about 10 to 15 minutes
during each run. A1l vibrations were recorded on the tape recorder as well
as on the oscillograph. Sample traces from the oscillograph recorder made
during the forced vibration tests and during the ambient vibration tests

are shown in Figs. 20 and 21, respectively.
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VI. EXPERIMENTAL ANALYSIS AND RESULTS

Vi-1. Forced Vibrations

VI-1-1. Resonance Curves

Some results of the frequency sweep tests for selected stations are
shown as resonance curves in Figs. 22 through 24 for upstream-downstream
(U-D) symmetric shaking, in Figs. 25 through 27 for U-D antisymmetric
shaking, and in Figs. 28 through 30 for longitudinal (L) shaking (using
only one shaker), In most of these figures there are four freguency
sweeps (from 1.0 to 2.5, 2.0 to 3.0, 2.5 to 5.0, and 4.5 to 6.0 Hz) re-
corded at every station. Discontinuities in these curves resulted when
changes were made in the weight combinations used in the shakers. Other
resonance curves (also results of frequency sweep tests) can be found in
Appendix A. The force level (weight combinations in the shakers) for each
segment of the curves is indicated in the figures. Since the seismometers
were used as the motion-sensing transducers, again, no absolute calibra-
tion was made. Therefore, for these tests, the magnitude of the double-
amplitude of the response was normalized (divided by the largest response
obtained for each set of weights, then divided by the square of the excit-
ing frequency, as shown in part b of all curves) and plotted versus
frequency.

It is seen in Figs. 22 through 30 that the response at this stage
reaches peaks at the same frequencies for various measurement stations and
in various vibration runs. In addition, the resonance curves of Santa
Felicia Dam contain many closely-spaced resonance peaks. In several

instances, the resonance peaks overlap to the extent that the values of
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the resonant frequencies cannot be accurately determined.

Some structural properties can be found from analysis of the reson-

ance curves of Figs. 22 through 30 and similar curves of Appendix A, but

the interpretation is difficult because of two factors. First, the reson-

ant frequencies and damping values cannot be determined accurately from

the figures for some lower as well as higher modes because:

(1)

The force level used to excite this massive structure (it weighs
about six million tons), particularly at low frequencies, is very
Tow. This would make very desirable the development and use of a
new larger vibration generator capable of producing very large
forces (preferably up to 100,000 1bs at frequencies of 0.3 to

2.0 Hz) for full-scale testing of dams, nuclear reactors, and other
massive structures.

The peaks of some modes are not well defined because of the inter-
fering response of other modes of the structure. This difficulty
would have been largely overcome by measuring the phase between the
excitaticn and the response. The measured phase allows the response
to be separated into its in-phase and 90° out-of-phase components,
and if the latter is plotted versus frequency, each resonance of the
structure becomes much more sharply defined, and frequencies, damp-

ings, and modes are more readily determined.

Second, as mentioned previously, the resonant frequencies of the

structure are often too claesely spaced, sometimes overlapping, to permit

identification of every mode (Refs. 6 and 11),
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VI-1-2. Upstream-Downstream Modes of Vibration

As seen in Figs. 22 through 24, the first peak from symmetric shak-
ing occurred at a frequency of 1.635 Hz, which is the fundamentaT U-D shear
mode of the dam at this excitation level. The 2-D shear-beam concept of
the deflection shape of the dam in this first mode is shown schematically
in Fig. 31. It is obvious that a centrally-located instrument station is
the best place to pick up this particular vibration, since the displacement
peaks are at a maximum in that vicinity.

Tables 2 and 3 summarize all frequencies of major.peaks recorded at
selected stations for the symmetric and antisymmetric U-D shakings. The
frequencies in these tables were determined by observing the frequencies
where a peak occurred at different measurement stations, and by judging
the degree to which the peaks were free from the influence of adjacent
resgnances. It is not possible to identify with confidence the related
mode shapes without obtaining the output for pick-ups located horizontally
across the entire crest and at vertical intervals on the downstream slope.
The best estimates of the mode shapes of the crest vibrations at peak amp-
Titudes obtained from the seismometer records are shown in Figs. 32 and
35 for the three-dimensional response, and Figs. 34 and 37 for the
upstream-downstream response, The shapes of the downstream vibrations at
frequencies corresponding to those of Figs. 32 and 35 are shown in Figs.
33 and 36. The mode shapes were obtained by dividing the response at a
given station by the simultaneously recorded response at the reference
station. In this way, an amplitude was obtained proportional to the mode
shape amplitude at that station for the exciting frequency. The phase of

the response was compared with that of the reference instrument to deter-
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TWO DIMENSIONAL SHEAR-BEAM THEORY
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Fig. 31. Schematic diagram showing the first symmetric and the firs
; symmetric shear modes as predicted by the 2-D shear-beam theory.
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
UPSTREAM - DOWNSTREAM SHAKING (TWO SHAKERS, 0°-PHASE)

SHAKER W _SHAKER E

?(?EE DIPD Elo@fm
|

SPILLWAY

4TH SYMMETRIC MODE F=3.,542 HZ (T=.282 SEC)

CREST MOOAL RESPONSE
®  UPSTREAM-DIWNSTREAM
* LONGITUDINAL
" VERTICARL

—+— —»— —o- [ATA POINTS (LINEAR INTERPOLATION)
,,,,,,,,, LERST SQUARFS FIT

Fig. 32. The first four measured symmetric shear mode shapes. (Three
dimensional measurements along the crest.) (Note: Mode S2
has two nodes along the crest, while mode S3 has four nodes
along the crest.)
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
UPSTREAM-DOWNSTREAM SHAKING (TWO SHAKERS, 0°- PHASE)
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AN P
D ./

F=3870 HZ
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W/&\J/\ N

F=4665 HZ

/@\ufo\ p’e\w,m

F=5257 HZ

Fig. 34.
sweep tests.

FORCED VIBRATIQON TESTS ON SANTA FELICIA EARTH— DAM
UPSTREAM-DOWNSTREAM SHAKING (TWO SHAKERS, 0°-PHASE)

SHAKER W SHAKER E

@M

F 1850 HZ

@

F=2.270 HZ h o

® A

o o
F.2.600 HZ 5 "

R

F-2920 HZ

® -

= ol e " il
F-3450 HZ . .
w g \3_,07‘
F.4.450 HZ PPV

Measured symmetric mode shapes determined during the frequency
(a) Some shear modes.

(b) Rocking modes.
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
UPSTREAM-DOWNSTREAM SHAKING {TWO SHAKERS, 180° OUT - OF - PHASE)

B st niLibgssanivee

SEC)
2ND ANTI-SYMMETRIC MODE F=2.311 HZ (T=.433 SEC)
‘l“.
P -~
v 4 —F
\ \
A 1 [
> ]
. N/
3RD ANTI-SYMMETRIC MODE £.3.100 HZ (T=.323 SEC)

Janas

F=3.6800 HZ (T=.278 SEC)

YTH ANTI-SYMMETRIC MOOE

CREST MODAL RESPONSE
* UPSTREAM-DUOWNSTREAM
* LONGITUDINAL
* VERTICAL

—_— LINEAR INTERPOLATION BETWEEN DATA PRINTS
-~~~ 3RD ORDER SPLINE INTERPOLATION
———— LEAST SQUARES FIT THROUGH DATA

Fig. 35, The first four measured antisymmetric shear mode shapes.
(Three-dimensional measurements along the crest.)
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
UPSTREAM-DOWNSTREAM SHAKING {TWO SHAKERS, 180° QUT - OF - PHASE) UPSTREAM - COWNSTREAM SHAKING {TWO SHAKERS, (80° OUT*UF-PH-ASEj

SHAKER W SHAKER E SHAKER W SHAKER £
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(a) '. —<iﬂ\\¢g //&\\/’»‘
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C

(b)

Fig, 37. Measured antisymmetric mode shapes determined during the

frequency sweep tests. (a) Some shear modes. (b) Rocking
modes.
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mine the signs of the modal displacements. Repeating this procedure for
all stations where measurements were made, the mode shape amplitudes were
determined.

These shapes do not correspond to ideal versions of the mode shapes
(sinusoidal shapes) because of the varying width of the valley in which
the dam is built, and the nonhomogeneous nature of the construction mate-
rial. The importance of recording at a number of stations will be
recognized from these diagrams, since at some nodal points in a particular
mode, essentially no movement occurred. The peak displacement response in
the first symmetric shear mode at the center of the dam in this investiga-
tion is about 0.0034 mm (this estimate is discussed in Appendix B), which
corresponds to an acceleration of 0.0037% g. The spectral analyzer was of
great help in determining the phase and amplitudes of some of the contam-
inated recorded sinusoidal signals (motion with varying amplitudes),
particularly the U-D motions recorded from stations close to the two abut-
ments and the Tongitudinal and vertical recorded responses of most of the
stations. These were determined by'computing and displaying (in the
Vibration Laboratory) the cross-correlation function (or cross-power spec-
trum) and the Fourier amplitude spectrum of any affected station and the
reference station.

it is important to mention that during the frequency sweep tests
the shapes of the residual shear modes (of Figs. 34a and 37a) and the
shapes of the rocking modes (of Figs. 34b and 37b) werec obtained from the
recorded upstream-downstream motions. In some instances, thes resonance
curves of a certain vibration run were examined, and the resonant frequency

of an unclear mode was determined; then, before conducting any additianal
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sweeps, the dam was excited into this unclear mode, and a different de-
ployment of the seismometers on the dam was made to cover the entire dam.
By so doing, a very clear idea of the moda]lconfigurations in the U-D
direction was obtained, as indicated by Figs. 38, 39, and 40 for modes S6,
AS2, and AR2, respectively. This shows the importance of performing some
analysis simultaneously with the field tests. If only the field results
at selected field stations had been determined before terminating the
field work, such modes would have remained indistinct.

It should also be noted that the forced vibration tests indicated
that the magnitude of the interaction between the shaker concrete-block
and the surrounding soil in the dam crest was such that modal amplitude
measurements in the vicinity of the two shakers were distorted. Conse-
quently, the modal amplitudes of Figs. 32 through 37 at shaker stations
E2 and W2 were modified (reduced) by comparing the measured amplitude in
the vicinity of the shaker to those from later measurements on the down-
stream slope and at other adjacent stations on the crest, where the
influence of the block-soil interaction was negligible. It will be seen
in this report (Section VI-1-5) that the measured displacements of the
shaker block, which reflect the Tocal response of the block and the sur-
rounding soil superimposed on the response of the dam as a whole, are
considerably larger than the estimated displacements for the dam alone;
measurements taken at distances greater than 20 to 30 ft from the vibra-
tion generators did not appear to be influenced by the block-soil
interaction.

The peaks in Figs. 22 through 27 can be identified by reference to

symmetrical and antisymmetrical mode shapes of Figs. 32 through 37.
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Peaks designated by S (or AS) correspond to symmetric (or anti-
symmetric) shear modes. The term "shear" mode is defined as a mode whose
deformation pattern resembles that predicted by the 2-D shear-beam
theories for a triangular wedge in a rectangular canyon as shown in
Fig. 31 for the first symmetric and antisymmetric modes. The shear-beam
(wedge or slice) theory is popularly used and has been presented in more
detail elsewhere (Refs. 3, 13, 14, and 15). Also, more discussion of
the shear-beam theory and the results of these tests will be presented in
the next section (VI-1-3) of the analysis.

Peaks designated by R (or AR} are believed to be either rocking
modes (Ref. 15) as shown schematically in Fig. 41 for the first measured-
symmetric mode (R1), or indications of upstream-downstyream motion
associated with longitudinal or vertical vibrations. Rocking modes
could be a result of the vibrational moments generated by the horizontal
sinusoidal forces from the shaking machines; each peak is between 2000
and 5000 Tbs and has a moment arm of about 20 inches which produces a
maximum moment at the crest of 80,000 to 200,000 1b-in. The recorded
motion for the so-cailed rocking modes, along the downstream side, was
more complicated than the motion resuiting from the predominantly shear
modes. These rocking modes have never shown up in previous full-scale
measurements of earth dams (Refs. 4, 13, 14, 15, and 17), but the finite
element idealization developed by Clough and Chopra (Ref. 5) and by
Martin (Ref. 15) has predicted this kind of upstream-downstream rocking
mode.

Examination of the resonance curves of Figs. 22 through 27 shows

that, except for the first few modes (R1, R2, AR1, and AR2), the peaks of
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the higher rocking modes are not as sharp and clear as those for the
shear modes. The rocking modes' configurations (associated with frequen-
cies listed in Tables 2 and 3) appear almost as transitions from the
preceding to the following shear modes, as shown in Figs. 34 and 37.
Examples of this are:

a - Mode R1 as a transition from S1 to S2

b - Mode R3 as a transition from S2 to S3

¢ - Mode AR1 as a transition from AS1 to ASZ2, .... etc.

Finally, an interesting feature of the data in Tables 2 and 3 is
the closeness of each symmetric resonant frequency to a corresponding
antisymmetric one. For example, the following modes are very closely

spaced in the frequency domain:

R1 and ASI S2 and ARI
R2 and AS2 S3 and AR2
R5 and AS3 R5 and AS3
S4 and AS4 R6 and AS6
S7 and AS7

Experimentally, a structure with such close or repeated natural frequen-
cies would be expected to exhibit a variety of mode shapes at the same
frequency. Later in the analysis, another type of frequency similarity
is found between the upstream-downstream frequencies and the longitudinal
resonant frequencies.

Table 4 illustrates the amplitude of sinusoidal forces related to
the U-D natural frequencies; it also shows the frequency differences

among all the U-D resonating modes.
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Table 4

Amplitude of Sinuscidal Forces Needed to Excite the
U-D Natural Frequencies

Upstream-Downstream Direction Santa Felicia Earth Dam

Symmetrical Shaking Antisymmetrical Shaking

Measured Freq. Total Measured Freq. Force/ gg?gér-
Mode Freqg. Differ- Force Mode Freq. Differ- Shaker ence of
: (Hz) ence (1b) (Hz) ence (1b) U-D
51 1.635 0.000 4301 - - - - 0.000
R1 1.850 0.215 5507 - - - 0 0.215
- - - - AS1  1.875 0.000 2829 0.025
- - - - ARl  2.025 0.150 3299 0.150
52 2.100 0.250 7096 - - - - 0.075
R2 2.270 0.170 8291 - - - 0 0.170
- - - - AS2  2.300 0.275 4256 0.030
R3 2.600 0.330 7747 - - - - 0.300
- - - - ARZ2  2.650 0.350 4024 0.050
S3 2.840 0.240 9243 - - - - 0.190
R4 2.920 0.080 9771 - - - - 0.080
- - - - AS3  3.100 0.450 1898 0.080
R5 3.150 0.230 3919 - - - - 0.050
S4 3.550 0.400 4978 - - - - 0.400
- - - - AS4  3.600  0.500 2555 0.050
S5 3.870 0.320 5915 - - - - 0.270
- - - - AS5  4.100 0.500 3320 0.230
- - - - AR3  4.225 0.125 3526 0.125
S6 4.300 0.430 7304 - - - - 0.075
- - - - AS6  4.4720 0.195 3859 0.120
R6 4.450 0.150 7822 - - - - 0.030
S7 4.665 0.215 8578 - - - - 0.215
- - - - AS7  4.700 0.280 4363 0.035
- - - - AR4A  4.9300 0.200 4742 0.200
S8 5.257 0.592 7738 - - - - 0.357
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VI-1-3 Comparison with Results of 2-D Shear-Beam Theory

To estimate the shear wave velocity within the dam material from
the observed resonant frequencies and to check the values of the measured
resonant frequencies, a two-dimensional homogeneous medium shear beam
theory was used. The natural frequencies and modes of shear vibration_
determined by this theory are given by (Refs. 3, 12, 13, 14, and 15):

iy 2,1/2

_v¥s .2
oy _%'[Bn + [} )] n,y = 1,2,3,--- (1)

and

Y"ITZ) 3 -132’3:"' (2)

b p¥o2) = 3o(8 ) sin(~

[t}

n,r

where Op is the (n,r)th natural frequency (circular), Ve is the shear
wave velocity within the dam (vS = yG/p , G is the shear modulus of the
dam material, and p is its mass density), h is the height of the dam, Bn_
(n=1,2,3,---)are the roots of the Bessel function of zero order of the
first kind, JO(Bn), le.g., By = 2.4048, B, = 5.5201, By = 8.653, etc.],
% is the length of the dam (a rectangular canyon), y is the depth coor-
dinate, and z is the length coordinate.

