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Summary

An investigation was made of the dynamic properties of an earth
dam 200 feet high, by 1200 feet long on the crest, by 1300 feet thick é.t
the base. The dam was excited into steady-state vibrations over the
frequency range 1-1/2 to 8 cycles per second by four synchronized
rotating eccentric-mass vibration exciters operating on the crest in the
upstream-downstream direction. Accelerations were measured on the
crest and on the downstream face to indicate the natural frequencies of
the dam and to estimate the shapes of the four lowest modes of vibration.
The chief resulls of the investigation are surmumarized below.

1. At least 12 closely spaced resonances were detected in the
frequency range 2 to 8 cps. The four lowest frequencies were

almost uniformly spaced.

2. The lowest six resonant frequencies were predicted by the
shear-wedge theory to be higher than the observed frequencies
by amounts varying from 11% to 25%. The value of the shearing
modulus which was used in the calculations was determined by

measuring the velocities of shear waves through the dam.

3. The shapes of the lowest four modes predicted by the shear-
wedge theory agreed well with the deflections observed on the
crest of the dam. '1he predicted deflections at lower elevations
on the dam, however, were several times greater than the

observed deflections.

4. Equivalent viscous modal damping constants estimated from
the widths of the resonance peaks varied from 3% critical to
6% critical. The close spacing of the resonances made precise
determination of the damping constants difficult in some cases.
Damping constants determined from several resonance peaks

were surprisingly uniform at any one frequency.



10.

No departure from linearity could be detected in the behavior
of the dam as a whole. Third harmonic content in some of
the acceleration records is believed to have resulted from
nonlinear behavior of the soil in the immediate vicinity of

the shaking machines.

The maximum shear stresses caused in the dam by the vi-
bration exciters were computed by the shear-wedge theory

to be only a few hundredths of one pound per square inch.

The local displacement response of the shaking machine
mounting slab and of the soil adjacent to the slab always

remained essentially in phase with the exciting force.

Measurements indicated that vibrations through the thickness
of the dam were excited, that is the downstream face of the
dam did not show the same response as the upstream face

above the lowest few frequencies.

Abutment motions were as large as 7~1/2% of the maximum

motion on the crest in the fourth mode.

Measurements of the phase of the response relative to the
exciting force proved to be of value for making the best

estimates of the mode shapes.



Introduction

Dams are a common feature of civilization today. The large
population of the earth and the present scope of man's activities require
the storage of large quantities of water, conveniently impounded by dams
at high elevations. It is unlikely that any different means of performing
this function will be devised in the forseeable future. As a result of the
constantly increasing population and demand for water, more and more
dams are being built, often close to densely populated areas, and on
sites which are not ideally suited for dam construction. The increasing
threat of catastrophe which can result from the rupture of a dam
demands that a major effort be made to learn as much as possible about
the safety of dams.

This investigation was undertaken to gather experimental informa-
tion about the dynamic characteristics of an earth dam. The intention
was to collect a detailed set of data from a reasonably simple structure,
to serve as a basis for evaluating theoretical work on the dynamic prop-
erties of earth dams. When satisfactory agreement between theoretical
prediction and observed experimecental behavior has been reached, then
some knowledge of the behavior of earth dams during earthquakes might
be inferred. In addition, it is also possible that an experimental study
of this kind might reveal some unexpected phenomenon in the behavior of
the dam which could be used as an indicator of the strength of earth dams.

Experimental investigations of the dynamic properties of earth
dams have been few. There has appeared to date only one published

account of experimental work in which a full size earth dam was excited



(1)

into steady-state vibrations so that resonance curves could be obtained.
This account described an investigation of Dry Canyon Dam, a 60-foot
high combination of hydraulic fill and rolled earth fill in the IL.os Angeles
water supply system. The instrumentation used was barely adequate for
the investigation, and the dam itself was much more complex than desired
in view of the existing state of theory. Nevertheless, three resonance
curves were obtained, and the application of the simple shear-wedge
theory to the problem suggested that with improved instrumentation and
improved data analysis techniques, it might be possible to obtain more
extensive and more reliable data from a less complex dam, thus permitting

a thorough test of theory.

Several experimental studies of the dynamic properties of models
of earth dams have been conducted, chiefly in Japan. (2), (3), (4) Models,
of course, allow much more freedom in the conduct of the investigation,
and in particular they permit the possibility of loading the model to a state
of great deformation or to destruction. Uncertainties as to the relation-
ship between the model and the prototype always exist, however, and it
was felt that data from a full size earth dam was needed.

The chief problem in making a dynamic investigation of a full size
earth dam is the application of a sufficiently large force, accurately known
and preferably precisely controlled. Most conveniently the force should
be sinusoidal in time, adjustable in amplitude, and variable in its point

of application on the dam. The force should he sufficiently large so that

its effect on the dam shows clearly above the background microseismic

activity.



The experience at Dry Canyon Dam indicated that, with improved
instrumentation, the rotating eccentric-mass vibration exciters used in
that investigation would probably be satisfactory for an investigation of
Bouquet Dam, approximately three times as high and two-and-one-half
times as long. Although it would not be convenient to vary the position of
the exciters on the dam, inasmuch as a concrete mounting slab would be
required at each location, neverj:heless the force produced by the exciters
would be sinusoidal and accurately known, and could be precisely controlled.
It was decided to utilize four machines operating synchronously to produce
as large a force as possible, approximately 3,200 pounds amplitude at
1.0 cps, increasing with the square of the frequency to a maximum of
20,000 pounds. The use of four machines on the dam would also provide
a good test of the synchronization abilities of the machines, which were at

that time just emerging from the development stage.

Description of Bouquet Dam

Bouquet Dam, shown in Figures 1 and 2, was constructed in the
period 1932-1934 to store water for the Los Angeles Department of Water
and Power. Four articles describing R. R. Proctor's soil compaction
philosophy and inspection techniques, newly developed at that time and

put into practice at Bouquet Dam, appeared in Engineering News-Record

in 1933. (5) An additional article describing the construction of the dam
appeared in Civil Engineering in 1934. (6)
The dam is approximately 207 feet high at the centerline, 1260 feet

thick at the base, and 1190 feet long on the crest, and it is set in a

trapezoidal-shaped canyon opening in rock. The major part of the dam



consists of a compacted fill of sandy clay. Cores taken in 1957 showed
that at depths between 22 feet and 53 feet below the crest, the average dry
density and the average moist density were respectively 122. 6 and 136. 8
pounds per cubic foot, with no apparent increase with depth. The maxi-
mum water level in the reservoir rises to 14 feet below the crest. At

the time of construction the average dry and moist densities throughout

the dam were reported respectively as 122. 2 and 138. 3 pounds per cubic
foot, with very little variation from these averages. Based on the reported
specific gravity of the sandy clay, 2.75, the 31 feet of fill below the
maximum water level examined in 1957 contained about 6% air by volume,
and was 80% saturated. During the period covered by this dynamic investi-
gation in 1963, the water level in the reservoir was held at 25 feet below
the crest.

On the downstream side, part of the embankment consists of two
loose fills taken from the abutment and foundation excavation. The scant
data available on pervious fill number one, the more impervious of the
two, indicate a field dry density of 119. 2 pounds per cubic foot. The
absence of water in the drains under the loose fill suggests that the fill
is not saturated. The specific gravity of pervious fill number one was
reported as 2. 70. No quantitative data are available for pervious fill
number two, but it is known that it consists of the more pe rvious
materials which were excavated at the same location as pervious fill
number one.

Wave velocity measurements, which are described later, were
made in order to determine the elastic moduli of the materials in the dam.

The most reliable data were taken by measuring on a horizontal path



through the dam, extending from the downstream face to a point 29 feet
vertically below the upstream edge of the crest. Approximately 55% of
the length of the path traversed by the waves consisted of compacted fill,
and 45% consisted of pervious fill number two. The best estimates of

the dilatational and shear wave velocities along this path were respectively
2090 and 1270 feet per second.

The rock in the west abutment of the dam was reported in the
construction records as being schistose, whereas the rock in the east
abutment is a diorite. The only quantitative data available for the rock
is the value of the specific gravity, 2.70, reported for the pervious fill
taken from the abutment excavation. The best estimate of the dilatational
wave velocity through the rock is 4160 feet per second, measured in the
west abutment. The measurements did not permit an estimate of the shear
wave velocity to be ~rnade.