For symmetric modes, n=1,2,3,4,--- and r=1,3,5,7,-++, while for
antisymmetric modes, n=1,2,3,4,--- and r=2,4,6,8. For this 2-D theory
of a trianqgular wedge in a rectangular canyon, the trapezoidal canyon of
Santa Felicia Dam {(Fig. 3) is represented by an equivalent rectangle of

length £ equal to the average of the crest length and the length of the

base of the trapezoidal section, i.e., 2= 0.5 (1275+450) = 912.5 ft.

Substituting values h=236.5 ft and f] 1= Wy ]/2ﬂ = 1.635 Hz {measured
b 3

natural frequency of first U-D shear mode) and ¢ = 912.5 ft, in Eq. (1),

gives a value of v equal to 957 ft/sec. This is fairly clese to the



_75-

value obtained by in situ wave-velocity measurements on the dam (Ref. 2)
which show that there is a shear-velocity variation as the depth changes,
but a range of Vg between 850 ft/sec and about 1070 ft/sec is a represen-
tative range for the dam material. Also, by substituting the value of the
measured first antisymmetric shear frequency f1,2 = f%ﬁl—= 1.875 Hz in

Eq. (1), the resulting Vg is equal to 959 ft/sec which is very close to
the one from the first symmetric mode.

The values of higher frequencies (> fI,] or>)f],2) were therefore
computed by substituting the value of Vo = 958 ft/sec in Eq. (1); these
computed natural frequencies are listed in Table 5lwhere they have also
been compared with those observed from symmetric and antisymmetric shak-
ings. The only measured shear modes (taken from Tables 2 and 3) which
have been shown in Table 5 are similar in configuration to those predicted
by Eq. (2) (which are also shown in Table 5).

On the basis of the information contained in the resonance curves
(Figs. 22 through 27), the plots of U-D mode shapes (both shear and
rocking modes of Figs. 34 and 37), the plots of 3-D components of shear
modes (Figs. 32, 33, 35, and 36), and Tables 2, 3, 4, and 5 of upstream-
downstream modes of vibration obtained for measurements involving differ-
ent seismometer locations and orientations, the following conclusions may
be drawn:

1. Values of the observed resonant (shear) frequencies vary slightly
from those predicted by Eq. (1) (the measured resonant frequencies
are Tower than the computed frequencies by from 3 percent to 17
percent), but overall it is fair to say that the correspondence

between the observations and Eq. (1) is good over the entire fre-

quency range evaluated. The computations were based on the
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assumption of a rigid foundation for the dam, a rectangular canyon,

an average value for the shear wave velocity of 958 ft/sec, and only
elastic shear (low strain level) deformations in the horizontal
direction (U-D). If the flexibility of the foundation and abutments
(end restraints) were taken into account, the computed values would
decrease.

Because of the selected deployment of the two shakers, it was possible
to excite pure first (1,1) modal response (response characterized by
all points in the dam moving in the same phase). Several trials were
made in the field to measure modes (2,1) and (2,2) which have similar
configurations to the first symmetric mode (1,1) and the first anti-
symmetric mode (1,2)‘a1ong the crest, and have a node along a vertical
section Tike modes (2,3) and (2,4)). Unfortunately, these modes were
never excited or measured during the forced vibration tests. Nor have
these modes ever been measured and reported in the literature (Refs.
4,13,14,15, and 17). Instrumentation which would accurately {and

less Taboriously) measure the phase between the excitation and the
response would be a welcome addition to the experimentalist's equip-
ment and would be of great help in exploring these unmeasured modes.
If the total measured amplitude at each station is resolved into two
components, one in phase with the exciting‘force, and one at 90° out-
of-phase to the exciting force, and if the dam were to behave as a
linear structure, then all of the response of the resonating mode
would appear in the component at 90° out-of-phase to the exciting
force. However, as a result of damping, all of the other modes of the

dam would respond at phase angles other than 0° or 180° to the excit-

ing force, and hence they would appear to some extent in the component
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of response at 90° out-of-phase, depending on the amount of damping,
the spacing of the natural frequencies, and the location of the ex-
citing force on the danm.

The shear-beam theory {low levels of strain), although in reasonably
good agreement with predominantly shear-1like modes, does not predict
all upstream-downstream motion modes, hence indicating the inade-
quacy of the theory for earthquake response (high levels of strain)
computations. In order to achieve agreement between the computed and
all of the observed fregquencies, it appears that a representation of
the dam more sophisticated than that provided by shear-beam (or wedge)
theory is needed, and possibly a more accurate knowledge of the‘physi-
cal properties of the soil in the dam is also required. A possible
improvement of the 2-D shear beam theory with constant soil proper-

ties along the dam depth, may be attained by assuming, for instance,
1/3 2/5)

*

that the shear modulus G varies with depth (say, G « y or G « y
this has not been tried in this investigation.

From the shapes of the first four measured symmetric (and antisym-
metric) shear modes at peak amplitudes, obtained from the simultane-
ously-recorded three components (U-D, L, and V), it is seen that the
upstream-downstream modal motions are accompanied by contributions
from the longitudinal as well as the vertical motions; these contribu-
tions range between 10% and 25%, as shown in Figs. 32, 33, 35, and

36. Sample traces from the oscillograph recorder made simultaneously
during the antisymmetric shaking of mode AS1 at stations Wl and W6

are shown in Fig. 42. For the symmetric vibration, along the crest

the longitudinal and vertical motions are similar to the U-D
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configuration (Fig. 32), while along the downstream slope there are
some disagreements (Fig. 33). For the antisymmetric vibration the
configuration of the longitudinal component is similar to that of the
U-D but the vertical component is completely different along the crest.
And again, there are disagreements among the three components along
the downstream face. This leads to the conclusion that although a
three-dimensional represéntation of the dam is costly, it will surely

provide the most information description of the dam's vibrations.

VI-1-4, Damping Values

Although the response curves from the forced vibration tests
would probably yield the most reliable values of damping belonging to each
mode of vibration, modal damping values for all- the measured U-D modes
(S's, AS's, R's, and AR's) were determined by the logarithmic decrement
method, applied to recordings of the damped free vibration of each mode of
the dam. This was done because the width of the modal peaks of the
response (resonance) curves determined from the shaker excitations of the
structure were generally not suitable for the determination of modal damp-
ing values as is obvious from Figs. 22 through 27. However, modal damping
for a few modes (where the spectral or modal peaks were well defined at
the 0.707 points) were calculated on the basis of the width of the modal
peaks of the response curves (as shown in Table 6).

The last measurements for every modal determination involving a
sinusoidal shaker excitation were made by recording the damped free vibra-
tions of the dam immediately after discontinuing the power to the vibration
generating system. Simultaneous recordings were made in the U-D direction,

usually at the reference station (W1) and at some other station



-80-

("suotyouw

aseyd-40-1no ayj pue aseyd-ul 3yl MOYS SMOJJe 3yl :330N) °9M

pue |M SuoLle3lS e ‘|SY opow Jo Buryeys oLajsuwmfsLiur ayx buranp
¢ALsnosue} | NWLS Spew J49pA0dad ydedbo}|Ld$0 Y} Wouy Saded3 a|dwes gy "HiLg

T SY 3dOW



-81-

(usually the location of the last test run). Recordings were made for

each identifiable natural frequency, and care was taken to record as many
cycles of the decaying sine wave as could be accuratély described (see

Fig. 43). The upper trace of Fig. 43 shows a case where the point at which
the shaker stopped is included (note that the recording speed during the

free vibration is different from the speed during the steady-state vibration).
In most cases,the time it took the shaker to coast down was not recorded.

Damping is calculated from damped free vibrations by comparing the
relative values of successive peaks of the damped sinusoid (Fig. 43).
Unfortunately, this comparison may only be made by assuming that the system
is basically linear. In order to estimate the damping of a nonlinear dam-
type structure, the exciting force should be plotted against the structural
displacement of the dam to produce the hysteretic response at the modal
frequency of interest; the area inside the resulting hysteretic loop is
proportional to the energy dissipated by the structure.

In most cases, the damped sinusoids measured exhibit contamination
from nearby modal resonances, as seen in Fig. 43. Even though the energy
from the contaminating frequencies may be small compared to the energy in
the mode of interest, the effect on the damping calculation may be quite
significant. The effect usually recorded by the interference of ancther
mode is a mild modulation (or beating effect) caused by the contaminating
frequency periodically occurring in phase and out of phase with the prin-
cipal frequency of interest. This periodic modulation of the exponential
envelope of the sinusoidal decay results in an equivalent periodic fluctu-

~ation in the damping values calculated from successive peaks of the decay.

Such periodic modulations of the calculated damping values complicates the
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identification of the unique damping value for a given mode. In Table 6
the damping determined by averaging the values achieved for every possible
number of cycles per record is presented.

It is seen from Table 6 that the modal damping values determined
from the width of the modal pgaks of the response curves are higher than
those determined from the logarithmic decrement method. The damping values
determined from the latter are seen to vary from 1.8% to 3.2% of critical
damping, and the maximum shear strains in the dam, computed by the 2-D
shear-beam theory (Appendix B) were correspondingly small (for example,
for the first U-D symmetric shear mode, ST, they were only in the order of
0.72 x 107%%) .

In addition, damping values which were determined from resonances at
one station on the dam showed in some instances good agreement and in other
instances disagreement with damping values determined at other stations.
In addition to the two above observations, the impossibility of measuring
the phase relationship between the exciting force and the response of the
dam (mentioned previously) made damping values determined from the logar-
ithmic decrement method more reliable than those determined from the
response curve (half-power bandwidth method), In addition, it will be
shown in the ambient vibrations section that the damping values determined
from the logarithmic decrement method are close to those determined from
the Fourier amplitude spectra of the ambient excitations.

Finally, the measurements did not permit determination of the actual
mechanism of energy dissipation in the dam. Some of the energy imparted
to the dam by shaking was dissipated by radiation into the foundation and

abutments, and some was consumed by hysteretic damping in the dam material
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Table 6
Estimated Damping Ratios from Both the Free Damped Vibration and the
Response Curves of the Upstream-Downstream Shaking

Santa Felicia Earth Dam

Measured Damping Ratio (Percent) Measured
Modev Average ffom D@mped Average from Fr?agincy
Free Vibration - Response Curves
51 3.2 - 1.635
R1 3.1 - 1.850
AS1 3.0 - 1.875
AR1 3.1 - 2.025
S2 2.9 4.5 2.100
R2 3.0 - 2,270
AS2 2.9 4.9 2.300
R3 2.7 - 2.600
AR2 2.8 4.7 2.650
S3 2.6 4.8 2.840
R4 2.7 - 2.920
AS3 2.7 4.8 3.100
R5 2.6 - 3.150
S4 2.5 3.5 3.550
AS4 2.4 3.8 3.600
S5 2.3 3.9 3.870
AS5 2.5 - 4.100
AR3 2.3 - 4.225
56 2.2 - 4,300
AS6 2.1 - 4.420
R6 2.2 - 4.450
S7 2.0 2.7 4.665
AS7 1.8 2.7 4,700
AR4 2.0 - 4,900
S8 1.9 3.8 5.257
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itself, but the relationship between the two could not be determined.

A final note: the estimated damping values for the dam are somewhat
higher than those usually encountered for steel and concrete building struc-
tures for the same low levels of excitation. Moreover, it was found, for
most steel and concrete bui1djng structures, that the damping values,
estimated from full-scale tests, tend to increase from lTower fundamental
modes (where they range from 0.5 to 2%) to higher, say fourth to sixth
modes (where they range from 3 to 6%) and that the change is less pro-
nounced for values estimated from recorded earthquake responses., Because
of the nonlinear behavior of building structures, close agreement between
“the full-scale tests and earthquake values is generally not expected.
Unlike these building structures, Table 6 shows that the dam damping values
are not mode-dependent (for a wide range of modes); the low-strain damping

was 2.5-3.0% for all important modes,

VI-1-5. Interaction of the Shaker Block and Surrounding Soil

There is a scarcity of field data in the complex soil-structure
interaction problem, making the corroboration of the varied analytical
solutions all the more difficult,

The opportunity arose, during the course of the investigation of the
dynamic characteristics of the dam, to measure surface ground motions {on
the crest) in the vicinity of one of the concrete blocks (slabs) that sup-
ported the shaking equipment.

As can be seen from Figs. 7, 41, and 43, the spinning baskets of the
shakers develop an oscillating shear force and moment on the concrete
block, which in turn can cause local perturbations in the soil. The total

exciting force acting on the dam is equal to the inertia force created by
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the mass of the block and the shakers, plus the shaking force.

The object of this section of the report is to examine the effect
of the magnification of the local displacements in the vicinity of the
shakers upon the mode shapes. It also presents a simple comparative
study of recorded ground motions and an analytical solution to the soil-
structure interaction problem, using much of the data on the material and
dynamical properties of the dam derived from the earthquake response of
the dam (Ref. 2) and from the full-scale dynamic tests.