More accurate knowledge of the properties of the materials in the
dam and in the abutments and foundation cannot be easily or inexpensively
obtained at this time. Many holes would need to be drilled into the dam
in order to accurately determine the properties of the three kinds of fill
and to determine if these properties vary with depth. In view of the
variable nature of the rock, no detailed investigation of rock propcrtics
can be conducted now that the dam is built. Wave velocity measurements
made between holes drilled through the dam into the rock would seem to
be the only 1’ea$onable method of investigation. Detailed measurements of
rock properties, conducted at the time of construction of an earth dam
When_the overburden has been removed from the foundation, would be a

worthwhile effort in a future dynamic investigation of a dam.



Vibration Exciting Equipment

The vi‘bration exciters used on the dam are shown in Figures 3
and 4. Each exciter consists essentially of two eccentric masses which
rotate in opposite directions about a vertical axis, producing a hori-
zontal uniaxial force. The rotating masses arc driven by a 1-1/2
horsepower direct-current motor, the speed of which is controlled by an
amplidyne unit. Variations in the speed of the machines are held to
within about 1/10 of 1% of the frequency of operation over the speed range
0 to 10 cps. It is possible to synchronize as many as four machines so
that they all run in phase, under one master speed control.

Each machine produces a force of approximately 800 pounds
amplitude at one cycle per second, the force increasing with the square of
the frequency. Above 2-1/2 cycles per second the eccentric masses must
be decreased by removing some of the lead slabs from the rotating
baskets in order to limit the force to 5000 pounds per machine, an upper
limit determined by the structural strength of the machines. Construction
and operation of the machines are described in detail in two reports by
Hucison. (7), (8) Several reports describing structural dynamic investiga-
tions in which the machines were used have been issued by the Earthquake
Engineering Research Laboratory. (1), {92, (10 A more general summary
article appeared recently in the Journal of the Engineering Mechanics
Division of the American Society of Civil Engineers. (11)

The vibration exciters were connected to the dam by bolting them
to a concrete slab 8' x 24' in i)lan, by 16'thick, cast into the earth on the

crest. The slab contained one layer of 5/8'" diameter steel rods placed at



18" on center in both directions. Six Rawl Company Multi-Calk expanding
lead anchors for 1! diameter bolts anchored each machine to the concrete
slab. The anchors tended to work loose under the reciprocating force, so
that retightening of the bolts was often necessary. It is recommended for
future tests that cast-in-place studs be used if they can be set at the time
the slab is cast.

In an investigation of this kind it is desirable that the excitation
applied to the structure be sinusoidal. Inasmuch as the force input to the
dam is only that which can be transmitted through the sides and the bottom
of the machine mounting slab, this means that the slab should not slide on
the earth. In this instance a coefficient of friction of 0.5 would be
necessary to prevent sliding. In a record of horizontal acceleration on
the slab, shown in Figure 23(b), it is seen that a component of response
at three times the f‘orcing frequency is present. However, the measure-
ments were not sufficiently detailed to ascribe this third harmonic compo-
nent to sliding of the slab. Figure 16 shows that the displacement response
of the slab, neglecting the harmonic content, was essentially in phase with
the force of the shaking machines. The force applied through the slab to
the dam, therefore, was essentially in phase with the force produced by
the rotating eccentric masses, but it was larger in amplitude as a result
of accelerations of the slab and the shaking machines. It was calculated
that the actual force imposed on the dam was larger than the force
produced by the machines by a maximum of 5% at 8 cps. The magnitude
of this discrepancy would vary as the square of the frequency, and hence

it was quite small at lower frequencies.



Electric power for the shaking machines and for the instruments
was provided by an army surplus John Reiner Company gasoline engine-
driven generator of 37.5 KVA capacity, loaned for the project by the
Jet Propulsion Laboratory. The generator was mounted on a 1-1/2 ton
truck on the west abutment about 50 feet south of the downstream edge of
the crest. The truck is visible at the left hand edge of Figure 1. With
this arrangement no significant amount of background vibration was
noticed in the dam, even at the west abutment, due to operation of the
generatér. When the generator was operating properly it provided
excellent frequency and voltage control so that proper synchronization of
the shaking machines and quiet operation of the amplifiers were possible.
A generator with poorer control had been tried previously, and it was
found that good synchronization of the machines could not be maintained,
and the oscillograph traces showed a greater than normal amount of noise.
A variable autotransformer, with an expanded scale voltmeter reading
from 110 to 120 volts, was used to maintain the voltage supplied to the
amplifiers within a few volts variation. The expanded scale voltmeter
provided a much more informative picture of voltage variations than was

possible with a voltmeter reading from 0 to 250 volts.

Instrumentation

'T"he response of the dam was measured with the instrumentation
system shown in Figures 5 and 6. The system consisted of three strain
gage accelerometers, three channels of amplification, and recording
galvanometers. Sensitivity of the system was such that a sinusoidal

acceleration of 10~6g amplitude would produce an oscillogram trace of



approximately 0. 1" peak-to-peak amplitude in the range 0 - 10 cps,
with a noise level varying from 0. 03" to 0. 07" peak-to-peak. Thus it
was possible to effectively measure accelerations as low as 2 x 10—6g.

Two of the accelerometers were model A4-0.25-350 unbonded
strain gage accelerometcrs manufacturcd by the Statham Instrumecnts
Corporation of L.os Angeles, California. Each accelerometer consisted
essentially of a liquid-damped seismic mass suspended within a case by
stretched wires which formed the four legs of a Wheatstone bridge. The
bridge resistance was 350 ohms, damping was about 0. 7 critical, and
the undamped natural frequency was approximately 15 cycles per second.
At the maximum allowable acceleration, 0.25g, the bridge produced 50
millivolts output at the maximum allowable excitation of 9 volts. These
accelerometers, which could sense horizontal accelerations only, were
fastened to steel bacse
Figure 5. The units were then simply carried from place to place on
the dam, set down on a firm place or on a rock in the soil of the dam,
leveled, covered with a cardboard box to reduce temperature fluctuations,
and placed in operation.

The third accelerometer available was the Statham model A5-2-350,
similar in operating principle to the two accelerometers previously
described. This unit had a bridge resistance of 350 ohms, 0.7 critical
damping, and an undamped natural frequency of approximately 100 cps.

The maximum bvridge output was 35 millivolts at 2g acceleration and 9 volts

bridge excitation. This accelerometer was not sufficiently sensitive to be

used near the abutments or on the lower portion of the dam.
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One important advantage of the acceleration transducer is that
static calibration is possible at the test site by simply rotating the unit
through an angle in the earth's gravitational field. A calibration fixture
consisting of two flat steel plates welded to form an angle of about 6° is
shown in Figure 5. After the base of this fixture had been made level,
an accelerometer was calibrated by first placing it flat on the horizontal
plate, and then shifting it to the inclined plate, recording on the oscillo-
gram a trace corresponding to each position. The operation was then
repeated with the accelerometer reversed 180° about a vertical axis.
Usually the accelerometers were calibrated at the start of each day and
then again at the end of the day. The maximum variation observed in
calibrations in any one day was 3%.

The carrier amplifiers, which supplied power to the strain gage
bridges of the accelerometers and then amplified the accelerometer output
voltages sufficiently to drive the recording galvanometers, were model
C-3 amplifiers, approximately 15 years old, manufactured by the
William Miller Company of Pasadena, California. The amplifiers
supplied the accelerometer bridges with a 3 KC voltage, adjustable from
0 to 10 volts rms. Signal-to-noise ratio in these amplifiers was con-
siderably larger than could be found in any carrier amplifiers of more
recent manufacture. Unfortunately the William Miller Company has
discontinued business, and it is no longer possible to purchase these
amplifiers.

The recording galvanometers were model 7-351, mounted in a
model 5-124 direct writing oscillograph manufactured by the Consolidated

Electrodynamics Corporation of Pasadena, California. The galvanometers
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had natural frequencies of 20 cps and were electfomagnetically damped
to about 0. 6 critical. The direct writing oscillograph used ultraviolet
light to produce the three acceleration traces simultaneously on one piece
of paper 7' wide. A convenient feature of this type of recording is that
no development processing of the oscillogram is required. The record
appears within a few seconds under ordinary room light or subdued
sunlight, thus allowing the data to be scanned in the field. Exposure to
full sunlight causes the records to disappear, hence it was necessary to
cover the front of the oscillograph with a shield containing amber colored
plastic material as shown in Figure 6.

In the investigation of a structure as large as Bouquet Dam it is
often necessary to place the seismic pickup at a long distance from the
amplifiers. In this investigation the cable between the accelerometer
and the amplifier was sometimes as long as 900 feet. Balancing of the
bridge in these instances was possible only when a cable with symmetri-
cally placed wires was used. Belden Wire Company plastic covered,
shielded, 22 gage, 4-wire cable, No. 8404, was found to be satisfactory
when two opposite wires were used for the bridge supply, and the other
two opposite wires were used tor the bridge output. When a long 5-wire
cable was tried, satisfactory balance could not be obtained.

In order to measure the phase relationship between the exciting
force and the response of the dam, an inductive type pickup was attached
to one of the shaking machines. When the exciting force reached its
maximum, a small piece of iron attached to a rotating mass induced an
electric pulse in the inductive pickup. This pulse was recorded on the

oscillogram by a galvanometer of 3000 cps natural frequency. Phase
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determinations were then made by comparing the positions of the peaks

of the acceleration traces with the positions of the pulses on the oscillo-

gram as illustrated in Figure 21(b).

Wave Velocity Measurements

Values of the densities and the elastic moduli of the materials in
the dam and in the foundation are parameters needed to correlate a
theoretical analysis of the dam with the behavior observed in the field.
It would be very desirable to be able to predict the dynamic properties of
the dam from tests performed on laboratory sized samples of soil and
rock. The rock at the site is not a homogeneous isotropic solid, but
rather it contains a myriad of discontinuities and heterogeneities, is
stratified on both the microscopic and the macroscopic scales, and the
stratifications are often arranged in a chaotic manner. The rather
random nature of the orientations and distributions of properties in the
rock means that a great many small samples would need to be tested,
and a statistical analysis would need to be made to determine the rock
proi)erties in gross. The problem of determining the effective in situ

properties of the rock from tests on small samples would indeed be an

interesting one.

The soil in the dam is much more uniform than the rock in the
canyon, and it seems more likely that tests on small samples would
correlate well with the observed properties of the dam as a whole. To
measure the moduli of the soil at the very low stress levels attained in
the resonance testing would be very difficult to accomplish by static

tests, however, and probably wave velocity measurements or resonance
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tests of samples would be required, both of which present diffiéulties if
the material is noncohesive.

Perhaps the most realistic method of determining the elastic
moduli of the soil and the rock at the site is by measuring the velocities
of waves through the materials in situ. If the theory of elastic wave
propagation is assumed to apply, Young's modulus and the shear modulus
are easily determined from the dilatational and the shear wave velocities,
provided the density is known. This method averages the properties of
the materials along the path traveled by the waves, at very low stress
levels, probably of the order of those experienced in the resonance
investigation. It would, however, be difficult to extract any information
about damping from wave velocity measurements. Care must be taken to
insure that the waves whose speed is being measured travel on a straight
line from the excitation point to the pickup.

At Bouquet Dam an Electro-Tech geophone of 14 cps natural
frequency, sensitive to motion along only one axis in the horizontal
direction, was placed in a well 29 feet below the crest of the dam as
shbwn in Figures 7(a) and 7(b). A sledge hammer, on which was attached
a shock switch manufactured by the DynaMetric Corporation of Pasadena,
California, was then struck against the downstream side of the dam
opposite the position of the geophone. The signal from the shock switch
started a DynaMetric model 117 seismic timer, which measured elapsed
time in millise.conds until it was stopped by a signal from the geophone,
indicating the arrival of the elastic waves through the dam. By orienting
the sensitive axis of the geophone toward the hammer and then at 90° to

this direction, two distinct travel times could be detected, suggesting
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that the velocities of dilatational and shear waves were being measured.
Without additional information, such as travel times for intermediate
distances, it is not possible to state with certainty that this was the case.
Refractions from faces of discontinuity within the dam might possibly
have resulted in the measurement of a phenomenon much more complex
than the simple straight line passage of dilatational and shear waves
from the hammer to the geophone. 'I'he velocities determined by
assuming straight line wave propagation paths were 2090 and 1270 feet

per second.

A later attempt was made to measure velocities in the dam and
in a rock quarry at the west abutment by striking the surface of the
ground and by mounting the geophone on the surface. It was found that
travel time interval measurements could be repeated time after time,
but the lengths of the intervals depended on the strength of the sledge
hammer blows. Three distinct intervals were noted on the dam, and
each could be obtained repeatedly by applying a sledge hammecr blow of
the proper strength. The harder the blow, the shorter the measured
interval, and the greater the apparent velocity. This phenomenon was
observed with the geophone oricnted both toward the hammer and also
perpendicular to this line. In the rock quarry two distinct intervals were
noted, depending on the strength of the blow. The relationship between
time interval and the strength of the sledge hammer blow was not noted
in the measurements made throigh the thickness of the dam. In that
instance the hammer was always struck with as much force as possible.

Without a more thorough investigation it is not possible to give

much reliability to velocities measured in this manner. A portable
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two-channel seismograph which could produce records which could be
viewed in the field would be a great improvement.” Two geophones,
separated by a measured distance, could be used to reduce the effect of
the dynamic characteristics of the instruments. Visual examination in
the field of the records of the two geophones, oriented both toward the
hammer and at right angles to this line, should provide a much clearer
picture of the traveling-wave phenomenon and should permit a more
intelligent field operation. The recorder should have as high a speed as
possible in order to allow measurements to be made over short

distances, a necessary procedure when discontinuities are nearby.

Experimental Procedure

The data to be gathered from a resonance investigation of a
structure are the frequencies at which the structure resonates, the
deflected shapes of the structure at the resonant frequencies, the phase
of the response relative to the excitation, the rates and the mechanisms
of energy dissipation, the absolute values of the response of the
. structure to forces of specified frequency and magnitude at specified
locations on the structure, and any observations of nonlinearity which
may not be included in the preceding list.

The reliability and even the existence of these experimental
observations depends, of course, on the amount and the quality of the
apparatus availéble. Expcrimental observations are restricted to a
great extent by the limited capabilities of structural vibration exciters

which are available today. There does not at present exist structural
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vibration equipment which can cause any significan;c nonlinear behavior
in structures containing as much deformation resisting material as is
found in Bouquet Dam. Consequently, very little information conce rning
the behavior of the dam at large deformations can be gathered from tests
on the dam itself, but rather such information must be deduced from tests
on small samples of material. The localized nature of presently available
excitation, in the form of machines operating at discrete points on a
structure, cannot produce synchronous response at all points in the
structure, hence the existence of modes in which all of the structure is
moving in phase cannot be observed, but can be only surmised.

Instrumentation capability also limits the information which can
be gained from a dynamic investigation. Instrumentation which is
available today, for instance, does not permit the accurate dete rmination
of the actual mechanism of damping which operates in a continuous
structure undergoing dynamic excitation. A method for determining the
mechanism of energy dissipation from dynamic measurements in a
lumped-mass structure was described and illustrated in Reference 1, but
a continuous structure would present formidable difficulties for the
method. Absolute amplitudes of response probably can be determined
only within + 5%, hence precise observations, such as small differences
in the motions at two points, or slight departures from linearity cannot
be reliably made. The limitations of the apparatus, therefore, primarily
restricted the observations at Bouquet Dam to the more obvious
aspects of the linear behavior of the structure.

The experimental procedure followed at Bouquet Dam was first to

excite the dam into steady state vibrations at closely spaced intervals,
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usually 0. 03 cps or less, over the frequency range- 1-1/2 to 8 cps, and
to measurc the rcsponsc at a number of points so that recsonance curves
could be plotted. Then the resonance curves were examined to find the
most probable values of the resonant frequencies, and, while the excita-
tion was held constant at cach of thesc frequencics, the response was
measured at closely spaced intervals over the surface éf the dam in
order to determine the mode shapes. The field work was conducted in
13 working days, for the most part by two men. Interspersed were days
of reducing data and plotting resonance curves so that the resonant
frequencies could be estimated. Because only one mounting slab was
available for the shaking machines it was not possible to improve the
purity of the resonances by more effectively distributing the exciting
force. Figure 2 shows the locations of the resonance measurements on
the dam.

Acceleratior; measurements were made at 100-foot intervals on
the crest and on lines B and C on the downstream face, gshown in
Figure 2, in an attempt to determine the shapes of the four lowest modes
of vibration. Because of the close spacing of the resonant frequencies
and the localized nature of the excitation it was not possible to excite
synchronous response at all points in the structure. Therefore the phase
of the response at each point was measured, and what are considered to
be improved estimates of the mode shapes were made by plotting the
components of response which lagged the excitation by 90°.

Resonance measurements were made simultaneously at points on
the downstream face and at corresponding points on the upstream face to

determine if thickness modes of vibration were being excited. Unfortunately,
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because of the constant high water level in the reservoir, it was not
possible to measure thickness vibrations very far below the crest, nor
was it possible to determine the effect of the reservoir level on the

behavior of the dam.

A major difficulty encountered in the field work was the main-
tenance of proper operation of the generator supplying electric power to

the vibration exciters and to the instruments. It was amply demonstrated

that when an investigation is to be conducted with the instrumentation and
the vibration exciting equipment which were used at Bouquet Dam,
reliable generating equipment is an absolute necessity.