Unfortunately, no absolute measurements Of displacements were taken,
only the relative motions recorded by the seismometers. In order to
quantify these motions, the 2-D shear-beam theory was used to define a
central crest displacement due to point loads applied to the dam; the
equation of motion and solution can be found in Appendix B. The horizon-
tal displacement at the crest midpoint (station 0) was estimated using
the 2-D shear-beam theory and much of the data of the material and
dynamical properties of the dam derived from its earthquake responses
(Ref. 2). It was assumed that the whole width of the crest at station O
had the same upstream-downstream displacement; there was no evidence of
Tocal displacement effects of the two shakers at this station. Then the
single-seismometer displacement output at station 0 was correlated with
the estimated displacement to find how many divisions on the oscillograph
paper will give, say, an inch displacement for a given sensitivity and
attenuation {(i,e., to find approximate calibration values). The seismom-
eter measurement of the surface ground motions (on the crest) in the
vicinity of one of the concrete blocks (where_the local displacements were

dominant) that supported the shaking equipment scaled accordingly.
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A discussion of difficulties and approximations involved in the

analyses is given in this section too,

1. Shaker Interaction

With one shaker operating and the other stationary, horizontal
displacements in the vicinity of the redundant shaker.caused by the
active shaker proved to be negligible. With both shakers active, dis-
placement measurements around the east shaker (station E2) were assumed
to be caused by that shaker alone, with no influence from the west shaker

(station W2).

2. Shaker-So0il Interaction

a. Quantifying field measurements

The 2-D shear-beam theory was used to define a horizontal cen-
tral crest displacement in the upstream-downstream direction. This was
matched to the appropriate seismometer output recorded at known sensitivity
and attenuation.

The output for the horizontal displacements around the east shaker
block, recorded at various sensitivities and attenuations, were then ap-
propriately scaled, and quantified by the known match of the central dis-
placement record.

Using the results of Appendix B, the generalized displacement (for
the first symmetric shear mode) at the central part of the dam can be

written as

ay ](t) = 3.185 x10_8 sin(m] 1t -gﬁ inches per 1b force (3)

The output ampiitude a, recorded at freguency f, attenuation A, and

sensitivity S, can be scaled to an equiVaTent amplitude a, at fo’ AO, and
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So, through the general relation
A/20 f 2
- x JOTTT 0y S
a, = ax 10A0/20 x f) X 5, (4)

Through Eq. (4) and the force expression of Figs. 22, 23, and 24, quanti-
tative values of horizontal displacements were determined at each measure-
ment location around the east shaker (see Fig., 18).

b. Elastic half space analysis

No exact solution exists for the problem of a flexible embedded
rectangular stab resting on the surface of a homogeneous semi-infinite
mass, subjected to oscillating simultaneous tangential and vertical load-
ing.

As a first approximation, the solution derived was that of the sum-
mation of the solutions to the tangential and vertical point loading of
the surface of an elastic half-space {the Cerruti and Boussinesq problems,
respectively).

(i) Dynamics: The dimensionless frequency for a rigid disk of radius r

resting on the surface of a homogeneous haif-space, excited at a frequency
w, 15 given by

@t (5)

where p and G are the density and shear modulus of the half-space, respec-
tively. For low values of f* it has been shown that the compliances of
the dynamic solution tend to unity, and so the problem reduces to the
static solution for a point load (Ref. 19).

This principle is assumed to apply to rectangular footings also,
and substitution into Eq. (5) of realistic values gives a maximum value

for £¥ of 1.3x1072, A static solution was therefore assumed to be a valid
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approach.

(ii) Contact pressures: The relative flexibility of the slab with re-

spect to that of the adjacent medium strongly influences the distribution
of tangential and vertical pressures on the underside of the slab, due to
point shear and moment forces on the upper side, respectively.

Considering the relative crudeness of the analysis, as a first
approximation the distribution of contact pressures was assumed uniform
for the tangential shear forces resulting from the horizontal shaker
force, and linear for the vertical forces resulting from the applied moment.

The distributions of force acting on the underside of the discre-
tized surface of the slab are illustrated in Figs. 44c and d. The relative
magnitudes of force are to scale, for a unit applied horizontal shear
force.

The influence of the moment-induced vertical forces on the local
horizontal displacements is obviously small (but as it turns out, not

insignificant).

c. Horizontal displacements

The horizontal surface displacements are given by

N x? x?
U(X,Y) = 121{LPH1(1_+v5)[] + ;é + (1 —ZvS)(1 - ;2)]/ 2mE r,
i i
- pV1-(1+\)S)(]—2\)5)X1 /2ﬂE3r§} , (6)

where the lower-case x,y coordinates refer to the loaded surface, and the

upper case X,Y coordinates refer to the zone outside the loaded area.

N is the total = number of points on the discretized surface, Py. and
i

PV are point horizontal and vertical forces, respectively, and
i
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r. =V/x§ + y? . The result of this approximate elastic solution is shown
in Fig. 45.

For illustrative purposes, the infinite theoretical displacements
under each of the point loads are cut off at a magnitude comparable with

measured field motions of the block and surrounding soil.

3. Comparison of Results

Figure 46a shows the location where recorded seismometer measure-
ments of horizontal crest motions were taken and shows their magnitudes
as derived by the 2-D shear-beam theory. It also shoWs a topographic
plot of the theoretical horizbnta] disptacements as derived from the ap-
proximate elastic solution.

The decay of displacements, computed by both methods, perpendicular
to and along the line of action of the shaking force, is shown in Figs,
46b and ¢, respectively.

The agreement between the two methods is remarkably good.

In the zone directly behind the shaker where the displacement
gradients are highest (as might be expected), the discrepancy between
the methods is largest. The rapid decay of the displacements during the
field measurements at these higher strains emphasizes the nonlinear
nature of the soil., In general,at points farther from the slab at lower

strains, the rates of decay of the two solutions are similar,

4. Modal Amplitude Correction

As can be seen from Figs. 46b and c, the influence of the shaker-
block interaction is negligible at distance ranges of from 20 to 30 ft

(from the center of the block). At this distance the upstream-downstream
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Fig. 46(b). (a) The 2-D theory was used to estimate the horizontal crest

displacement (at Station 0); this was matched to the single
seismometer output recorded at Station 0. Then the seismo-
meters outputs around the shaker were appropriately scaled,
and quantified by the known match.



-95-

o
[
2
=t —
- U-D HORIZONTAL DISPLACEMENT DISTRIBUTION PERPENDICULAR TO FORCE
o |O -
o -
@iy
M
2
(%]
&
S| 4
o -5 /}
_ |
Q
oL
m
_
~N 0
0=
TN
o
=
g © T ®  ELASTIC HALF-SPACE SOLUTION
%z B ——————#  2-D SHEAR-BEAM SOLUTION {plus DATA)
o
_
T Q
— @
z .
=halin
e
Seo
T8
S
[}
[om )
®
D e
]
(v}
=
ol
< SCALE FACTOR = 10}
o i | 1 i i ]
0.0 0.500 1.000 1.500 2.000 2.500 3.000
RADIAL DIST. FROM SHRKER CENTRE (FT)
Fig. 46(c). ~ The 2-D theory was used to estimate the horizontal crest

displacement (at Station 0); this was matched to the single
seismometer output recorded at Station 0. Then the seismo-
meters outputs around the shaker were appropriately scaled,
and quantified by the known match.



-96-

| displacement of the crest is in the same order of magnitude as that esti-
mated (from Eq. 3) for the central portion of the dam crest (3.185 x]O-8
inches per 1b force). But, because the modal amplitude measurements in
the neighborhood of the two shakers were considerably distorted, a cor-
rection of the measured mode shapes was made by comparing the measured

amplitudes (as mentioned previously) in the vicinity of the shakers to

those at distances of 20 to 30 ft from the shakers.

5. Evaluation of the Results

Sources of potentially important errors in both analyses are out-
Tined below.

a. Shear-beam theory

(1) The canyon containing the Santa Felicia Dam is more
trapezoidal than rectangular in cross section. The importance of choosing
suitable dimensions of an equivalent rectangle are obvious. Nonetheless,
relative to other dams in California, the Santa Felicia canyon has one of
the best-suited sections for an equivalent rectangle analysis, in the
sense that it is closer to a steep-sided parallelogram than to a trapezoid
(Ref. 15),

(i) The dam itself is a zoned dam with a large central imper-
vious core flanked by two pervious shells, all of which are heterogeneous
mixtures of clay, sands, and gravels., Conseguently, to define suitable
elastic material constants (that is, Young's modulus, Poisson's ratio, and
the dam's density) is difficult, but was made easier by extensive in situ
measurements of shear and compréssion wave velocities (see Ref, 2), and by
knowledge of the densities of the different construction materials (see

Table 1). The value of the shear modulus used comes from the frequency
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equation {Refs, 2, 3, and 15)

s fER) =0, (7)

which, with the fundamental natural shear frequency found by the frequency

6 1b/Ft2.  This

sweeps (f1 = m1/2ﬂ = 1.635 Hz) gives the value G=4.10x10
is consistent with the results of Ref. 2 where the "assumed representative
region" for G includes va1ue$ derived from earthquake excitation {more
discussion on values of G resulting from different excitation will be
presented in a later section). At the level of excitation of interest

here, the mean dam response should be somewhat more stiff than that ex-

pected in response toc an earthquake.

(ii1} The primary objective of this work was to define the dynamic
characteristics of the dam under forced vibrations. Knowledge of the
dynamic characteristics made the estimation of suitable values for the
force/displacement phase lag and the damping factors possible.

Although not explicitly measured, the phase lag between the excit-
ing force and resulting displacements was taken as n/2 radians, Inspec-
tion of the fundamental resonant peaks recorded at various stations
during the symmetric forced vibration frequency sweeps and the recorded
damped free vibration gave (as mentioned previously) an approximate modal
damping ratio of 3% in the fundamental mode. This is a little bit lower
than the value obtained in past experimental results (Refs, 4, 12, 13,
14, 15, and 17) on similar structures (about 5% of critical damping).

(iv) Having matched the computed central crest displacement to
the recorded seismometer measurement, there is room for slight recording

equipment errors in extrapolating to the soil measurements adjacent to
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the block at different signal attenuations and sensitivities.

b. Etastic half-space analysis

(1) There is a geometric difference between a theoretical half-
space and the crest, especially in the plane parallel to the direction of
shaking, due to the sloping faceslof the dam. The upstream slope (unlike
the downstream face) has little effect, since the displacements are very
small so far from the shaker, as shown by the contour plot in Fig. 46a.

Measured displacements for a medium with the geometry of the dam
crest would obviously be larger than those computed from .an é]astic half-
space analysis, assuming the same force and material properties, since
the presence of the slope constitutes removal of a "wedge" of material,
reducing the stiffness of the medium in the direction of the force,

This geometrical discrepancy can be compensated for by choosing
softer elastic material properties. However, the medium surrounding the
shaker block is by no means homogeneous, and the problem of choosing
suitable elastic material properties remains, independent of any geometric
dissimilarities. |

(i1) From the in situ measurements presented in Ref. 2, as a first
approximation Poisson's ratio was assumed independent of depth and was
taken as the mean computed value of 0.45. However, the shear modulus (and
therefore the Young's modulus) is assumed to be depth-dependent from the
field evidence presented in Ref. 2. The shear-beam theory attempts to
simulate the dynamic behavior of the complete dam, and the value of the
shear modulus used in the analysis reflects this. However, the response
of the soil on the crest surface due to vibrations of the shaker slab is

a function of "local" shear moduli; therefore, the value of 1.45 x]O6
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b/ ft2

for an elastic shear modulus, considerably Tower than the one used
in the shear-beam theory, is assumed to be a realistic approximation for

use in the elastic half-space solution.

(ii1) Further discretization of the loading surface, or more com-

plex Toad distributions, were felt to be unnecessary considering the

approximate nature of the solution. -

6. Conclusion

The evaluation of field measurements through the shear-beam theory,
and the estimation of elastic material properties for a simplified elastic
half-space analysis are thought to be sufficiently well determined to
validate a comparison between field data and theory.

Soil-structure interaction is a comp]éx phenomenon, and there is a
scarcity of field data to help substantiate the varied and often complex
analytical solutions to the problem.

As a first stab at the problem, the results of this comparison of
field measurements with a highly simplified analytical solution have

proved to be remarkably good.

VI-1-6. Longitudinal Vibration

Unfortunately the measurements recorded during the 1ongitudina1
shaking (unique in earth dam research) of the dam were not extensive. The
following reasons were responsible:

1. Limitation of time; the test permit was only for about six weeks,
and since the U-D shaking, the ambient vibration tests, and the
popper tests had already taken about ten weeks (this was due to

severe weather conditions such as rain and due to some technical

difficulties), it was decided to end the test program after
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minimal longitudinal testing.

2. At the end of the U-D shaking phase, one of the two shakers was mal-
functioning and its repair needed at Teast a week. So it was decided
to use only one shaker (at station F2) for the Tongitudinal shaking
phase. As a result, the symmetric and antisymmetric Tongitudinal
motions were impossible to distinguish, and detailed modal measure-

ments were practically impossible to achieve.

Nonetheless, the response curves, the preliminary modes of about
half of the dam crest and the Fourier amplitude spectra obtained from the
ambient vibration in the longitudinal direction (see Sec, VI-2) helped in
understanding, to some extent, the nature of the Tongitudinal vibration of
the dam.

Table f summarizes all resonant frequencies of major peaks recorded
at selected stations for the longitudinal shaking. Because only eight
seismometers were used during this shaking, it is difficult to determine
various complete modes of Tongitudinal vibrations corresponding to these
resonant frequencies. However, Figs. 47a, b, ¢, and d show estimations of
some of the resonating modes (from about 1.0 to 3.0 Hz) obtained during
the Tongitudinal frequency sweeﬁs. For modes above 3 Hz only the
measured data points are presented with pobsib1e connective interpola-
tions. (The solid lines connecfing the data points in Fig. 47 are
estimates of the modal configurations, while the dashed lines represent
possible extrapolations.) Visual examination of the figures reveals the
local magnification effect of the soil surrounding the shaker biock; no
correction was made in the longitudinal direction to get rid of this

soil-block interaction. Again, if the two shakers had been working, it
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would have been possible to distinguish between symmetric and antisym-
metric mode shapes.
From Table 7 and Fig. 47 the following observations can be made:
There were many closely spaced natural frequencies in the
longitudinal direction. Also, some longitudinal resonant fre-
quencies were very close (even identical) to some of the

upstream-downstream resonant frequencies; examples of these are:

[oves

L Frequency (Hz) Frequency (Hz)

1.675 (L2) 1.635 (S1)
1.850  (L3) 1.850 (R1)
2.275 2.270 {(R2) and 2.300 (AS2)
2.625 (L6) 2.600 (R3) and 2.650 (AR2)
2.875 (L7) 2.920 (R4)
3.050 (L8) 3.700 (AS3)
3.150 (L9) 3.100 (AS3) and 3.150 (R5)
4.175 4.220 (AR3)
4.700 (L14) 4,700 (AS7) and 4.665 (S7)
4,875 (L15) 4.900 (AR4)

Frequencies separated by 0.05 Hz or less are defined as "close."
This proximity may suggest a strong coupling between the
U-D and L vibrations, or it may suggest that due to both the
eccentricity of the single shaker (it was not located on the
longitudinal axis of the dam) and the fact that the dam is not
symmetrical, the U-D modes containing significant Tongitudinal
motions were excited.
Furthermore, some of the incomplete longitudinal mode shapes
are similar to the longitudinal components of the three-dimensional

motions recorded during the up-stream-downstream shaking; examples
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
LONGITUDINAL SHAKING (ONE SHAKER)
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Estimation of some of the resonating modes obtained during
the Tongitudinal frequency sweeps.