At frequencies below two cycles per second, the acceleration
response to the sinusoidal excitation became extremely small, of the same
order as the background vibrations due to wind, traffic on the highway
crossing the east abutment, and other causes. It was found that best
results were obtained at these low frequencies by conducting the field
work at night, when the background vibrations were at a minimum.
During the period of least background disturbance more sensitive instru-
mentation would have been advantageous for measuring the response of
the dam to the sinusoidal force. Under average daily working conditions,

however, the sensitivity of the instrumentation was adequate.

Experimental Results

Resonance Curves.

The resonance curves of Bouquet Dam are shown in Figures 8 to
11. In addition to the amplitude of the displacement response, these

figures also show the phase of the response relative to the force. The
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phase measurements may be compared among Figures 8 to 10. That is
to say, all of the phase measurements around the frequency 4-1/2 cps,
for example, in Figures 8 to 10 were made at the frequency 4.53 cps.

It is possible, then, to determine the relative positions of several points
on the dam at this frequency by referring to the plotted amplitudes and
the phase measurements. In Figure 11, phase lags may be compared
only between points on the downstream face and corresponding points on
the upstream face.

The resonance curves are seen to contain many closely spaced
peaks. In several instances the resonances overlap to the extent that
the exact values of the resonant frequencies and estimates of the modal
damping constants cannot be accurately made. Table 1 shows the
frequencies of all of the maxima, determined by a visual analysis of the
curves. In order to determine the most reliable values of the resonaunt
frequencies, the frequencies were weighted by judging the degree to
which the peaks are free from the influence of adjacent resonances.
Asterisks in Table | indicate the most reliable values of the resonant
frequencies. An attempt was made to group the frequencies of the
maxima along horizontal lines so that all of the frequencies along one
line pertained to one suspected resonant frequency of the dam. Above
the first few frequencies, however, the grouping is often rather arbitrary,
particularly in the case of frequencies observed at points below the crest.

Data pe'rtaining to frequencies observed on the crest have been
taken from Table 1, and are shown in Table 2. Although the data per-
taining to the crest were taken by accelerometers placed on the down-

stream edge of the crest rather than on the axis, it is believed that these
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measurements were little influenced by thickness vibrations. The
frequencies in Table 2, therefore, are assumed to represent primarily
frequencies of the modes in which the plane through the axis of the dam
is distorted, and in which all of the particles of the dam move anti-
symmectrically with respect to the axial plane. This is the type of
distortion which is assumed in the simple shear-wedge theory which is
briefly described later in the report. Resonances observed at lower
clevations on the dam include, in addition to the antisymmetric modes,
also those modes in which distortion is symmetric with respect to the
axial plane. The resonance curves pertaining to points lower on the dam
are thus more difficult to analyze.

It is seen in Table 2 that the lowest four resonant frequencies and
a few of the higher ones appear to be rather reliably determined by three
or more frequency determinations which lie within a narrow range. An
interesting feature of the data is the almost constant value of the spacing
of the lower resonant frequencies and the averages of the spacings of the
of the higher frequencies. Although the data from Dry Canyon Dam were
much less complete, the first seven frequencies were observed in that
investigation to be rather uniformly spaced. The theory of the shear
wedge applied to a dam which is long compared to its height, and which is set
in a canyon of rectangular cross sectional shape, predicts that the spacing
of the lower frequencies gradually increases with frequency, and becomes
asymptotic to the value S/2L cps, where S is the shear wave velocity, and
L is the length of the dam. Given later in this report are the results of
a digital computer study of a shear-wedge representation of Bouquet Dam,

set in a canyon of trapezoidal cross sectional shape. This study showed
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that the spacing of the resonant frequencies decreased significantly with
increasing frequency. Obviously a more sophisticated representation of
the dam will be needed to predict all of the resonant frequencies which
were observed in Bouquet Dam. The development of a satisfactory
representation of the dam will indeed be an interesting and a rcwarding
task.

With the exception of the frequency 5. 93 cps pertaining to a
maximum observed at Station 10 | 52 on linc B, the frequencies of all
of the maxima observed below the crest can be reasonably well associated
with the frequencies observed on the crest. It might be assumed, then,
that thickness vibrations of the dam had little influence on the resonance
curves below the crest. In Figure ]il’ however, which shows the
responses of corresponding points on opposite faces of the dam, it is
seen that there are large differences between the amplitudes and the
phases on the downstream face and the corresponding values observed
on the upstream face. It was suspected at first that the earth fill of the
dam might have settled away from the concrete slab on the upstream face
in some places, and that resonances of the unsupported slab were
responsible for the differences in the resonance curves. At Station 7+ 75,
therefore, a 6' diameter hole was drilled through the slab, and accelero-
meters were mounted on the soil inside the hole and on the slab beside
the hole. Over a range of frequencies the accelerations measured in the
hole varied from 4% smaller to 6-1/2% larger than the accelerations
measured on the surface of the slab, except at one particular frequency,
5.47 cps,at which the acceleration measured in the hole was 15% smaller.

Data taken with the instrumentation system have proved to be normally
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consistent within £5%, so it is possible that the 15% discrepancy resulted
from separation of the slab from the earth fill. The plotted data per-
taining to the upstream face at Station 7+ 75 in Figure 11 were taken with
the accelerometer resting on the earth inside the hole. Another set of
data was taken on a different day at Station 7+ 75, when the accelerometer
on the upstream face was resting on the concrete slab rather than in the
hole. The correspondence between the responses on the upstream and the
downstream faces in this set of data, which is not shown here, agreed
with that shown in the curves in Figure 11 in every detail, including the
slightly smaller response on the downstream face at the fundamental
frequency.

The reliability of the data pertaining to Station 10+ 00 in Figure 11
is suspect. A large brush fire in Bouquet Canyon threatened to sweep
the downstream face of the dam and made necessary a hasty dismantling
of all of the equipment. The operators, somewhat fatigued from loss of
sleep due to the presence of the fire and of both ground and air fire-
fighting equipment operating from the dam throughout the night, were
probably not functioning with their usual efficiency. It is possible that
after the equipment had been reassembled on the following day to make the
measurements at Station 10+ 00, the two accelerometers were interchanged
at the time of calibration. If this interchange did occur, then the data
pertaining to the downstream face should be multiplied by 1. 14 and the
data pertaining to the upstream face should be multiplied by 0.87. These
changes would bring the responses of the downstream and the upstream
faces into close agreement at the low frequencies, and would in gencral

increase their differences at higher frequencies. Unfortunately, only one
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calibration was made on that day and only one measurement was made
with the two accelerometers side by side on the front face. This measure-
ment would indicate a 13% difference between measurements made by the
two instruments at one point if the scale factors mentioned above were
applied. Measurements of thickness vibrations at Bouquet Dam were not
as complete as desired. It is recommended that an investigation of
thickness vibrations be conducted on an earth dam which has both faces
accessible for the full depth of the dam, and which preferably is not

faced with a rigid slab. One vibration exciter should be located on the
upstream face of the dam, at some distance below the crest, and a second
exciter should be located on the downstream face, opposite the first
exciter. Thickness vibrations would then be best excited when the two

exciters were operated in opposition, at 180° phasc diffcrence.

Mode Shape Measurements.

Figures 12 to 15 present the best estimates of the lowest four
mode shapes of the dam. Because it was not possible to excite pure
modal response (response characterized by all points in the dam moving
at the same phase), the phase of the motion, in addition to the amplitude
of the motion, was measured at each point. The total meésured ampli-
tude at each point was then resolved into two components, one in phase
with the exciting force, and one at 900 phase to the exciting force. If
the frequency of excitation matched exactly a natural frequency of the
dam, and if the dam behaved as a linear structure, then all of the response
of the mode undergoing resonance would appear in the component at 90°
phase to the exciting force, and none would appcar in thc in-phasc

component of response. Of course, as a result of damping, all of the
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other modes of the dam would respond at angles other than 0° or 180°
phase to the exciting force, and hence they would appear to some extent
in the component of response at 90° phase, depending on the amount of
damping, the spacing of the natural frequencies, and the location of the
exciting force on the dam. For this reason and because the exact values
of the natural freQuencies of the dam were not known, the mode shapes

in Figures 12 to 15 should not be considered to be pure mode shapes, but
only the best estimates of mode shapes. More effective distribution of
the excitation would have produced modes of greater purity.

The trequencies used to excite the modes differed slightly from
the most probable values listed in Table 2 because all of the resonance
data had not been analyzed at the time of the field measurements. It is
believed that a more symmetrical fourth mode shape could have been
produced by a better tuning of the frequency of excitation. These attempts
to determine the best estimates of the mode shapes were based, of course,
on the assumption of small damping in the modes, such that the
frequencies of the observed resonances are very close to the frequencies

at which the phase lag is 90°.

An intcrcsting feature of the mode shapes are their ""tails!! at the
abutments. The shapes are very definitely not the half-sine waves which
at first thought might be predicted in view of the fact that primarily
shearing distortion is expected. It is also interesting to observe the
in-phase components of response which were excited at the several fre-
quencies. It can be seen that at the frequencies of the first and the second

modes there were also excited considerable amplitudes of the third mode.

At the third frequency the fourth mode shape can be seen, and at the
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fourth frequency the fifth mode shape is evident at zero degrees phase to
the exciting force. The results of this resolution of the response into
in-phase and quadrature components are very informative and very satis-
fying to observe. Instrumentation which would permit more accurate and
less laborious measurements of phase would be a welcome addition to the
experimentalist's equipment.

Motions at the abutments are seen to be significant, as much as
7-1/2% of the maximum motion on the crest in the fourth mode. The
"abutments'' in Figures 12 to 15 locate what were judged in the field to be
the junctions of the earth fill with the sides of the canyon. The distances
between the abutments which were measured in the field are shorter than
the distances indicated by the plans of the dam, possibly due to tapering
of the canyon on the downstream side, or because the plans show the
outline of excavatiqn into the rock, which is no longer visible now that
the dam is constructed. The amounts by which the measured abutment-to-
abutment distances are shorter than the distances indicated by the plans
are 40 feet, 35 feet, and 75 feet for the crest, line B, and line C

respectively.

Unfortunately it was not possible to measure motions on the surface
of the rock directly beneath the dam. Measurements of this kind would
require holes to be bored through the dam to the rock. Because the
motions on the rock would be very small, instrumentation more sensitive
than the kind used on the surface of the dam would be required. Instru-
mentation of greater sensitivity which could be put into operation remotely
at the bottom of a hole 200 feet deep cannot be easily obtained. The

Lunar Seismometer, which was developed for sensing seismic motions on
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the moon, and is now being chside red for commercial production by one

or more instrument companies, possesses a self-leveling feature which
would allow it to be placed into operation remotely. It is anticipated that
this transducer, which can be housed in a case 6' long by 5" in diameter,
when coupled with the United ElectroDynamics Corporation model EA-210
amplifier, with a differentiating amplifier at the output, will possess a
sensitivity to acceleration approximately twice the sensitivity of the strain
gage accelerometer-carrier amplifier system which was used in this
investigation. A system of this kind might prove satisfactory for measuring

motions on the rock beneath the dam.

Determination of Damping Constants.

The measurements did not permit the determination of the actual
mechanism of energy dissipation in the dam. Some of the energy delivered
to the dam by the shaking machines was dissipated by radiation into the
canyon walls, but probably most of the energy was consumed by hysteretic
stress-strain phenomena in the soil. The most convenient concept for
attempting to measure the rate of energy dissipation is the concept of
equivalent viscous modal damping. This concept utilizes hypothetical
viscous dashpots attached to the structure to dissipate the same amount of
energy per cycle as is actually dissipated in the structure by other means.
The dashpots are arranged so that structural response consists of viscous
damped uncoupled modes of vibration which have the same shapes as the
modes of the undamped structure. In free vibration, each of the damped
modes would decay exponentially in the same manner as a viscous damped
single-degree-of-freedom oscillator. Strictly speaking, for this type of

damping to exist, there would be required a viscous dashpot to connect each
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mass point in the structure to a fixed datum in space, or else there would
be required, in the most general case, dashpots Lq connect each mass
point in the structure with every other mass point in the structure. Such
a situation does not exist in reality, of course, but nevertheless the
concept of equivalent viscous modal damping is tractable and has proved
in the past to b.e useful and to provide a good approximation of the damping
in many structures.

If the damping is small, a modal damping constant can be determined
by measuring the width of a resonance peak at a height of 0. 707 times the
peak amplitude, if a pure mode can be excited in the structure. B An exami-
nation of the resonance curves in Figures 8 to 10 shows that only the lowest
mode was excited with any high degree of purity at several points on the
structure. Damping constants which were estimated from measurements of
the widths of the peaks of the first resonance as well as peaks of several
of the higher resonances are shown in Table 3. In a few instances where
the high portions of peaks w;ere well defined, but where the response of
adjacent modes superimposed to markedly alter the shapes of the peaks at
lower amplitudes, the shapes of the lower portions of the peaks were
estimated and sketched in to facilitate width measurements. The peaks
which were sketched are noted in Table 3.

The consistency of the damping constants shown in Table 3 is
surprising in view of the close spacing of the resonances. Because none

of the peaks in the resonance curves represented the pure response of

only one mode, the damping constants in Table 3 are not exact, but it is

The damping constant is determined by: S, :% . é‘f—f , where S is the

fraction of critical damping, Af is the width, in frequency units, of
the resonance peak at a height of 0. 707 times the peak amplitude,
and f is the frequency at which the peak amplitude occurs.
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believed that they are close to the values which would have been observed
if pure modes could have been excited in the dam. The equivalent viscous
modal damping constants are seen to vary from 3% to 6% of critical
damping. It should be remembered that the maximum shearing stresses
in the dam, computcd by the shcar-wedge theory, were only a few
hundredths of one pound per square inch. The equivalent viscous modal
damping constants of Dry Canyon Dam, which were determined in an
entirely different manner from much fewer and less reliable data, were
estimated to vary from 10% in the first mode to 2% in the ninth mode. The
maximum shearing stresses experienced in Dry Canyon Dam were

estimated to be a few ten thousandths of one pound per square inch.

Response of the Shaking Machine Mounting Slab.

The response of the slab on which the shaking machines were
mounted and the response of the soil close to the slab indicate that locally
the soil responded as a spring. As shown in Figure 16, the displacements
of the slab and of the nearby soil always remained essentially in phase
with the exéiting force over the frequency range 2 to 6 cps. Superimposed
on the local response of the soil was the response of the dam as a whole at
the location of the machines. Except at the fundamental frequency, the
response of the dam as a whole was very much smaller than the local
response, and therefore it contributed only a small amount to the measured
response.

In Figure 16, the upward trends of the curves were at first thought
to indicate a softening nature of the soil, inasmuch as the exciting force
increased with frequency. However, except on the lower curve at the

frequency 3. 83 cps, there are no sudden changes in the levels of unit
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response at the frequencies at which the eccentric-mass loadings in the
machines, and hence the amplitudes of the exciting force, were changed.
A possible explanation of the upward trends of the curves lies in the
harmonic content of the acceleration records, samples of which are shown
in Figure 23(b). When the amplitudes of these records were measured,
contrary to the practice used to measure the amplitudes of all other
records, the total peak-to-peak heights of the traces were measured, and
no attempt was made to eliminate the effects of harmonics. It is possible
that harmonic content which increased with frequency, and a rising
characteristic of the accelerometer-galvanomeler systems at frequencies
close to their own natural frequencies, combined to result in what appeared
to be a softening nature of the soil. A softening trend in the soil is, of
course, to be expected, but the data do not indicate it sufficiently well to
verify its existence.

The amplitudes of motion on the machine slab and on the soil
adjacent to it were much larger than the general deformation picture of the
dam would suggest. The small numbers written on the right hand sides of
the oscillogram traces indicate, on the decibel scale, the factors by which
the traces are attenuated. In Figure 23(b), which is a composite of records
made with only one accelerometer, the decibel numbers give directly the

ratios of the amplitudes in the vicinity of the shaking machines. " The

amplitudes of motion on the slab were approximately three to four times

In all of the other oscillograms presented, in Figures 21(b), 22, and
23(a), three traces appear at each frequency. The top trace and the
bottom trace in each group of three represent measurements made with
accelerometers of £1/4g range and of approximately equal sensitivity.
The approximale relative amplitudes of acceleration represcntcd by the
top and bottom traces may be compared by simply taking the difference
between the decibel numbers. The center trace in each group was
measured with an accelerometer of *2g range, and of approximately
one tenth the sensitivity of the 1/4g accelerometers.
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the amplitudes on the soil six inches away from the edge of the slab,
measured in the upstream-downstream direction. This might suggest that
the slab was sliding on the soil, but if no sliding occurred, an average
strain of only 5 x 10-4 in. /in. would be indicated. Such a strain is
certainly possible in the soil. The nonsymmetric shapes of the traces of
acceleration of the soil six inches behind the slab suggest a bilinear force-
deformation relationship in the soil. From the decibel attenuation numbers
in Figure 23(b) it can be seen that at the edges of the crest the amplitudes
of the motions were approximately one eighth the amplitudes of motion of
the machine slab, and were close to the values which would be predicted

from mode shape measurements made at other points on the crest.