Fig. 47(a).
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH — DAM
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Fig. 47(b}. Estimation of some of the resonating modes obtained during
the longitudinal frequency sweeps.
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
LONGITUDINAL SHAKING (ONE SHAKER)
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Fig. 47(c). Estimation of some of the incomplete (not covering all of
the crest) resonating modes obtained during the longitudinal
frequency sweeps.
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FORCED VIBRATION TESTS ON SANTA FELICIA EARTH— DAM
LONGITUDINAL SHAKING {ONE SHAKER)
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Fig. 47(c). Estimation of some of the incomplete (not covering all of
the crest) resonating modes obtained during the longitudinal

frequency sweeps.
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of these are:
1.675 Hz (L2) and 1.635 Hz (S1)
1.850 Hz (L3) and 1.875 Hz (AS1)

1.950 Hz (L4) and 2.100 Hz (S2)

2.275 Hz and 2.300 Hz (AS2)
2.625 Hz and 2.820 Hz (S3)
3.150 Hz and 3.100 Hz (AS3)
3.775 Hz and 3.540 Hz (S4), 3.600 Hz (AS4)

It is apparent from these observations that it was very diffi-
cult to tell from the data available whether a given mode was purely
longitudinal, was associated with an upstream-downstream mode, or

was a three-dimensional mode.

VI-?2. Ambient Vibrations

VI-2-1. Fourier Amplitude Spectra

The unique and extensive collection of ambient vibration records on
Santa Felicia Dam was used in this investigation to make various compari-
sons of the dam's dynamic characteristics, namely natural frequencies,
mode shapes, and damping values when available. The collected data pro-
vided the basis for:

(1) Comparison of the Fourier Amplitude Spectra (FAS) from the dif-
ferent ambient tests with the response (resonance) curves from the forced
vibration tests and, in addition, with the ampiification spectra obtained
from the two earthquake records (discussed in a later section).

(2) Comparison of the FAS obtained on different days, under differ-
ent wind conditions, for different seismometer orientations and for

different measurements stations; this allowed the stationarity of the
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records to be examined. Stationarity implies that the structure is a
linear and time-invariant system.

A collection of the most significant FAS obtained under different
conditions is shown in Figs. 48 through 58. These figures have been
chosen as best exemplifying the basic trends seen in all the analyses and
comparisons. Additional FAS, which may also be of general interest, can
be found in Appendix C (Figs. C-1 through €-9). The frequencies associ-
ated with the peaks in all the FAS are written along the horizontal axis.
The frequency resolution (or the distance between any two discrete values)
in all the FAS figures was 0.0073 Hz, which proved to be high resolu tion.
The spectra were smoothgd with one pass of a Hanning Window (%',%7,%
weights). This smoothing facilitates, to some extent, selection of the
natural frequencies and thus identification of the associated modes of
vibration. Tables 8, 9, and 10 summarize the resonant (natural} frequen-
cies for the dam which have been identified from the FAS (as well as
cross-spectral functions) of the records taken during the ambient excita-
tions in U-D, L, and V directions. Table 8 gives a summary of the average
resonant frequencies (averaged over different stations in the same meas-
urement run) of the U-D direction; these average values were considered to
be representative of the data taken simultaneously from different seismom-
eter stations. Although the differences of the frequency values in this
table are small, they are distinct. Tables 9 and 10 illustrate the values
obtained for individual stations for different days in both the longitu-
dinal (L) and vertical (V) directions. The individual values of the
stations in the U-D direction were not tabulated because they were

numerous.
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Identification of the different resonating modes (e.g., S1, AS1, R1,
and AR1) was accomplished by the aid of the Digital Signal Processor (as
mentioned previously); the results have already been presented in Figs. 48
through 58 and in Appendix C. For the sake of consistency, the modal
identification in the figures and tables is accomplished by reference to
symmetrical (S) and antisymmetrical (AS) shear mode shapes as well as rock-
ing (R and AR) modes measured from the forced vibration tests, which have
previously been presented and discussed. In addition, peaks designated by
L and V correspond to modes dominated by longitudinal -and vertical vibra-
tional amplitudes, respectively.

By comparing the FAS obtained for different seismometer stations,
directions, and measurement days on the dam, the following questions may
be answered:

(1) How similar are the FAS obtained, simultaneously, on the same day for
the same direction (U-D or L or V) at different stations?

(2) How similar are the FAS obtained from measurements on different days
for the same seismometer direction and same station?

(3) How similar are the FAS obtained, simultaneously, for different direc-
tions of the seismometer at the same station and on the same day?

(4) How similar are the FAS obtained on the same day, for the same direc-

tion but at different hours (or different measurement runs)?

On the basis of the information contained in the FAS obtained for
ambient vibrations shown in Figs. 48 through 58 and Tables 8, 9, and 10,
the following interpretations (which contain answers to the above questions)

may be made:
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1. From the analysis of the forced vibration records, it was found
that the differences between adjacent natural frequencies (symmetric, anti-
symmetric, shear, or rocking modes of vibration in the upstream-downstream
or longitudinal direction) were sometimes small; in some cases, frequencies
of different typé modes were almost identical. Therefore, during the
ambient vibration spectral analysis, it was decided to use the high reso-
Tution of 0.0073 Hz despite some accompanying disadvantages. The primary
disadvantage of high frequency resolution is that, consequently, the
natural frequencies may not appear constant. It was felt that one smooth-
ing pass of the FAS might compensate for this effect by helping to
eliminate the clutter of nonresonant peaks which may surround a natural
frequency, thus aiding in selection of the true resonance. Of course,
actual resonant peaks may also be eliminated by this process, and so it is
sometimes difficult to select the most appropriate resolution-versus-
smoothing combination. In this analysis the procedure adopted gave fairly
satisfactory results, although some modes were unfortunately lost.

2. The distribution of the energy imparted to the dam (or the FAS)
by the wind, over the frequency range 0.0 to 6.0 Hz, appears to a varying
degree unique for each day, and each seismometer direction {as shown in
Figs. 48-58 and the figures of Appendix C). However, because peaks oc-
curred at almost the same frequencies, the basic nature of the structural
response (or energy transfer) must be similar for each day at this low
Tevel of ambient excitations.

3. The major spectral peaks of the FAS (or energy transfer) appear
mainly to represent modal vibrations. However, spectral analysis indicated
that the ambient vibrations contained a great deal of low frequency drift

causing a build-up in the Fourier coefficients near the origin; i.e., there
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is bias in the noise-level peaks near the origin as seen in Figs. 49, 50,
57, and 58 and in Figs. C-1, C-3, C-4, C-5, C-7, and C-9 of Appendix C.

In addition, there was some non-structural low-frequency noise in the fre-
quency range between 0.0 and about 1.0 Hz as in Figs. 48, 49, 50, 51, 55,
and 58 and C-9. This nonstructural noise appears more strongly in recorded
motions in the vertical direction (Figs. 49, 58, C-1, C-3, and C-5) than
in the two horizontal directions; it also appears markedly in stations
close to the end restraints (particularly close to the western spilliway)
and close to station W1 (Figs. C-1, C-3, C-4, C-6, and €-9). The source
of this energy was probably the falling of water from the spillway to the
stream which is about 200 ft deep (downstream), and also, possibly the
electric generator (located close to station W1); finally, the interaction
between the dam body and the end restraints (abutments) may have contri-
buted to this Tow-frequency noise.

4, From a visual comparison of all of the FAS for the U-D direction
(given in Figs. 48-58 and Appendix C), it appears that the dam did not have
constant dynamic parameters at ambientvleveis of force. Even natural fre-
quencies obtained from measurements made on the same day at the same sta-
tion but at different hours changed slightly with time as shown in Figs.

49 and C-3, 50 and C-2, 5la and 51b, 51c and 51d, C-6a and C-/b, C-6b and
C-7¢, 55z and 56a, 56b and C-7a, 55c¢ and 56c¢c, 57a and C-3b, 58b and 58d,
and finally C-9b and C-9d. A1l of these paired figures represent different
measurement runs on the same day. |

5. Nonetheless, the peaks of Fourier amplitude spectra obtained
from seismometers positioned in the same direction (often the U-D direc-
tion) on the same day and at different stations can be correlated, to a

great extent; in other words, most of these FAS contain peaks at common
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frequencies. However, again, these spectral peaks are not always at
exactly the same frequencies. One possible explanation for the variance
of the frequencies at which peaké occur is that several modes of vibration
were excited in varying degrees from one test {or station) to the other
because of the variable air density and velocity and also because of dif-
ferent weights of water overflowing from the spi]]way5 Also, the ambient
vibrations were caused principally by wfnd loads which are randomly dis-
tributed over the surface of the structure. The shakers, on the other
hand, input deterministic loads to the séructure but at only two specific
points. Of course, for a perfectly linear structure, natural freguencies
are independent of loading; however, this structure, Tike most full-scale
structures, is not Tinear. For this dam, the natural frequencies and modes
of vibration are influenced by the point of application of the loading (as
well as by its magnitude).

6. As mentioned previously, the dynamic characteristics of the dam
are functions of the excitation level of the structure. Changes in fre-
quency due to structural nonlinearity {(this will be discussed later) are
quite noticeable when comparing ambient with forced vibrations, but from
one ambient level of excitation to another these changes are relatively
very small (e.g., less than 10%). The ambient vibration mode shapes were
determined (as were the forced vibration mode shapes) by dividing the
spectral amplitude of the response at a given station by the (common)
spectral amplitude of the simultaneously-recorded response at a reference
station. In this way, an amplitude was obtained proportional to the mode
shape at that station for a given frequency of vibration. Repeating this

procedure for all stations where measurements were made, the mode shape
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amplitudes were determined. These mode shapes were identical to those
resulting from the forced vibration tests; so only the natural freguencies
(which did vary with the level of excitation) of the ambient modes are
presented in this report. To illustrate the modal amplitudes, examples

of FAS at different stations for the same direction and which contain
common spectral peaks are shown in Figs. 55, 56, and 57 and Figs. C-6,
C-7, and C-8 of Appendix C.

7. Often the FAS obtained from the ambient leveis of vibration
appear to have common spectrai-peaks in the three orthogonal directions
(U-D, L, and V)3 i.e., during the ambient vibration excitations the dam
sometimes éxhibited motion which dominated all three orthogonal direc-
tions, as seen in Figs, 48, 50, 54, and 58 and Figs. C-1, C-2, C-3, C-4,
C-5, and C-8. In some instances, however, the FAS obtained for the two
horizontal directions, U-D and L, although at a common position or meas-
urement station, have almost no major spectral peaks in common, as seen
in Figs. 49 and 52 and Figs. C—2-and\C-4. The vertical component (V) in
most cases shows a more complicated spectral pattern than the two hori-
zontal components, exhibiting several major peaks in addition to those
common to the horizontal directions, as seen clearly in Figs. 49 and 58
and Figs. C-2, C-4, and C-9.

8; To study the local effect of the shaker slab on the surround-
ing soils during the ambient excitations, the FAS of the s]ab‘and of
nearby points on the dam's crest (from simultaneous recordings) were
compared in Figs. 48d and C-1d, bla and 51c, 51b and 51d, and 53a and
53b. The distribution of spectral peaks over the frequency range shown

in these figures is generally identical, although there is some magnifi-
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cation in the higher frequency range (3.0 to 5.0 Hz) from the shaker slab
(or block), as shown in Figs. 51b and 51d.

9. Unlike the results obtained from the resonance (response) curves
of the forced vibration, the FAS of the ambient vibration tests show an

n

excéptiona]]y clear picture of the upstream-downstream "shear" fundamental
mode (S1) (Figs. 52, 53, 54, 55, 56, and 57). Although the values given
in Table 8 for this fundamental frequency indicate nonconstant values,
they support an average representative value of 1.614 Hz.

10. In some instances, lower U-D modes are very distinct, while
higher U-D modes are not clearly discernible from other nearby (closely-
spaced) modes as seen in Figs. 48, 51, and 54. In other instances, the
opposite is true. 1In addition, in some 1nstanceé, lower U-D modes are
very distinct from those lower longitudinal and vertical modes, and in
other instances lower U-D medes are not clearly distinguished from neigh-
boring L and V modal amplitudes. Thus, this indicates that in the ambient
vibration tests there were both strong modal coupling and interference.

11. From Table 8 (from ambient vibrations), it is evident that the
dam has a slightly lower first symmetric, shear natural frequency in the
U-D direction (about 1.614 Hz), than the one recorded from the forced
vibration tests (1.635 Hz). A later section will be devoted completely to
a comparison among all results: forced vibrations, ambient vibrations,
popper vibrations, and earthquake responses. But it may be noted here
that this ffequency difference might suggest that the forces generated by
wind (from 10-40 mph) on the dam's\downstream face were larger than those

"generated by the shaking machines; in addition, the distribution of the

forces was completely different in the two cases. An estimate of the wind
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forces acting on the dam can be made by using the dynamic pressure expres-

sion (usually used for calculating wind loads on structures)

2

p = 0.00256 CS-V (psf)

where CS is the shape factor and V is the wind velocity in mph. Now, if we
assume CS = 1.0 (a convenient assumption for the rectangular horizontal
projection area of the downstream face) and assume an average velocity of
20 mph; then, the above expression gives p = 1.024 psf. The exposed ef-
fective area (horizontal projection) of the downstream face can be
estimated to be 100 ft (depth) times 800 ft (average length); this value

produces a total wind force of

Fw = 1.024 x 100 x 800 = 81,920.0 1bs

If one assumes that the wind was not really perpendicular to the
downstream face, then the above value can be reduced by, say, 40%; this
gives a total wind force of 49,152 Ibs, which is approximately five times
larger than the average steady-state sinuscidal force. Thus the tbta1
amount of energy imparted to the dam by the wind was, very likely, greater

than that produced by the shaking machines.