Linearity of Response.

All of the plotted data were reduced from accelerations, resulting
from a force of varying amplitude, to displacements per unit force by
simply dividing the acceleration response by the square of the circular
frequency to obtain displacement, and then dividing again by the computed
exciting force. The assumption was made, of course, that the structure
responded linearly. In most instances, at points more than a few feet from
the slab on which the shaking machines were mounted, the acceleration
records were reasonably sinusoidal, justifying the reduction from accelera-
tion to displacement. Harmonics were ignored as much as possible, and
only the accelerations at the frequency of excitation were used in deriving
displacement. Tracings of oscillograms showing sinusoidal accelerations,
steady and unsteady harmonic content, and response modilied by back-

ground accelerations are shown in Figures 21, 22, and 23.
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Data to indicate the linearity of response with varying amplitude
of force are shown in Figures 17 and 18, and in all of the resonance
curves. Short horizontal lines are plotted above and below points on the
resonance curves over short frequency ranges common to two different
eccentric-mass loadings in the machines. Changes were made necessary
in the eccentric mass-loadings because of the 5000 pound upper limitation
on force permitted for each machine. The ratios of the force levels in
the overlapping portions of the resonance curves were all approximately
2.5:1.0. A horizontal line plotted beneath a point in a resonance curve
indicates that the eccentric mass loading in the machines was the heavier
loading used in the lower frequency range. Similarly, a horizontal line
plotted above a point refers to a smaller eccentric-mass loading used in
the next higher frequency range. An examination of Figures 17 and 18 and
Figures 8 to 11 shows that in some instances the response per unit force
increased with an increase in exciting force, while in other instances the
reverse was true, and in a few instances the unit response was the same
for both force levels. These apparent inconsistencies in the behavior of
thevdam are in the range of expected errors in the measurements, hence
no departures from linearity can be inferred.

The only observed phenomenon which would suggest nonlinearity
in the behavior of the dam was the presence of harmonics in the accelera-
tion records. At most stations on the dam a steady third harmonic was
observed at one. or more frequencies. The harmonic content was
especially noticeable when the response at the frequency of excitation was
very low. In a few instances the fifth harmonic of the exciting frequency

was detected. Oscillograph records in Figure 22 illustrate a few of these

observations.
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It was thought that perhaps the response at three times the forcing
frequency was the result of imperfect balance in the 1-1/2 horsepower
direct current motors which powered the shaking machines, inasmuch as
the frequency of the motors was three times the frequency of the rotating
eccentric masses. In order to investigate this possibility the motors
were operated alone, with the eccentric-mass driving belts disconnected.
Except in the immediate vicinity of the slab on which the motors were
operating, no response could be attributed to the operation of the motors
only. On the slab and on the soil adjacent to it, the response due to
operation of the motors was so small that it would not be apparent in the
response due to normal operation of the shaking machines.

It is believed that the third harmonic in the acceleration records
resulted from nonlinear behavior of the soil in the vicinity of the shaking
machines. Figure 23(b) shows a typical record of horizontal acceleration
on the machine slab. The product of (the mass of the slab plus the
machines) times (the acceleration component at three times the forcing
frequency), an inertia force imposed on the dam through the bottom of

the.slab, was only about 0. 05% of the force produced by the eccentric

masses. However, accelerations measured in the dam as a result of this
force were relatively larger than the accelerations caused by the eccentric
masses by the square of the frequency ratio, a factor of nine. Thus, it is
entirely possible that accelerations at three times the frequency of
excitation, particularly at third harmonic resonances, would be visible

at the times when the response at the frequency of excitation was at a low

level.
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Only on one occasion was response at three times the forcing
frequency noted when at the same time no third harmonic could be seen
in the record of acceleration on the slab. In this instance, at a
frequency of excitation of 8 cps, the component of response at 24 cps
was detected with an accelerometer of 100 cps natural frequency, whereas
an accelerometer of 15 cps natural frequency detected the response of the
slab. It is believed that the frequency response characteristic of the
accelerometer on the slab suppressed the component of acceleration at

24 cps so that it was not visible.

Accuracy of the Data

The results of several weeks of testing indicated that amplitude
measurements could be repeated from day to day at a specific point on the
dam within approximately £5%. Figures 17 and 19 illustrate the
consistency of the data. Several factors in addition to possibly changing
characteristics of the dam might be responsible for these variations.

The amplitude of the exciting force probably did not vary from its
assumed value by more than three or four percent. Fr.equencies were
measured with a calibrated digital counter which counted 300 pulses per
revolution of the eccentric masses. The stability of the count indicated
that the accuracy of the frequency measurement was approximately 0. 1%.
The moment of the eccentric masses about the center of rotation,
determined at the time of construction of the machines, was probably
within 2% of its assumed value. Variations among the individual masses
were less than 1%.

Synchronization of the machines was indicated by meters on the

amplidyne control units. Under normal operating conditions the low
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frequency meter movements occasionally might have indicated an inter-
mitltent phase error of 5% in one or more of the machines. An independent
measurement of synchronization was made by utilizing inductive pickups
simultaneously on two machines, and then comparing the positions of the
two pulses produced on the oscillogram. When the machines were loaded
with the largest eccentric mass possible, thus creating the most severe
torque requirement, the maximum total range of phase variation
observed was 16°.

In order to observe the effect of poor synchronization, one of the
four machines was deliberately adjusted to go alternately in and out of
phase relative to the other three machines. Under this condition the
envelope of response of the dam was observed to vary by 3. 2% on each
side of a mean response, which itself was 6. 5% smaller than the response
due to all four maghincs opcrating in phase. When one machine was set
to run steadily at 90° phase with the other three machines, the response
of the dam was reduced by 9. 8%. Theory would indicate that the reduction
should be 21%. No explanation for the discrepancy is readily apparent.

It is believed that at normal operating conditions imperfect synchronization
resulted in variations in the exciting force of less than 1%.

The instrumentation which measured the response of the dam
provided many possibilities for inaccuracies. It was known that a change
in line voltage from 125 volts to 105 volts decreased the output of the
amplifiers by approximately 5%. Consequently line voltage was constantly
monitored, and a variable transformer was manually adjusted to keep
variations within + 3 volts. Other variations in amplifier gain, including

variations due to temperature fluctuations, were of course possible. The
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attenuators in the amplifiers were rated at 1% accuracy, but no measure-
ments were made to verify this rating.

Calibration of an accelerometer consisted of causing four static
displacements of the inertial mass by rotating the accelerometer through
a known angle in the earth's gravitational field. After the first two
rotations, the accelerometer was reversed about the vertical axis so that
the second two rotations displaced the inertial mass on the opposite side
of the neutral position. In some instances the readings were biased
towards one particular direction of displacement of the inertial mass.

The maximum bias noted in any set of four displacements was 1%%, The
bias was not constant in direction or in magnitude from day to day for any
accelerometer, and very often could not be detected at all. This phenom-
enon could have been caused by static friction or looseness in the
accelerometers or in the galvanometers, improper handling of the
accelerometers during calibration, or by malfunctioning of the phase
sensitive demodulator. The average of each set of four trace displace-
ments was used for reducing the data of the response of the dam. The
maximum variation noted between morning and evening calibrations,

each the average of four readings, was 3%.

The ifrequency response characteristics of the low frequency
accelerometer-galvanometer systems (15 cps and 20 cps natural frequency
respectively) were investigated by placing the 1/4g accelerometers beside
a 2g accelerometer (100 cps natural frequency), the output of which was
recorded by a galvanometer of 100 cps natural frequency. This compari-
son was made on top of a concrete tower being vibrated in another study,

where amplitudes were of the order ten times greater than those
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experienced at Bouquet Dam. The response of the 100 cps system, which
had around 0. 65 critical damping, was assumed flat in the range 0 to
8 cps, and phase lags were assumed to vary linearly with frequency.
Over the range 1-1/2 to 8 cps, one of the low frequency systems,
channel No. 6, exhibited amplitudes ranging from 0.2% to 5% larger
than the high frequency system, with no apparent relationship with fre-
quency indicated. The other low frequency system, channel No. 3,
exhibited amplitudes ranging from 4% smaller to 0. 8% larger, with no
apparent frequency dependence. Thése measurements, of course, were
subject to all other sources of error such as unpredictable changes in
amplifier gain, inaccuracies in calibration, improper orientation of the
sensitive axes of the accelerometers, inaccurate attenuation ratios,
recording errors due to variable trace ammplitude and variable position
of the trace on the oscillogram, and errors in reading the record. On
the basis of this tést, all of the plotted Bouquet Dam data which were
measured with channel No. 6 have been multiplied by the factor 0. 98,
and all of the plotted data which were recorded with channel No. 3 have
been multiplied by 1. 02. The purpose of this scaling was to produce what
are believed to be the most reliable values of the response of the dam. In
some cases the use of these factors increased the agreement between
recordings made at the same point on the dam, and in other cases the
agreement was made poorer.
In another comparison between the response of channel No. 6 and
the response of a 100 cps system, in the range 1.7 to 7.3 cps on the
concrete tower, the response of channel No. 6 was greater by from 2% to

8%. In a third comparison on the tower, the response of channel No. 3
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was smaller by from 5% to 12% than the re sponselof a 100 cps system.
It is believed that poor orientation or improper calibration of channel
No. 3 was responsible for the large differences in this case.

On Bouquet Dam the responses of the two low frequency systems
were compared when one accelerometer was resting on the loose fill on
the downstream side of the dam, and the second accelerometer was
beside the first, but resting on a lead slab which had been placed on the
fill. The response of channel No. 6, on the lead slab, varied from 3%
smaller to 7% larger than the response of channel No. 3, which was
resting directly on the fill.

On the concrete slab covering the upstream face of the dam two
methods were used to mount the accelerometers. In oné case the
accelerometers were placed directly on the concrete by extending the
leveling screws sufficiently to level the instruments on the 3:1 slope. The
response of channel No. 3 varied from 5% smaller to 0. 3% larger than the
response of channel No. 6, when the two accelerometers were placed side
by side, mounted in this manner. In the other case, wedge-shaped wood
blocks were placed on the concrete face of the dam, held only by friction,
and the accelerometers were placed on the level top surfaces of Lhese
blocks. In a test at one frequency only, the response of the accelero-
meter on the wedge was found to be the same as the response of the
accelerometer with extended leveling screws.

Under the best of field conditions, at Bouquet Dam and at other
sites, it has been observed that occasionally individual points in resonance
curves differ considerably from the values which would be indicated by

adjacent points. The oscillograms from which the data for these points
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were taken do not appear unusual in any way, and it is certain that the
frequency of the machines and the amplitude of the trace have been
correctly measured. Although no study has been made to determine the
reasons for these anomalies, it is believed that unpredictable changes in
amplifier gain are probably responsible.

The accuracy of the phase measurements is in most cases
probably within + 15°. As mentioned previcusly, two machines showed
relative phase variations over the range * 8°. Phase measurements of
the response of the dam were made relative to the pulse produced by
only one machine. In most cases, each recorded phase angle represents
the average of from four to eight phase measurements made on successive
cycles. Figure 21(b) indicates the consistency among the measurements.
Phase measurements were made relative to only the positive or the
negative peak values of the oscillogram traces, not to both. If the
traces had been unsymmetrical, different phase angles would have been
obtained from opposite sides of the records. A few checks on the top and
the bottom sides of smooth traces produced phase angles varying by only
a few degrees. Where the records contained a considerable amount of
harmonic content or noise, the traces were sketched in by eye, and
amplitude and phase lag measurements were made from the sketches.
All measurements were made with a scale divided 50 parts to the inch,
tenths of divisions being estimated.

The dafa in Figure 20, which shows the phase lag characteristics
of the two low frequency systems, were obtained by comparing the phase
of the response of these systems with the phase of the response of a

100 cps system, when all of the instruments were mounted side by side
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on top of a conrete tower. The maximum deviation from the straight
line in Figﬁre 20 is 4°, giving some idea of the consistency of measure-
ment on smooth records. Damping in the 100 cps system was not
measured at this time, but it was known from previous experience with
the equipment that the damping ratio was close to the value 0.65. It

is seen in Figure 20 that the phase lag characteristic line, if extended,
passes within 2° of the origin.

In spite of the comparisons of response indicated by different
instruments, and in spite of the static calibrations of the accelerometers,
the absolute accuracy of the measurements cannot be stated with certainty.
All of the accelerometers used for the com-parison measurements were
similar in operating principle and were of the same manufacture, and
the same amplifiers were used for all measurements. No other
independently calibrated device of sufficient sensitivity was available for

comparisons of amplitude and phase at the levels experienced at the dam.

Analytical Investigation of the Dam

An analytical investigation of the dam is being conducted at the
present time. Because the work is not yet complete, the final report will
not be issued until a later date, and only a brief summary of what has
been accomplished so far is presented here, The investigation is being
conducted by Mr. Gerald Frazier, a graduate student in Civil
Engineering at Montana State College, as a part of his Master's Degree
studies. The work is being financed by the National Science Foundation
through a grant to investigate the application of the Holzer method for

finding the natural frequencies of two-dimensional shear structures.
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In the work which has been accomplished to date, the dam has
been treated as a wedge of undamped elastic material which experiences
only shearing distortions. No bending distortions and no distortions
through the thickness of the dam have yet been considered. This simple
model of the dam has been well presented by Ambraseys, (12), (13) and
it was used later in Reference 1l in connection with the investigation of
Dry Canyon Dam. The differential equation of motion of the shear wedge
is of the second order in the space coordinates, and is similar to the
equation describing vibrations of a membrane which tapers in thickness.
Because of the irregularity of the cross sectional shape of the canyon,
the problem is heing treated numerically.

The numerical work which has been accomplished to date has been
based on an application of the Holzer method to the case of two-dimensional
shear structures. the principles for which appeared in Reference 1. It
is planned later to solve the problem using the matrix approach, to make
an analytical investigation of the thickness vibrations, and to consider
bending as well as shearing distortions of the axial plane of the dam.

Some early results of the analytical work are shown in Figure 24 and in
Table 4. To obtain these results the dam was approximated by a grid,

18 spaces wide by 4 spaces high, of lumped masses connected by shear
resistant springs. The shear wave velocity in the soil was assumed to be
1270 feet per second, and the walls of the canyon were assumed to be
perfectly rigid.

The lowest four computed frequencies, shown in Table 4, are
higher than the first four observed frequencies respectively by 11%, 16%,

19%, and 16%. It should be noted that the computed values of the
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frequencies are based on the value of the shear v;rave velocity which was
measured, without any substantiation, at only one point in the dam. It
is anticipated that the computed and the observed frequencie‘s will be in
closer agreement when the numerical work has been refined to account
for the elasticity of the canyon walls.

The computed deformations of the crest in the lowest four mode
shapes, shown in Figure 24, are seen to exhibit surprisingly good agree-
ment with the mode shapes estimated from the field observations, shown
in Figures 12 through 15. The good agreement is surprising in view of
the facts that the exact values of the resonant frequencies were not known
in the field, the resonant frequencies were closely spaced, and the excita-
tion was concentrated at one point on the dam, making it impossible to
excite mode shapes of a high degree of purity. A significant difference
between the computed and the observed mode shapes occurs in the ampli-
tudes of the lower portions of the dam relative to the amplitudes of the
crest. The computed amplitudes on line C, relative to the amplitudes on
the crest, are many times larger than the observed amplitudes. In the
first mode the computed relative amplitudes on line C are three times
larger, and in the second mode they are approximately 12 times larger
than the observed values. Further investigation will be required to
determine the reasons for these differences.

In Reference 1, an attempt was made to fit the theory of the shear
wedge, with rigidly fixed rectangular boundaries, to the data which were
obtained from the investigation of Dry Canyon Dam. Dry Canyon Dam
consisted of a hydraulic fill with a compacted earth cap on the downstream

face. It was founded on soil which extended for some 75 feet down to
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bedrock, and the abutments were not vertical faces of rock, but rather
they were inclined, with layers of soil estimated from the plans to be
about 12 feet thick on top of the rock. The dam did not taper uniformly in
thickness from the base to the crest, but it was unsymmetrically stepped
in cross section. The geometry and the boundary conditions of the dam
were not well represented by the theoretical model, but at that time no
more realistic analytical method was readily available. The dam was
approximatcd for the analysis by a triangular wedge 65 feet high, with
the top 5 feet removed, set in a rigid rectangular opening 485 feet long.
Two characteristics of the theory of the shear wedge in a rigid
rectangular canyon indicated that the effective shear wave velocity in Dry
Canyon Dam was between 300 and 350 feet per second. First, a value of
302 feet per second for the shear wave velocity resulted in the prediction
of ten natural frequencies that showed surprisingly good agreement with the
observed resonances. Second, the theory of the shear wedge with
rectangular boundaries predicts that the spacing of the natural frequencies
of a dam which is long compared to its height increases with frequency and
eventually becomes almost uniform at higher frequencies. The spacing
between the ninth and the tenth observed resonances of Dry Canyon Dam
would indicate a shear wave velocity of 350 feet per second. The experi-
mental data from Dry Canyon Dam were much fewer and of less reliability
than the data which were obtained at Bouquet Dam, so a really critical
examination of the agreement between the theory and the observations is
not possible. It is believed, however, that a value of from 300 to 350

feet per second for the shear wave velocity is realistic.
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It is informative to attempt to fit the theory of the shear wedge
with rectangular boundaries to the data obtained from Bouquet Dam,
although it is recognized that the canyon cross section is not rectangular,
but rather it is strongly trapezoidal, almost triangular. Nevertheless,
it is possible that if the canyon cross section is represented by a properly
chosen equivalent rectangle, then a reasonably accurate value of the
effective shear wave velocity might be obtained by fitting thé shear-wedge
theory to the lowest observed resonant frequency. This would mean that
if the fundamental frequency and the density of an earth dam were known,
a simple calculation might yield a reasonably accurate value of the shearing
modulus.