12. Clarity of the spectral peaks, as well as the values of the
shear natural frequencies mentioned in the last point, appear to indicate
a 1arger and differently distributed force caused by wind excitation than
that caused by the shakers. Several natural frequencies, particularly
those of rocking modes (R's and AR's) of the dam, have well-defined spec-
tral peaks in the FAS of the ambient excitations; in contrast, the response

curves of forced vibrations showed that for these rocking modes only the

first few modes (R1, AR1, and R2) have well-defined peaks.
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Table 8

Resonant Frequencies (Average from Different Days) from

Ambient Vibration Tests
(Santa Felicia Dam)

Upstream—Dowﬁstream Direction

Average Measured Frequency (Hz) Average
- | Measured
Frequency

3-13-78 | 3-14-78 | 3-15-78 | 3-16-78 | 3-17-78 | 3-24-78 | 3-27-78 (Hz)

||7 daystl
1.620 1.621 1.586 1.619 1.603 1.620 1.626 1.614
1.753 1.77% 1.792 1.773 1.745 1.787 1.780 1.773
1.934 1.884 1.924 1.835 1.916 1.881 1.924 1.900
2.025 2.020 2.030 1.978 - 2.035 2.044 2.022
2.130 2,130 2.097 2.044 2.050 2.111 2.119 2.097
2.224 2.244 2.168 2.161 2.225 2.237 2.229 2.213
2.368 2.350 2.395 2.333 2.377 2.367 2.320 2.359
2,591 2.611 2.549 2.540 2,587 2.568 2.500 2.564
2.680 2.693 2.680 2.645 2.632 2.699 2.646 2.675
2.900 2.809 2.783 - 2,842 2.869 2.859 2,844
3.010 2.942. 2.903 - 3.038 2.970 2.989 2.975
3.091 3.230 3.128 - 3.190 3.214 3.135 3.165
3.157 3.348 3.230 - 3.289 3.105 3.226
- 3,600 3.474 - 3.480 3.539 3.582 3.536
- 3.745 3.641 - 3.515 3,704 3,669 3.665
- 3.943 3.853 - 3.847 | 3.866 3.830 3.868
- 4.146 4,136 - 4.124 4.181 - 4.147
- 4.241 4,197 - 4,243 4,204 - 4,221
- 4.360 4.282 - 4.339 4.325 - 4,327
- 4.472 4.398 - 4.433 4.476 - 4.445
~ 4,594 4,516 - - - - 4,555
- 4.695 4.656 - 4.636 4.598 - 4.646
- 1 4.780 4.749 - 4.804 4.790 - 4.781
- - - - - 4,973 . - 4.973
- - - - - 5.140 - 5.140
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Table 9

Resonant Frequencies (in Hz) from Ambient Vibration Tests
{Santa Felicia Earth Dam)

Longitudinal Direction

3-13-1978 3-14-1978 3-15-1978 3-16-1978 3-27-1978
Wi W10 b O el el Ty W4 OIS Wg Wl | E4-D5
1.545| 1.450} 1.406] 1.428 {1.399] 1.435} 1.468 1 1.47211.443 |1.377[1.436|1.440| 1.428
1.648 1 1.610} 1.663] 1.648 [ 1.59711.611| 1.663: 1.66311.545(1.611]1.545]1.626| 1.663
1.897}11.8601 1.875¢ 1.882 |1.889{1.868| 1.882}11.86011.824 |1.802)1.838}1.802} 1.801
2.000|2.060] 1.941} 1.948 | 1.999{ 2.036| 1.948 | 1.956 | 2.007 | 2.980[2.057]1.904 | 1. 941
2.219 | 2.240| 2,117 2.124 {2,109 2.197 12,175 | 2.175 | 2.161 | 2.155}2.153] 2.161 | 2.161
2,395} 2,330 2.388{ 2,373 {2,344 | 2,336 | 2.366 | 2.299 | 2,241 |2.241{2.278} 2.293| 2.278
2,446 | 2,439 | 2.534| 2.432 | 2.451 | 2.490 | 2.564 | 2.417 | 2.410 | 2.388] 2.373] 2.454 | 2.439
2.62212.680 ) 2.600] 2.681 {2,666 2.688 | 2.681 | 2.556 | 2.666 - 2.454| 2.571 | 2.622
2.937 | 2.805 - 2.920 {2.915] 2,952 | 2.886 | 2.813 | 2.937 - 2.875 | 2.747
3.091 | 3.032 - 3.098 - 3.069 | 3,106 | 2,908 - - 2.981 | 2,974
3.157 | 3.135 - 3.186 - 3,142 | 3.179 | 3.142 - - 3.106 | 3,149
3.237 | 3.193 - - - 3,208 ) 3.525 | 3.237 - - 3.267 | 3.252
3.340 | 3.362 - 3.340 - 3,318 - - - - 3.398 | 3.362
3.501 | 3.486 - 3.501 - 3.480 | 3,464 |3 .464 - - 3.486 | 3,508
3.779 1 3.721 - 3.751 - 3.823 | 3,838 [ 3.809 [3.699 - 3.816 [ 3.794
4.035 { 4.001 - - - 4.043 | 4,058 |4.080 4.050 | 4.006
- 4.168 - 4.233 - 4.204 | 4,166 |4.146 4.219 | 4.211
- 4.365 - - - 4.373 | 4.270 | 4.387 4.330 | 4.351
- - - 4.644 | 4.636 [4.753 4.658 | 4.666
- 4.929 - 4.915 | 4.841 [4.871 4.834 | 4.863

{8) and ) yere recorded at different hours on the same day.
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1
Lo -
SANTA FELICEA EARTH DAM
AMBIENT VIBRATION TESTS
Measurement Station: w s |

Measurement Date
onl Recorded Motion uU-D 1

L
sTRONG WikD | 30 mph ) ﬁ

s
-}

03-14-1978 T‘

SPILLING OF RESERVOIR /V

SANTA FELICIA EARTH DaAM
AMBIENT VIBRATION TESTS
Measurement Station: ws
Measurement Date @ 03- 14 .(978
Recorded Motion : L

STRONG Wint [ 30 mph )
SPILLING OF RESERVOIR

SANTA  FELICIA EARTH DaAm
AMBIENT VIBRATION TESTS
Measurement Station: w5
to03-14-1978
Recorded Motion H v

Measurement Date

STAONG WIND [ 30 mgh }
SPILLING QF RESEAVQIN

ag
L1
B 1o

rREGUENCY -

Fig. 49.

ne.

Upstream-downstream
direction

(b}

Longitudinai
direction

(c) Vertical

direction
Note: 1in the three figures:
V = vertical modes
L = longitudinal modes
S = symmetric shear modes
AS = antisymmetric modes
R = symmetric. rocking modes
AR = antisymmetric rocking modes

Fourier amplitude spectra of the velocity proportional response

of the three orthogonal directional motions recorded, simul-
taneously at Station W5 on the crest of the dam (5 Hz filtering).
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SANTA FELICIA EARTH DAM
AMBIENT VIBRATION TESTS
Measurement Station: w|
Measurement Date : 03.13.1978
Recarded Motion P U-p

STROMG WIND ( 30 mpn |
SPILLING OF AFSERVOIR

NORWALJZED FOUATER AMPLITUOE

NORNRL [ PED FOURTER APLITUOE
2
5

FREQUERCY - uz

SANTA  FELICIA EARTH DAM
AMBIENT VIBRATION TESTS
Measurement Station: wi
Measurement Date : 03 14-1378
Recorded Motion : L

STRONG WIND [ 30 mph |
SPILLING OF RESERVOW

SANTA

FELICIA EARTH DaM
AMBIENT VIBRATION TESTS
Measurement Station : wi
Measurement Date @ g3 g -1978
Recorded Motion : vy

@

STRONG. WIND [ 30 mgh )
SPILLING oF mESEAVOIR

&1
&2

3=

Fig. 50.

(a) Upstream-downstream
direction

(b) Longitudinal
direction

(c) Vertical
direction

=

t

1]

in the three figures
vertical modes
longitudinal modes
symmetric shear modes
antisymmetric shear modes
symmetric rocking modes
antisymmetric rocking modes

I
VDX NINI— << QO

U IO TR R I Tt

xI=

Fourier amplitude spectra of the velocity proportional response
of the three orthogonal directional motions recorded, simul-
taneously at Station W1 on the crest of the dam (3 Hz filtering).
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SANTA FELICIA EARTH DAM
AMBIENT VIBRATION TESTS
Measurement Station: Wi
Measyrement Date @ p3—15-1978
(x5

STRONG WIKD | 30 mph |
SPILLING OF RESERVOWA

(a) Upstream-downs tream
direction

o7

NOPWAL[2ED FOURIER AWPL[TUDE

NORAALJZED FOURIER ARPLITUOE

SANTA FELICIA EARTH DAM

AMBIENT VIBRATION TESTS

Measurement Station: W

Measurement Date @ 03-15-1978

(b) Longitudinal
STRONG WinD { 38 mph ) /\ d-! Y‘ecti on

Recorded Motion : L

SPILLING OF RESTAVOIR

j] (c) Vertical
SANTA FELICIA EARTH DAM di ti

AMBIENT VIBRATION TESTS irection
Measurement Station: W :

Measurement Date :  03- |5-1978

Recorded Motion : v

Note: in the three figures:
V  vertical modes

Note: 1in the three figures:

V = vertical modes
L = longitudinal modes
S = symmetric shear modes
AS = antisymmetric shear modes
R = symmetric rocking modes
AR = antisymmetric rocking modes

Fig

. b2. Fourier amplitude spectra of the velocity proportional response of

the three orthogonal directional motions recorded, simultaneously,
at Station W1 on the crest of the dam.
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AS4
SANTA FELICIA EARTH DAM

AMBIENT VIBRATION TESTS v
Measurement Station: Foundation E
Measurement Date : 03-15-1978

[ X -3 o
Recorded Motion : U-D
g STRONG WiND ( 30 mph ) asd o 2 (a )
g SPILLING OF RESERVOIR o~
& DAV
- 87
g 2 i)
e L
8 &
§
025}
7 HPREE8% HBhesE 2rRAnimd A U38% 893 R
I o B T N I I I e
o f A OO 0 Y Y I I Y
B oo 100 2.00 3.00 [T 5.0
FAEQUPNCY - HE
wf (s
Loo - 1 ()
SANTA FELICIA EARTH DAM L
AMBIENT VIBRATION TESTS ? >
Nesr Feundstion E
Measurement Station:| #i. Fram Zast
side
Measurement Date : g3_5-1978
oS+
Recorded Motion : u-p
g STRONG WIND { 30 mph ) AS2
g SPILLING OF AESEAVOIR 85 A (b)
51) %) L)
& s2
ﬁ 0.5 A!1 - 87
g N .
g S
0.5
B 2PB3E2% HON:ER IRRAGAC S EEB® R I B
i A 0 S O S i i
o SSTRN AU I 1O O 1 1 O 0 I O
'?.m 1o 200 3.00 4.0 s.00
FIGQUERCT ~ NI

Fig. 53. Fourier amplitude spectra of the velocity proportional response
of the upstream-downstream motion recorded, simultanecusly, at
the east foundation and at a nearby point on the crest of the
dam. (L = longitudinal, V = vertical, S = symmetric shear,

AS = antisymmetric shear, R = symmetric rocking, and AR =
antisymmetric rocking modes of vibration.)



-125-

SANTA  FELICIA EARTH DAM
AMBIENT VIBRATION TESTS

Measurement Station: |

Measurement Date : 3-27-i97g

o Recorded Motion : U-D
jh R (a) Upstream-downstream
i v 10 ek ! direction
t

WORWAL[ZED FOLRTER AMFLITUNE
.
k:l
]

L

—e
B e
w00 ®

FREDUENCT = 7

SANTA FELICIA EARTH DAM
AMBIENT VIBRATION TESTS
Measurement Station: wi
Measurement Date : 3-27-1978
Recorded Mation c L

7 (h) Longitudinal
a3 direction

WORARL[2€0 FOLR:ER APLITUOE
a
[}

i L S

SANTA  FELICIA EARTH DAM
AMBIENT VIBRATION TESTS

Measurement Station; wi

Measurement Date : 3-27-i97a

ors Recored Motion  : v (C) Vertical
: o o o direction
i wins { 10 mph ) "

g"” Note: 1in the three figures:

2 V = vertical modes

¢ L = longitudinal modes

" Y S = symmetric shear modes

AS = antisymmetric shear modes
e R = symmetric rocking modes
B -EitLlIlﬁwtti;QML‘*”uﬁ“—“ﬁﬁ AR = antisymmetric rocking modes

Fig. 54. Tourier amplitude spectra of the velocity proportional response
of the three orthogonal directional motions recorded, simul-
taneously, at Station W1 on the crest of the dam.
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in the three figures:
vertical modes
Tongitudinal modes
symmetric shear modes
antisymmetric shear modes
symmetric rocking modes
antisymmetric rocking modes

Fourier amplitude spectra of the velocity proportional response

of the upstream-downstream motion recorded, simultaneously, at
Stations E£5, E7 and E1 on the crest {4 Hz filtering).
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in the three figures
vertical modes
longitudinal modes
symmetric shear modes
antisymmetric shear modes
symmetric rocking modes
antisymmetric rocking modes

Fourier ampiitude spectra of the velocity proportional response
of the upstream-downstream motion recorded, simu]taneous]y, at
Stations E5, E3 and E1 on the crest {6 Hz filtering).
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VI-2-2. Damping Values from Fourier Amplitude Spectra

Estimated damping values from ambient vibration tests were obtained
by the method of half-power bandwidth of the Fourier spectrum peaks. Un-
fortunately, several factors contribute to errors in computing damping
values by this method. First, the vibration of the dam under different
wind intensities is a nonstationary random process which can broaden the
bandwidths of the individual response peaks and thus yield damping values
that may be too high, Second, the presence of adjacent peaks in the spec-
trum due to closely spaced modal peaks-(close proximity of two or more
modes in the frequency domain) can cause difficulty in estimating damping
values. Third, the smoothing process of the Fourier spectra could contri-
bute to the overestimation of damping by diminishing the spectral peaks
and broadening the bandwidth at the half-power points. Finally, for non-
Tinear structures such as earth dams, the width of the resonance peak can
be influenced by the structural nonlinearities. In order to avoid this
possible influence, damping or energy dissipation may also be calcuiated by
the logarithmic decrement method applied to recordings of the damped free
vibration of each mode; this proved to be, in the case of windy conditions,
impractical. Calculation of the damping by this method was performed in
the forced vibration tests (Section VI-1-4) and the results are compared
to those from the ambient vibration tests later in this report.

Despite the difficu]ties in measuring bandwidths, a large number of
individual peaks were adequately defined so that an estimate of half-point
width was possible (as shown in Table 11). The modal damping values given
in Table 11 were calculated by examining the width of each modal resonance

as if these individual response peaks represented a Tinear model. The modal
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damping terms have been uniformly rounded to the nearest 0.1% of critical
damping. The values in Table 11 range from 2.3 to 3.6% of critical damp-
ing for the first symmetric U-D shear mode. Even for an earth dam, these
are relatively large values of damping considering that they are determined
from ambient level vibrations. In general, the damping values do not
change greatly with a change in the ambient vibration level (see Table 11),
and the damping values decrease when the order of the mode increases; i.e.,

higher modes have lower damping values.

VI-3. Popper Tests

By Toading primarily the central portion (the region between sta-
tions W1 and E1) of the dam's upstream face and by placing the pressure
wave source opposite the center line (as in Popper Test I), generally sym-
metric upstream-downstream modes can be excited. For the tests, i1t was
intended to excite the first symmetric shear mode, S1, exclusive of all
other modes; instead, the fourth symmetric shear mode, S4, of an average
frequency equal to 3.268 Hz (f4 = 3.540 Hz from the force vibration tests
and f4 = 3.665 Hz (average) from the ambient vibration tests) was excited,
almost exclusive of all other modes'as shown by the Fourier amplitude
spectra (FAS) of the recorded time signal at the central measurement sta-
tion 0 of Fig. 59. The frequency resolution was taken to be 0.0073 Hz,
and the filtering frequency of the recorded signal was 10 Hz. A schematic
diagram showing the excitation of the dam's 4th symmetric shear mode, as
well as samples of the time traces recorded simultaneously when the Popper
was opposite station 0 is shown in Fig. 60. The FAS of the other stations

(E3, E8, and 0-D5) of Fig. 59 show a narrow band of several spectral peaks

of dominant excited resonating modes including S3, AS3, AS4, and Sb, in
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addition to S4. Another set of sample time-traces recorded during Popper
Test I is shown in Fig. 61.