If the length of an equivalent rectangle to approximate the canyon
opening is assumed to be the average of the lengths of the crest and the
base of the dam, 675 feet, and the height of the equivalent rectangle is
assumed to be the full height of the central portion of the dam, 207 feet,
then, referring to Reference 12, the lowest five frequencies predicted by
the shear-wedge theory are 2.23 cps, 2.70 cps, 3.34 cps, 4.07 cps, and
4. 80 cps, if the shear wave velocity is assumed to be 1155 feet per
second. These frequencies are higher than the observed frequencies by
0%, 0.7%, 6.7%, 12.4%, and 24% respectively. On the other hand, if the
results of the digital computer work, which recognized the trapezoidal
nature of the canyon cross section, are reduced so that the computed
fundamental frequency agrees with the observed fundamental frequency, a
shear wave velocity of 1142 feet per second is indicated, and the lowest
five frequencies are computed to be 2.23 cps, 2.81 cps, 3.34 cps, 3.77 cps,

and 4. 21 cps. These frequencies are greater than the observed frequencies

by 0%, 4.9%, 6.7%, 4.1%, and 8. 8% respectively.
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Thus it is seen that although the simple rectangular approximation
of the canyon yields results which are in slightly better agreement with
the observations at the lowest frequencies and which are in considerably
poorer agreement at the higher frequencies, than the results of the
numerical work which recognized the trapezoidal shape of the canyon
opening, both methods indicate essentially the same value for the shear
wave velocity, around 1150 feet per second. Although the computed value
of the shear wave velocity will change somewhat when foundation com-
pliance and dilatational deformations are included, it is not expected that
the change will be large. It appears that if the fundamental frequency ot
an earth dam is known, the effective shear wave velocity can be determined
with fair accuracy by the simple rectangular approximation of the canyon
cross section. The values of the shear wave velocities computed by this
simple approximai{ion for Dry Canyon Dam and for Bouquet Canyon Dam,
325 and 1150 feet per second respectively, indicate a very significant

difference in the natures of the two fills.

Conclusions and Recommendations

The dynamic investigation of Bouquet Dam has added considerable
evidence to the proposition that, at low stress levels, the general nature
of the behavior of an earth dam is in agreement with the behavior which
would be predicted for a viscous damped elastic solid of the same size
and shape. The supposition of the existence of resonant frequencies, mode
shapes, and modal viscous damping constants does not disagree in any major
respect with the observations of the dam's behavior. It is reasonable to

assume that some aspects of the response of the dam to the excitation of
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a small earthquake or to the accelerations in the initial portion of a large
carthquake could be rather accurately predicted by the theory of linear
vibrations, making use of the frequencies, the mode shapes, and the
damping constants which were determined by the investigation. When
theory has been refined to successfully predict the observed behavior of
Bouquet Dam, presumably the same aspects of linear behavior of other
earth dams could be predicted from a knowledge of their dimensions,
densities, and elastic moduli.

Other properties of Bouquet Dam, which are of equal significance
and which would be intimately related to the failure of an earth dam in a
strong earthquake, were not observed in sufficient detail in the investiga-
tion. Very little was learned of thickness vibrations of the dam, which
would influence slumping of the fill, and nothing was learned of the
behavior of the dam at large stresses. Knowledge of both of these phenom-
ena would be required to predict the behavior of the dam in a large

earthquake.

The chief contributions of this investigation have been the con-
firmation of elastic behavior of a huge mass of soil at low stress levels,
the presentation of natural frequencies, mode shapes, and values of the
damping constants at low stress levels in an earth fill, and the demonstra-
tion of equipment and procedures for conducting dynamic investigations of
large structures. It is felt that the experimental evidence presented here
is in sufficient detail and of sufficient reliability to make a contribution to

the body of knowledge relating to earth dame, and to the art of making

dynamic investigations of dams.
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The report has been devoted primarily to the experimental aspects
of the study of Bouquet Dam. Because the theoretical work has just been
started, only a brief presentation was made to give some idea of what
might be expected from theory. Some additional analysis of the experi-
mental data remains yet to be accomplished, and a vigorous effort is now
called for to develop a theory of the behavior of earth dams which will
predict all of the frequencies and mode shapes which were observed in the
field. Both of these aclivities are proceeding at the present lime.

Much experimental work on earth dams remains yet to be carried
out. A simple, economical, and reliable method of determining shear and
dilatational wave velocities in earth fills needs to be developed. Thick-
ness vibrations need to be studied on dams which have both faces accessible
over the full height. Measurements of stresses and strains in dams under-
going dynamic excitation are called for, now that the general nature of the
dynamic behavior of dams is known. These measurements will indeed be
a challenge to the experimenter. Finally, the ultimate strength properties
of earth dams must be investigated and theories must be developed to
predict their behavior in the nonlinear range. The most likely avenues of
approach to this difficult problem appear to be tests on small samples of
soil at high stresses, detailed investigations of models of earth dams
loaded to failure, and, hopefully, one or more tests of a full size dam or

a large model of a dam located close to the epicenter of an underground

atomic explosion.
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Table 3

Modal Damping Constants Estimated From the Widths

of Resonance Peaks

Bouyuet Canyon Reservoir Dam No. 1

Frequency of

Station on

Resonance Dam Fraction of Critical Damping

7+75, crest 0.043
7+75, line B 0.041
7+ 75, line C 0.043
2.23 cps 10+52, crest 0.040
10+52, line B 0. 040
10+52, line C 0.043
12+ 00, crest 0.042

2.68 cps 10+52, crest 0. 035 (resonance peak sketched)
7+75, crest 0.029

10+52, crest 0.035 (resonance peak sketched)
3.13 cps 12+ 00, crest 0.031
6+ 00, crest 0.032
6 + 00, line B 0.031
3 62 cps 4+ 05, crest 0.034
' P 10+52, crest 0.028
4+ 05, crest 0. 047

10 +52, crest 0. 045 (resonance peak sketched)
4.52 cps 12+ 00, crest 0. 040
6+ 00, crest 0.037
6+ 00, line B 0.037

5.10 cps 10+52, crest 0. 057 (resonance peak sketched)

5.30 cps 12+ 00, crest 0. 059 (resonance peak sketched)
6 53 7+75, crest 0. 058
SR 4+ 05, crest 0.054




Table 4

Observed and Computed Natural Frequencies
of Bouquet Canyon Dam

Observed Computed Percent Error
2.23 cps 2.48 11%
2.68 3.12 16%
3.13 3.71 19%
3.62 4.19 16%
3.87 4. 68 21%

4.10 5.12 25%
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ACCELEROMETERS AND CALIBRATION FIXTURE

FIGURE 5



AMPLIFIERS AND OSCILLOGRAPH
FIGURE 6
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FUNDAMENTAL RESONANCE AT STA. 6-+00
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7\ DAM NO. |
° o ! ! 1 1
2.0 2.1 2.2 2.3 2.4 2.5
FREQUENCY — CYGLES PER SEGOND

ILLUSTRATING LINEARITY OF RESPONSE

FIGURE 18
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T+15 LINE A
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1+15 CREST
(a) Illustrating Smooth Traces
56.7 » 7¢ 30" -
W‘ 112.5° PHASE LAG
| 438.0
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»° o o o N * A o
1 1 | | ] 1 ! .

8 +00 CREST
3.17 CPS

(b) Illustrating Phase Measurement

TRACINGS OF OSCILLOGRAPH RECORDS
FIGURE 21
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(b)

TRACINGS OF OSCILLOGRAPH RECORDS
ILLUSTRATING ULTRAHARMONIC RESPONSE

FIGURE 22
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COMPUTED MODE SHAPES
FIGURE 24