Theoretically, to excite any mode exc]uéive]y, the distance from
the source of the P-wave to the dam must be adjusted such that the pres-
sure distribution would approximate the mode shape to be excited (Ref. 16).
During Popper Test I, the source was placed relatively close to the dam
(about 10 to 20 ft) in the central region, and it seems that the resulting
wave-pressure distribution on the upstream face near the center line
(between stations E6 and W6) was loaded more than, and in an opposite
direction to, the area off to either side of station E6 and W6. However,
neighboring, closely-spaced modes were excited as well (as mentioned
above) because of the proximity of their resonant frequencies to that of
54 as well as because of the distribution of the pressure on the upstream
face. Figure 62 shows the beating phenomenon, observed on the recorded
time traces of the popper tests, which resulted from the proximity of
modes .

Additional modes were excited by varying the location of the popper
along a line perpendicular to the dam's longitudinal axis (Popper Test II)
from 10 to about 50 ft from the dam. Figure 63 shows some of the time
traces recorded during Popper Test II, while Fig. 64 shows the FAS of the
recorded time signal. The frequency resolution was, again, 0.0073 Hz but
the filtering frequency in the field was 5 Hz instead of 10 Hz. The
appearance of the well-defined mode R5 high peak and the high contribu-
tion of modes AS4, AS3, R4, and S5 were evident when comparing the FAS of
the stations of Fig. 59 to those of Fig. 64. One possible explanation of
the strong appearance of mode RS is the movement of the popper during

this test; the previous apparent overlapping of RS with S4 in Fig. 59 was
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MEASURED FREQUENCY  J.36 Hz

& F
DOWNSTREAM  Z ¥ =
g Iz

(a) Schematic diagram showing the excitation of the dams 4th symmetric
shear mode, S4 (Popper opposite Dam's center Tine).

SANTA FELICIA EARTH DAM
The Popper Test |

Measurement Station: O

Measurement Date :© 03-17-1978

ot
Recorded Motion : U-D

D.50 b

NORNALIZED FOURTER AMPLITUDE

LR35

(b) Fourier amplitude spectrum of the velocity proportional response of
the upstream-downstream motion during Popper Test I.

Fig. 60
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thereby eliminated to some extent in Fig. 64.

In the subseguent test (Popper Test II1), by varying the location of
the Popper longitudinally along the dam crest, several modes were excited
with each release of energy, particularly the antisymmetric modes which
were obtained by placing the pressure wave source opposite the quarter-
point. Figure 65 shows some of the time traces and Fig. 66 shows the FAS
of four stations during Popper Test IIl; the FAS contain additional,
clearer modes than those shown in Fig. 64 (for example, modes S1, R1, AS1,
AS2, S6, AS6 were excited more effectively in Test III than in Test II).
The results of Fig. 66 have the same frequency resolution as those of Figs.
59 and 64; however, although the filter used for Test II and Test [II was
the same (5 Hz), the results of Tést IIT were smoothed with one more cycle
of a Hanning Window (%-,%—,%‘weights) than those of Test II {which had
only one smoothing cycle).

In general, it seems that the symmetric shear mode S4 was profoundly
excited during all three popper tests which may suggest that the pressure
distribution on the upstream face was repeatedly approximating the S4 (or
R5) modal configuration. Other possible explanations will be presented
later after the results in the time domain are discussed.

Table 12 gives a summary of the resonant frequencies of the U-D
direction from the popper tests (recorded at four different stations)
while Table 13 contains the average resonant frequencies (averaged over
different stations in the same run) as We]l as the total average over the
three popper tests. Identification of the different resonating modes was

accomplished with the aid of the digital signal processor (as mentioned

previously).
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Table 12

Resonant Frequencies (in Hz) from the Popper Tests
(Recorded at Different Stations in the Upstream-Downstream Direction)

Santa Felicia Earth Dam

St Od Test I Test II Test III
at C
10n 0 0-DS E3 E8 0 0-D5 E3 ES 0 0-D5 E3 E8
St 1.516 | 1.545 | 1.509 | 1.480 | 1.494 11.502(1.49411.523|1.509] 1.523|1.523|1.404
R1 1.707 | 1.707 | 1.714 | 1.780 | 1,729 1 1.699 | 1.729 - 1.685| 1.655}1.699 | 1.670
AS1 1.948 - 1.882(1.845{1.824)1.758|1.8161 1.809 - - 1.831 -
AR 1.963 | 1.9701 1.970 | 1.912 - 1.868 [ 1.934 | 1.963 - - - -
S2 2.036 | 2.124 | 2.022 | 2.065 | 2.014 § 2.014 | 2.044 | 2,036 | 2.036 | 2.036 | 2.007 | 2.007
R2 2.131 | 2.168 | 2.095 | 2.139 | 2.161 - 2.1391 2,124 - - - -
AS2 2.366{ 2.388 | 2.358 | 2.307 | 2.300 | 2.300 | 2.322 | 2.307 | 2.373 | 2.344 - 2.344
R3 2.450 | 2.483 ] 2.483 | 2.408 | 2.549 | 2.549 | 2.542 | 2,446 | 2.534 | 2.505 | 2.520 -
AR2 2.673| 2.666 | 2.607 | 2.688 - 2.615 - 2.593 | 2.695 - - 2.622
S3 2.769 | 2.761 ] 2.813 | 2.769 | 2.805] 2.805] 2.805 | 2.805 | 2.730| 2.681 | 2.790 | 2.739
R4 2.989 | 2.849 | 2.989 | 2.988 | 2.922 - 2.922(2.915|2.871 | 2.871 | 2.930 | 2.915
AS3 3.113| 3.091 ] 3.106 | 3.062 - 3.069{ 3,069 | 3.032 - 3.076 - 3.047
RS 3.179{ 3.186 | 3.193 | 3.186 | 3.164 | 3.157 | 3.156 1 3.149 { 3.149 - 3.164 -
54 3.2591 3.237 ] 3.259 | 3.230 | 3.289 ) 3.289 | 3.289{ 3.289 {3.296{ 3.237 | 3.311} 3.237
AS4 3.450 | 3.420| 3.479 | 3.494 | 3.362 - 3.362 | 3.362 - 3,413 | 3.457 -
S5 3.604 | 3.574 | 3.567 | 3.530 | 3.494 | 3.494 | 3.501 | 3.494 | 3.633 | 3.604 | 3.574 | 3,545
ASS 3,721 | 3,669 | 3.713 | 3.721 | 3.677 | 3.669( 3.677 | 3.677 { 3.779 - - 3.691
AR3 3.919] 3.955| 3.940 | 3.926 - 3.919| 3.875| 3.875 - - - 3.994
56 4.109 | 4.021 | 4.131 | 4.109 | 4.102] 4.094 | 4.102 | 4.072 | 4.043 | 4.043 | 4.058 | 4.116
AS6 4.241 | 4.248 [ 4.233 | 4,197 | 4.241| 4.241 | 4.241 | 4.299 | 4.292 | 4.292 | 4.307 | 4,277
Ro 4.4171 4.417 | 4.424 | 4.343 | 4,402 4.336 | 4,343 { 4,373 - - - -
S7 4,541 ] 4.504 | 4.556 | 4.468 | 4.504| 4.512| 4.512 | 4.504 | 4.453 | 4.439 4.439 -
AS7 4.680 | 4.673| 4.680 | 4.614 | 4.607] 4.592 | 4.622 | 4.644 - 4,585 - 4.629
AR4 4.75%3| 4.746 | 4.750 | 4.731 | 4.680( 4.680| 4.688 | 4,724 | 4.688 | 4,702 | 4.702 | 4,73},
S8 4.863| 4.827 | 4.856 | 4.856 [ 4.790] 4.790] 4.878 | 4.878 | 4.830 - 4.863 | 4,907
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Table 13

Average Resonant Frequencies (in Hz) from the Popper Tests

Average Measured Frequencies
from the Fourier Amplitude Spectra (Hz)

Mode
Test 1 Test 11 Test IV Average
S1 1.513 1.503 1.512 1.509
R1 1.727 .79 1.677 1.708
AST 1.892 1.802 1.831 1.842
AR 1.954 1.922 - 1.938
52 2.062 2.027 2,022 2.037
R? 2.133 2.141 - 2,137
AS2 2.355 2.307 2.354 2.339
R3 ?.489 2.522 2,520 2.510
AR? 2.659 2.604 2.659 2.641
53 2.778 2.805 2.736 2.773
R4 2.954 2.920 2.897 2.924
AS3 3.093 3.057 3.062 3.071
RS 3.186 3.157 3.157 3.167
-S4 3.246 3.289 3,270 3.268
ASA 3.457 3.362 3.435 3.418
55 3.569 3.496 3.589 3.551
AS5 3.706 3.675 3.735 3.705
AR3 3.435 3.890 3.999 3.941
56 4.093 4.093 4.065 4.084
AS6 4.230 4.256 4.242 4.259
R6 4.400 4.364 - 4.382
57 4,517 4.507 4.444 4.489
AS7 4.662 4.616 4.607 4.628
AR4 4.745 4.693 4.706 4.715
58 4,851 4,831 4,867 4.850
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The recorded time traces of the popper tests on Santa Felicia earth
dam were not clear enough to allow meaningful visual interpretation; the
S4 (and perhaps the Rb) mode shape, freguency, and damping value could be
determined visually (see the time records of Figs. 60, 61, 62, 63, and 65).
The S4 damping value, found to be 3.2 percent of critical damping, was
determined using the logarithmic decrement method.

Some possible explanation of why the dam did not yield easily-
interpreted data (other than S4 or R5 modes) from the time domain of the
popper tests follows:

1. The upstream face is a sloped face (and not perpendicular to the prop-
agation direction); it is also very rough (it consists of boulders),
and thus does not allow a good transfer of energy from the water into
the dam mass at a wide range of ffequencies.

2. It is possible that the damping in the dam at the observed levels of
response was too high to allow extended cyclic motions of low modes
of vibrations.

3. It could also be that a relatively large distance from the crest of
this massive structure is needed to effectively excite the lower
modes or to generate a pressure distribution on the upstream face
similar to some lower modes (such as the first symmetric shear mode

S1).

Estimated damping values from Popper Tests II and III were obtained
by the method of half-power bandwidth of the FAS and are shown in Table
14. Previous discussion of the reliability of the damping values from the
ambient vibration tests can be applied to the damping values from the

popper tests.



-146-

It is interesting to notice that the $4 modal damping value deter-
mined from the width of the modal peaks of the FAS and listed in Table 14
(E4 = 2.83 percent of critical'damping) is Tower than that determined from
the logarithmic decrement method (g4 = 3,20 percent). The forced vibration
tests showed the opposite results; however, the difference in the case of
the popper tests was not as large as in that of the force vibration tests.

In conclusion, the popper test could be a more effective dynamic
test of relatively large earth dams if more experimental studies could bé
done, particularly those emphasizing the relationships among the pressure-
wave distribution on the upstream face, the distance of the source (or
Popper) from the structure, the slope of the upstream face, the roughness
of the upstream face, and the length of the dam crest. However, the spec-
tral analysis of the recorded motions from this first trial of the popper
test technique on the Santa Felicia earth dam provided information on the
dynamic response characteristics of the dam, such as frequencies, modes,
and damping values at this level of excitation, different from those due

to forced vibrations, ambient vibrations, or earthquake shaking.
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Table 14

Estimated Damping Ratios from the Fourier Amplitude Spectra

of Popper Tests II and III

(Upstream-Downstream Direction)

Santa Felicia Earth Dam

Popper Test II Popper Test III Average
Mode Measgred
0 0-D5 E3 E8 0 0~Db E3 E8 Damping
Ratio
S1 2.9 3.7 - - 4.2 - 3.6 - 3.60
R1 - - - - 3.3 - 3.2 - 3.25
AST - - - - - - - - -
AR - - 2.6 - - - - - 2.60
S2 2.0 2.2 2.0 - 3.3 3.7 3.2 3.5 2.84
R2 - - - - - - - - -
AS?2 2.0 2.7 1.0 - - 3.4 - 3.2 2.36
R3 - - - 1.5 - 2.5 2.2 - 2.07
AR2 - - - - - - - - -
S3 1.8 - 1.8 1.6 - 2.6 - - 1.95
R4 - - - - - - - - -
AS3 - - - - - - - - -
R5 1.1 1.0 1.0 1.1 - - - 1.05
sS4 - - - - 2.7 2.7 - 3.1 2.83
AS4 - - 1.2 - - - - - 1.2
S5 - - - - - 2.4 - - 2.4
AS5 - 1.4 1.4 - - - - 1.8 1.53
AR3 - - - - - - - - -
S6 - - 1.0 - 1.9 2.1 2.2 1.6 1.76
AS6 0.8 0.9 0.9 - 1.4 1.5 1.2 1.4 1.16
R6 1.1 - - - - - - - 1.10
S7 - 1.1 - - 1.8 - - - 1.45
AS7 0.9 - - - - - - - 0.90
AR4 - 0.7 - - - - - - 0.70
S8 - 1.0 - - - - - - 1.00
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VII. COMPARISON BETWEEN RESULTS OF FULL-SCALE DYNAMIC TESTS AND
THOSE FROM THE DAM'S EARTHQUAKE RESPONSES

Tables 15, 16, and 17 contain summaries of comparisons made between
resonant frequencies measured (in three orthogonal directions) in the
dynamic tests and those determined from the spectral analysis of the dam's
two earthquake responses (Ref. 2). The dam, instrumented with motion sen-
sors that indicate its structuré] response as well as the input ground
motion at the site, has been subjected to strong shaking during two
earthquakes: the strong, 6.3 local Richter magnitude San Fernando earth-
quake of 1971, and a 1976 earthquake of magnitude 4.7. The records
recovered from these two earthquakes provided usable information on the
dam's dynamic properties such as natural frequencies, mode shapes, dynamic
shear moduli, and damping factors (the latter two as functions of the
induced dynamic strains). The spectral and time-history analyses of the
dam's earthquake responses (Ref. 2) indicated that the structure responded
primarily in its fundamental upstream-downstream shear mode with apparent
natural frequency of 1.45 Hz (0.70 secs). However, the response in the
Tongitudinal direction showed significant contribution from higher as well
as lower modes; the vertical component indicated a very complex response.
Furthermore, the earthquake response analysis indicated that a modern
rolled-fill earth dam undergoes rather small relative displacements of its
crest at a moderate intensity of shaking; the peak accelerations recorded
during the 1971 earthquake were 0.22 g on the abutment and 0.21 g on the

crest.
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Table 16

Comparison Between Resonant Frequencies From Earthquake Records
and Full-Scale Dynamic Tests (Santa Felicia Earth Dam)
Longitudinal Direction

EARTHQUAKE RECORDS FORCED VIBRATION TESTS AMBIENT VIBRATION MEASUREMENTS
San Southern
Fernando | California One Shaker Only Measured Frequencies From the Average
E.Q. 1971 1 E.Q. 1976 Fourier Amplitude Spectra (Hz) Measured
Observed |Observed Mcasured Remarks Frequency]
Frequency | Frequency Frequency (Hz)
(Hz) (Hz) (Hz) 3-13 | 3-14 ) 3-15 | 316 | 3-27 | "3 days"
0.99 - - - - - - - - -
1.35 1.27 1.425 L1 1.498 | 1.417 ] 1.470 | 1.410 | 1.434 | 1.446
1.70 1.66 1.675 L2 1.674 | 1.630 | 1.663 | 1.578 | 1.645 | 1.638
1.86 1.86 1.850 L3 1.881 | 1.879 | 1.871 | 1.813 [ 1.802 | 1.849
- - 1.950 L4 2,030 | 1.981 | 1.952 | 2.044 | 1.923 ] 1.986
2.15 2.15 2.155 L5 2.230 | 2.151 | 2.175 | 2.157 | 2.1e1l | 2.175
2.32 - 2.275 Possible 2,363 2.360 2.333 | 2.241 2.286 2.317
- 2.425 Possible | 2.443 | 2.479 | 2,491 | 2.399 | 2.447 | 2,452
- 2.064 2.625 L6 2.651 | 2.659 | 2.619 | 2.666 | 2.597 | 2.638
2.91 - {2.875 L7 2,871 2.929 2,850 2.937 2.811 2,880
- - 3.050 L8 3.062 | 3.084 [ 3.007 - 2,978 | 3.033
3.15 - 3.150 L9 3.146 | 3.164 | 3.161 - 3.128 | 3.150
- 3.22 {3.230 Possible 3,212 3.208 3.237 - 3.260 3.229
- - 3.350 L10 5,351 [ 3.329 - - 3.380 [ 3.323
3.49 - 3.480 L11 3.494 | 3.491 | 3.464 - 3.497 | 3.487
3.85 3.71 3.775 L12 3.750 3.798 3.824 3.699 3.805 3.775
4.03 - 1\4.025 Possible 4.063 4.043 4.069 - 4.028 4,051
- 4.20 4.175 Possible [4.168 | 4.219 | 4.156 - 4.215 | 4.190
4.42 - 4.370 L13 4.365 | 4.373 | 4.329 - 4.366 | 4.358
- 4.59 {4.700 L14 - 4.644 4.695 - 4.662 4.667
4.88 - 4.875 L15 - 4,922 | 4.856 - 4.849 | 4.876
5.44 - 5.350 L16 - - - - - -
5.57 5.600 L17 - - - - - -
5.98 6.05 5.900 L18 - - - - - -
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Table 17

Comparison Between Resonant Frequencies From

Earthquake Records and Ambient Vibration Tests
{Santz Felicia Earth Dam)

Vertical Direction

EARTHQUAKE RECORDS

AMBIENT VIBRATION MEASUREMENTS

San Southern
Fernando { California Measured Frequencies From the Fourier Average
E.Q. 1971 | E.Q. 1976 Amplitude Spectra (Hz) Measured
Observed Observed Frequency
Frequency | Frequency |03-13-1978 1 03-14-1978 | 03-15-1978 [ 03-16-1978 1 03-27-1978 (Hz)
(Hz) (Hz} "5 days"
1.00 0.99 1.00 1.02 1.00 1.00
0,95 0.98 1.15 1.08 1.12 I.11 1.17 1.13
1.29 1.28 1.24 1.23 1.25 1.26
1.33 1.38 1.34 1.34 1.34 1.35
1.37 1.46 1.48 1.47 1.48 1.43 1.44 1.46
1.55 1.56 - 1.53 1.53 1.54
1.64 1.63 1.66 1.63 1.63 1.64
1.78 1.76 11.77 1.77 1.76 1.73 1.77 1.76
1.88 1.87 1.84 1.84 1.92 1.87
1.98 1.96 1.99 1.93 2.04 1.98
2.11 2.09 2.13 2.06 2.09 2.10
2.20 2.25 {2,19 2.22 2.39 2.23 2.29 2.26
2.37 2.35 2.43 2.39 2.44 2.40
2.45 2.50 2.56 2.55 - 2.52
2.34 2.64 ;2.64 2.63 2.65 2.65 2.63 2.64
2.72 2.77 - 2.77 2.76 2.76
2.91 2.92 2.92 2.90 2.93 2.92
2.91 3.03 3.03 3.06 3.06 3.00 3.03 3.04
3.14 3.13 - 3.13 3.05 3.11
3.22 3.22 3.24 3.19 3.19 3.21
3.20 3.22 g
3.37 3.36 3.35 3.33 3.35
3.53 3.52 3.44 3.51 3.50
3.54 3.52 {
3.64 3.66 3.61 3.66 3.64
3.77 3.79 3.73 3.78 3.77
3.64 3.71 3.88 3.87 3.86 3.92 3.88
4.01 3.95 4.02 3.99
4.18 4.16 - 4.17
3.93 4.10 4.26 4.28 4.29 4,28
4.34 4.44 4.39 4.39
4.65 4.67 4.64 4.65
4.59 - 4.77 - 4.74 4.76
4.86 4.82 4,84
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_VII-1 Upstream-Bownstream Direction

The results from the earthquake records and from the full-scale
dynamic tests (including ambient, forced, and popper tests) were also com-
pared with those estimated by using the 2-D shear-beam model. The results
from the model were based upon substituting the value of the first meas-
ured (or determined) U-D resonant frequency from the forced vibration
tests {or from earthquake records) into the frequency equation to obtain a
representative value of the shear wave velocity from which the natural
frequencies higher than the first were then calculated. The first fre-
quency in the forced vibration case was 1.635 Hz; the results based on its
use are shown in columns 11 and 12 of Table 15. The first frequency in
the case of the earthquakes was 1.45 Hz, and the results are shown in
columns 3 and 4. A frequency comparison between the calculated values and
measured values from the forced vibration testé has already been discussed
{in Section VI-1-3) and a comparison between the theory and the earthquake
results can be found in Ref. 2.

Based on the results of Table 15 (enabling a comparison to be made
between full-scale tests and earthguake responses) the following additional
observations can be drawn:

1. By comparing the rescnant frequency of the first U-D symmetric
shear mode determined from various full-scale tests and that estimated
from the response of the dam during the two earthquakes, it is seen that

the natural period was longer during the earthquakes (f1 = 1,45 Hz, or

H

T] 0.69 sec) than it was during the tests (forced: f] = 1.635 Hz, or
T1 = (.61 sec; ambient: f] = 1.614 Hz, or T] = (.62 sec; popper: f1 =1.509

Hz, or T] = 0.66 sec). The lengthening of the first symmetric shear
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period during earthquakes by factors of 1.13 (as compared to forced tests),
1.12 (ambient, 1.04 (popper) corresponds to a décrease in overall stiffness
by factors of 1.28, 1.25, and 1.08, respectively. -

This behavior is typical of a softening dynamic system such as the
soil of an earth dam which is known to be extremely nonlinear. However, in
assessing this variability of the dam's dynamic characteristics one has to
be very careful about concluding whether these changes in frequency are
caused solely by a change of the stiffness due to different excitation
levels of the dam material or by other factors as well. For example, this
variability could be partially due to an increasé in the vibrating mass of
the dam caused by an increase in the Tevel of the reservoir water, or it
could be partly due to the nature of the dynamic excitations which varied
greatly in their time-history characteristics, spatial distributions, and
intensities.

During the full-scale measurements, the water level in the reservoir
was at the same maximum (spilling) level throughout the tests; during the
1971 earthquake the reservoir level was quite high (according to the dam's
caretaker) but not at its maximum level. The virtﬁa] additional mass
could have had some effect, but it is believed that such effect would be
very slight and probably unnoticeable {because of the massiveness of the
structure and the flatness of the upstream face (Ref. 20). Thus, the data
presented here seem to imply that changes in dynamic characteristics ob-
served during the tests were mainiy the result of the loss in stiffness
due to the nonlinear behavior of the dam materials and less significantly
due to the nature of the dynamic loadings.

Finally, comparison also indicates that, in exciting the first sym-

metric shear mode, S1, the force generated by the popper (at 1.509 Hz) was
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more than that generated during the ambient and mechanical shaking tests.
Unfortunately, there were no dynamic pressure transducers mounted on the
upstream face to provide the order of magnitude of the popper forces.

2. During the two earthquakes, very few high modes (shear or rock-
ing) were excited in the U-D direction (the response was primarily from the
first mode), whereas, contrarily, the higher modes were excited efficiently
and clearly by the three dynamic tests. In additibn, the identification of
some of the higher modes excited during the earthquakes was not reliable,
As a result, it is difficult to make any reliable comparison based on a
frequency-to-frequency analysis.

3. Looking at the frequencies of the first antisymmetric shear mode,
AST, (1.81 Hz "1971 earthquake", 1.86 Hz "1976 earthquake,) 1.875 Hz
"forced," 1,900 Hz "ambient," and 1.842 Hz "popper"), it is seen that there
is a maximum variance of only 5% which may suggest that the AS1 mode may
not have been excited effectivé1y by the two earthquakes (the participation
factors of different modes excited during the two earthquakes are presented
in Ref. 2). Other possible explanations of the similarity 1in these fre-
quencies are: (i) the uniformity of ground shaking at the dam causing sym-
metric modes to be excited more effectively, and (ii) the location of the
crest accelerograph in the central region of the crest (about 50 ft away
from the crest midpoint), i.e., in a position more likely to pick up the
dominant symmetric motions sfnce this region represents nodes of antisym-
metric modes.

4. Some of the Tower U-D rocking modes were not excited duriﬁg the
shaking of the two earthquakes; examples of these modes are AR1, RZ, ARZ,

and R4, Apparently the first rocking mode, R1, was excited during the
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1976 earthquake (with frequency 1.66 Hz); this frequency was increased by
3% (1.708 Hz) during the popper tests, by 7% (1.773 Hz) during the ambient
tests, and by 11% (1.850 Hz) during the forced vibration tests. The
third symmetric rocking mode, R3, was excited during the 1971 earthquake
at a frequency of 2.47 Hz compared to freguencies:

2.510 Hz (2% increase)  from the popper tests,

2.565 Hz (4% increase)  from the ambient tests,

2.600 Hz (5% increase) from the forced tests.

Finally, the resonant frequenéies of the rocking modeé AR1, RZ2, ARZ re-
sulting from full-scale tests vary slightly from one type of test to
another; the variation ranges from 1% to 5% as indicated by Table 15.

5. The frequencies of symmetric and antisymmetric shear modes,

S2, AS?, and AS3, also vary slightly from the earthquake respbnses to the
full-scale tests. However; the third symmetric shear mode, S3, was excited
more strongly during the small earthquake of 1976 (frequency 2.71 Hz) than
during the Targe earthquake of 1971 {frequency 2.88 Hz); the frequencies
from the tests were 2.840 Hz, 2.844 Hz, and 2.773 from forced, ambient,

and popper tests, respectively. This just demonstrates‘that greater shak-
ing does not always excite all modes more strongly.

6. It is interesting to compare the frequencies of the fourth sym-
metric shear mode, S4, resulting from the different tests and the two
earthquakes, since the mode associated with this‘frequency was excited
very effectively by the popper test. The frequency determined from the
1971 earthquake response was 3.470 Hz, then it increased to 3;610 Hz from
the 1976 earthquake response; the popper tests provided a frequency of

3.268 Hz, while the frequencies from the forced and ambient vibration
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tests were 3.550 Hz and 3.536 Hz, respectively. Note that the popper test
excited the S4 mode more strongly than even the strong earthquake, (For\
a discussion of this phenomenon see Section VI-3.) This observation is
not a surprising one since the dam responded mainly in its fundamental
symmetric shear mode during the two earthquakes; while during the popper
test the dam was excited, exclusive of all other modes, in mode 54.

7. The dynamic shear moduli and damping factors of the dam's mate-
rial were estimated from the measured responses (the hysteretic responses
of the first symmetric shear mode) to the two earthquakes. Both dynamic
properties were determined as functions of the induced dynamic strains
(for more details see Ref. 2). The relationships between each dynamic
property and the induced dynamic strain are illustrated by the semilog
plots of Figs. 67 and 68 for the first 20 seconds of the 1971 earthquake
and the first 6 seconds of the 1976 earthquake. It should be noted here
that the estimation of the dam's dynamic soil properties was made from
both the measured response and the existing 2-D shear beam theories.

In order to reveal any change in the dynamic properties of the dam,
the estimated shear moduli and damping factors from the full-scale tests
(discussed previously) are shown also on Figs. 67 and 68. In addition,
Table 18 shows some of these dynamic¢ properties associated with various
" levels of response. Both the figures and the table indicate that the
dynamic properties of the dam's constituent materials estimated from low-
strain full-scale tests are consistent with those determined from the
relatively larger strains induced by the two earthquakes.

By interpolating and extrapolating the data of Figs. 67 and 68,

Figs. 69 and 70, accordingly, are proposed to provide reasonable estimates
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of the dynamic properties of the dam's constituent material; these estim-
ates would be useful for any study of its upstream-downstream earthquake
response characteristics. In addition, the variation of material proper-
ties with depth should be taken into account for any realistic dynamics
study; the variation of the shear modulus of the dam material with depth
is proposed in Fig. 71, which is based on an in situ wave velocity meas-
urement (Fig. 72) as well as on the analysis of the two earthquake
responses (Ref. 2). Figures 69, 70, and 71 should give a good guide to
the material properties in the dynamic analysis of any earth dam composed
predominantly of rolled-fill, essentially cohesionless material, with or

without a relatively thin core.

VII-2. Longitudinal and Vertical Directions

With the exception of the first three longitudinal frequencies ob-
served during the two earthquakes (at 1.35, 1.70, and 1.86 Hz}, it is
difficult to make any reliable comparison with the values of the reson-
ant frequencies in the Tongitudinal direction resulting from the forced
vibration tests and those resulting from various ambient vibration
measurements, as indicated by Table 16. As was discussed previously,
there are many closely-spaced frequencies in the longitudinal direction,
and some of the longitudinal resonant frequencies are very close {even
identical) to some of the U-D resonant frequencies which may suggest a
strong coupling between the U-D and L vibrations.

The first longitudinal mode was apparently excited more strongly
during the small (1976) earthquake (where f = 1,27 Hz) than during the

large (1971) earthquake (where f = 1.35 Hz); the increase is about
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6% which corresponds to a decrease in overall stiffness by a factor of
1.12. The frequency increased to 1.425 Hz when determined from the forced
vibration tests (a 12% increase over the 1976 earthquake) and to an aver-
age value of 1,446 Hz (a 14% increase over the 1976 earthquake) as
determined from the ambient tests. These increases of the first longitu-
dinal frequency correspond to decreases in overall stiffness by factors of
1.25 and 1.30 for the forced and ambient tests, respectively. This beha-
vior is similar to that observed for the upstream-downstream direction.

The situation for the vertical component is even more complicated
as is seen from Table 17, where, while the comparison between the results
of the two earthquakes is guite consistent, the comparison between the two
earthquake results and those of the ambient vibration measurements is not
consistent at all. The results of the ambient tests showed many, closely
spaced resonant frequencies, while the results of the two earthquakes
showed well-separated frequencies.

Finally, there is also substantial indication of modal coupling and
interference between the three orthogonal directions; there were many

frequencies with identical values measured in the three directions.

VII-3. Conclusions

It appears from the data available on the dam's responses and the
above discussion that:

1. Analytical or finite element models are needed not only to represent
‘the prototype realistically in both vertical and longitudinal direc-
-tions, but also to include the coupling of the three directional
motions (U-D, L, and V). These models should take into account the

geometric variation of the dynamic properties as well as the material
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degradation properties.

. In order to get reliable information on any dam's three-dimensional

behavior during an earthquake, more than two sets of strong-motion in-

struments should be deployed on and in the vicinity of the structure.

Proper placement will yield information about the response of the dam,

the nature of different modes of vibration, the coupling of these modes

and the nature of the input ground motion. The fo]]owing_are sugges-
tions for appropriate locations of the instruments; it should be noted
that these suggestions assume an ideal set of circumstances and, thus,
do not consider any economic limitations.

a) A minimum set of 4 3-component accelerographs should be located
on the crest and the downstream slope. One 1nsfrument whould be
placed on the midpoint or the central region of the crest, a second
on the midpoint (or Tower than this point) of the downstream face,
and a similar set of two accelerographs should be Tocated on any
given cross section between the crest midpoint and either of the
two abutments. The records from these instruments would help to
identify the different modes of vibration.

b) A set of two instruments should be placed on the right and left
abutments (crest level) of the dam in order to correlate the ground
motions at the two sides and to evaluate any phase differences, as
well as to compare thé ground motion of the sides with that on the
downstream foundation.

c) A set of at least two instruments should be located in the down-
stream area. This set would provide information about the input

ground motion and the uniformity of ground motion underneath the dam,
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A1l of the instruments should be situated so as to record horizon-
tal motions in the upstream-downstream, longitudinal and vertical direc-
tions. In addition; records from the instruments should be time-tied.
Continuous digital tape recording with a several-second storage buffer
is highly desirable, so that each record can be recovered in its en-
tirety from the beginniﬁg of ground motion, after simultaneous trigger-

ing. Digital recording greatly eases data analysis.
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VITII. SUMMARY AND EVALUATION

This investigation presents experimental measurements involving dif-

ferent levels of excitation and the corresponding analyses of a full-scale

modern earth dam; also, a comparison between the low-strain response during

the tests and the relatively high-strain response during two earthquakes

is presented.

From the considerable amount of data contained in this report and

the extensive analysis of both earthquake response records, the following

conclusions may be drawn:

1.

Existing, low-strain, mechanical vibration generators can be used
effectively in earth dah tésts but shoﬁ]d be develaoped further to
produce much iarger oscillating forces (probably up to 100,000 1bs),
particularly at low frequencies (perhaps from 0.3 Hz to 2.0 Hz) in
order to most successfully carry out forced vibration tests on mas-
sive earth dams. |
Some notable improvements in the testing program, added since most
of the previous earth dam tests (Refs. 4, 12, 13, 15, and 17) were
made, are:
a) Measurement of the ambient vibrations of an earth dam for the
first time. The results in this investigation Tead to the con-

clusion that ambient studies of this massive structure can be

beneficial. It is recommended tﬁat ambient vibration tests should
be performed on important earth and concrete dams in areas suscep-
tible to strong earthquake events in order to estimate roughly the
structures' dynamic characteristics at this low level of excita-

tion prior to any high-level seismic event.
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b) Introduction of a new tesfing technique for earth dams, namely the
popper test, that had previously proved very efficient in testing
other types of dams such as arch dams. The results obtained via
this new test proved to be very informative. For its use to be
effective, the reservoir level has to be relatively high.

¢) Longitudinal shaking of the dam, and determination of the dynamic
properties in the longitudinal direction not only from the forced
vibration tests, but also from the ambient vibration tests. The
data obtained have great potential for future research.

d) Measurement of the three-dimensional response of the structure and
the evidence of three-dimensional modal coupling and interference.

e) Availability of usable earthquake response records for the selected
dam to compare with the full-scale low-level induced response
measurements.

Full-scale tests at levels of excitation much lower than those experi-

enced during the earthquakes'have revealed substantial changes in the

dynamic properties of the dam. The behavior is typical of softening
dynamic systems involving soil, which is known to be extremely non-
linear, but has rarely been examined at full scale.

Dynamic properties of the dam's constituent materials, such as shear

moduli and damping factors, estimated from low-strain full-scale tests

and determined from the relatively larger strains induced by the twe
earthquakes are consistent with established shear moduli-induced
strain and damping-induced strain curves., The lower levels of exci-

tation involved in the ambient, forced, and popper tests gave dynamic

properties which covered the lower range of induced strains in these
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curves, while the strong ground motion during the earthquakes re-
sulted in dynamic properties covering the intermediate and higher
induced strains.

The losses in stiffness due to high strains have been attributed,

for the most part, to the nonlinear behavior of the dam matefia]s.

An exact determination of the causes of these nonlinearities is al-
most impossible due to insufficient data on the influence of the
foundation, the reservoir, and the pore pressure changes. These
influences are complex and difficult to analyze accurately. Finally,
the variations of these dynamic properties for this specific dam have
been generalized to aid in developing analytical techniques to pre-
dict accurately the low- as well as high-strain level earthquake
response for most modern earth dams.

Values of the observed resonant frequencies from low-strain forced
vibration tests vary only slightly from those determined from the
also Tow-strain ambient vibration and oppper tests. Also, it is
noted that the observed resonant frequencies in the three orthogonal
directions were very closely §paced, some being almost coincident.
The correspondence between resonant frequencies from full-scale tests
and those estimated from the spectral analysis of the two earthquake
records is reasonably good over the first few frequencies, but higher
modes could not be reliably matched. A comparison of these first few
freguencies revealed that the natural fregquencies of the dam in-
creased significantly during the full-scale tests in all three or-
thogonal directions (U-D, L, and V). Clearly, the dynamic character-

istics of real structures are not actually constant as implied by

linear shear-beam models.
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During upstream-downstream shaking of the dam, the shear modes indi-
cated significant longitudinal and vertical deformations. Vertical
vibrations are important because they could weaken the cohesion of the
dam's materials; longitudinal vibrations are also important because
they could cause transverse cracks across the axis. Thus, mathemati-
cal (i.e., analytical or finite-element) models are needed to represent
the prototype realistically in both longitudinal and vertical direc-
tions,

Existing shear-beam theories (low levels of strain), although in
reasonably good agreement with predominantly shear~like modes, do not
predict all the upstream-downstream motion-type modes, indicating the
inadequacy of these theories for comprehensive earthquake response
(high levels of strain) computations. The nonshear upstream-downstream
modes are believed to be either rocking modes or indications of
upstream-downstream motion associated with longitudinal or vertical
vibrations.

It‘appears that precise field testé and more theoretical analyses over
a wide range of strains are required to establish the nature of the
dynamic response characteristics of earth dams. Despite the complex-
ity of several factors influencing the response of the dam, it is
believed that full-scale test studies will yield the information neces-
sary to formulate accurate mathematical models. However, it is also
desirable to reassess the installation and deployment of strong motion
instrumentation on dams in order to provide more valuable, reliable,
and information results for interpretation of the dynamic behavior of

these structures.
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With respect to investigations on the damping characteristics of the
full-scale structure, further work is also needed to better under-
stand the energy dissipation mechanism. Meaningful results require,
again, that large force levels be generated by mechanical shakers.
Results of such forced vibration studies will not only identify in
what manner energy is actually dissipated at different levels of ex-
citation, but will also help in understanding the complex so0il-
structure interaction problem. Better foundations will be required
for large shaking machines to transmit the cyclic forces more effec-
tively to the dam, and to minimize local interaction effects. Possi-
bly a pile foundation will be needed to provide improved coupling.
Finally, it is believed that the analysis and the data presented
here will provide information of practical, as well as academic,
significance about the dynamic characteristics of earth dams and

will promote further research in this area.
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APPENDICES

Appendix A

Response Curves of Upstream-Downstream

and Longitudinal Shaking

(Note: 1In all the figures of the Appendix, the

following symbols were used:

S symmetric shear modes

AS = antisymmetric shear modes

R = symmetric rocking modes

AR

11

antisymmetric rocking modes

—
I

= longitudinal modes.)
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Fig. A-5. Response curves of Tongidutinal shaking (seismometer

at Station E4).
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Appendix B

Estimation of Displacements and Shear Strains

Induced by Steady-State Vibration Using the 2-D Shear-Beam Theory

To make an estimate of the amplitude of the modal displacements and
of the magnitude of shear strains induced during the steady-state excita-
tion of the first symmetric shear mode, the equation of motion {using the
2-D shear-beam theory and assuming constant shear modulus) can be written

as {see Fig. B-1)

2 2 2
9 u U a u 3 u au
mly) ==+ ¢ 5 - oGy S5 * y S5 + o)
atz at 8y2 57 dy
= PO[S(y,z—R]) + d(y,z—ﬁz)] sin wet (B-1)

where m{y) is the mass at a depth y(=pay), ¢ is the damping constant,
u{y,z,t)} is the horizontal displacement of the dam, G is the shear modulus,
a is a geometric property of the dam, PO is the amplitude of the applied
force per shaker, § i; the delta fuﬁction, and We is the frequency of the
steady-state forced vibration.

Using the generalized coordinates and the principle of mode super-

position, one can write

ayazt) = T T sin T2y (g ¥y eq (t) (-2)

r=1 n=1

where g (t) is the generalized displacement of the (n,r)th mode of vibra-
tion.
Substituting Eq. (B-2) in Eq. {B-1) and using the orthogonality

properties of the mode shapes gives
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() = =2 sin w_t (B-3)
n,r

(t) + o q

dp o (t) + 20 gn,r dn,r n,r

n,r Nl

where Mn r is the generalized mass in the (n,r)th mode; it is given by
h & 2
_ . 2 rnz 2 Yy _ apth™ .2 _
Mo f J sin? T2 2(a ¥y n(y) dydz = 2280 g2(p ) (8-4)
00
and En r is the damping ratio in the (n,r)th mode. Pn . is the general-

ized amplitude of the applied force in the (n,r)th mode and is given by

h g
Pror = Po J J O p(¥s2)[8(ys2-00) + 6{y,2-2,)] dy dz
00

rﬂﬁ] rmi

i ‘o
O(sm 7 sin —

P 2)

rmk
£

i

2PO s51n for symmetric vibration, i.e., r=1,3,5 (B-5)

Note that ¢y is the (n,r)*™ mode shape (Eq. 2 in the text).
The steady-state response of the first symmetric shear mode at

midpoint of the dam's crest is given by

' sin(wy 1t-3) (B-6)

) 2. 1
a1 (t) = vy 1(0,5:t) = 27 At 7
1 2t

1,191,1
where it was assumed that resonance occurs when We = Wy 4 and that the
phase between the excitation and the response js equal to 90°.

The magnitude and distribution of shear strains in the (n,r)th
mode, along the y-axis (Fig. B-T1), are given by

au g

_ Snar Yy gin TTZ ]
Yn,r(.YsZat) 3y h J](Bn h) S1n 7 qn’r(t) (B 7)
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Therefore, multiplying numerator and denominator by Wy (Egq. 1 in

the text) and using Eq. (B-6), one can obtain

8J, (8, ) sm(‘”gz) w8 P sin mﬁ :
lY ! = n 4 9 * LY Y‘"133,5
R It P A I P
hvg pia Jiiby {B-8)
or
rml
m8_ P sin
n o ) 1 . -
Y =9 . sin(w, t-v. ) (B-9)
n,r r apih VE Jl(Bn) Zgn,r n,Yr n,r

where the function ¢ r(y,z) is defined through Eq. (B-8); it expresses the

H

the modal participation and distribution of shear strain (see Ref. 2);

¢

mode.

nor is the phase between thé excitation and the response of the {n,r)th
3
The maximum shear strain associated with the first mode occurs at
about 0.70 to 0.75 the depth of the dam (measured from the crest), where
the value of the modal participation factor @1 1 is equal to 0.47. There-
fore, the maximum shear strain associated with the first symmetric shear

mode at the central region of the dam is given by

vll
me, P sin —
- 1 0 1
1,1 0.47 > : G
max apih Ve J](B1) 1,1

(B-10)

The following values are used in computations for Santa Felicia Dam
using the 2-D shear-beam analysis:
1. Physical properties of the dam

2 236.5 ft

n
n

912.5 ft , h

4.03 1b.sec2ft"4

n
I}

o

4.3 s P
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2. Measured quantities

wy = 2m x1.635 = 10.273 rad/sec (which gives Ve =957 ft/sec)

3%

o
|

= 2,151 1bs/shaker (for the first symmetric mode)

3. Other constants

il

By = 2.4048

JI(B]) = 0.519

Now, substitution of these values in Eq. {B-4) gives

7

M, , = 5.9479 x 107 1b.sec’ft™ (sTug)

1,1

Substituting the above values in Eqs. (B-6) and (B-10), the follow-
ing steady-state displacement amplitude and shear strain for the first

observed symmetric mode are given by

apq| - 114.22 x1077 £t = 1.370x10™% in = 0.003358 mm

= 0.7161 x10™°  (percent)

»
1,1 max

when the dam is driven by the two shaking machines.
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Appendix C

Fourier Ampliitude Spectra

from Ambient Vibration Tests

(Note: In all the figures of this appendix, the

following symbols were used:

S = symmetric shear modes

AS = antisymmetric shear modes
R = symmetric rocking modes
AR = antisymmetric rocking modes

L = longitudinal modes

V  vertical modes.)
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Fig. C~2. Fourier amplitude spectra of the velocity proportional response
of the three orthogonal directional motions recorded, simul-
taneously, at Station W5 on the crest of the dam (5 Hz filtering).
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Fig. C-3. Fourier amplitude sbectra of the velocity proportional response
of the three orthogonal directional motions recorded, simul-
taneously, at Station W5 on the crest of the dam (3 Hz filtering).
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Fourier amplitude spectra of the velocity proportional response
of the three orthogonal directional motions recorded, simul-

taneously, at Station W4 on the crest of the dam.
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Fig. C-7. Fourier amplitude spectra of the velocity proportiona] response
of the upstream-downstream motion recorded, s1mu]taneous1y, at
Stations E3, W1 and W3 on the crest (4 Hz filtering).
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