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ABSTRACT

An investigation has been made to analyze observations of the effect
of two earthquakes (with ML: 6.3 and 4.7) on Santa Felicia Dam, a rolled-
fill embankment located in Southern California. The dam is 236.5 ft. high
and 1,275 ft. long by 30 ft. wide at the crest. The purpose of the investi-
gation is: (1) to study the nonlinear behavior of the dam during the two
earthquakes, {2) to provide data on the in-plane dynamic shear moduli
and damping factors for the materials of the dam during real earthquake
conditions, and (3) to compare these properties with those previously
available from laboratory investigations.

From the recorded motions of the dam, amplification spectra
were computed to indicate the natural frequencies of the dam and fo
estimate the relative contribution of different modes of vibrations. A
comparison between these natural frequencies and those obtained by two
elastic shear-beam models was made to obtain representative dam ma-
terial properties. In addition, field wave-velocity measurements wezre
carried out as a further check as well as to study the variation of shear
wave velocity at various depths in the dam. The amplification spectra
showed a predominant frequency of 1.45 Hz in the upstream/downstream
direction; in this direction the response was treated as that of a single-
degree-of-freedom hysteretic structure. Three types of digital band-
pass filtering of the crest and abutment records were used to enhance the
hysteresis loops which show the relationship between the relative dis-
placement of the crest with respect to the abutment and the absolute
acceleration of the dam. A method is described which, using some of

the existing elastic-response theories, enables the shear stresses and



strains, and consequently the shear moduli, to be evaluated from the
hysteresis loops. The equivalent viscous damping factors were calculated
from the arcas inside the hysteresis loops. The shear moduli and the
damping factors were determined as functions of the induced strains in
the dam. ZFinally, the shear moduli and damping factors obtained for

the dam were compared with previously available laboratory data for

sands and saturated clays.



INTRODUCTION

As far as the field of Earthquake Engineering is concerned, there
are very few '"complete'' instrumental records to indicate the nature
of the response of earth dams to strong earthquakes; however, there
are limited records available for smaller shocks. The term "complete!
records means records that are capable of providing a completely
adequate definition of input ground motion as well as dam structural
response. The input motion can be measured by strong-motion
accelerographs, often mounted on dam abutments oxr at an appropriate
site in the immediate vicinity of the dam that is not obviously influenced
in a major way by local geologic structural features, as indicated by
Bolt and Hudson (1975). The instruments to measure dam response can
usually be mounted at different locations (at least two) on the crest,
avoiding special superstructures which may introduce localized dynamic

behavior.

The limited instrumental records available for smaller shocks and
microtremors, in both the United States and Japan, indicate that the ground
motion is increasingly magnified with increasing elevation over the height
of the dam. Consequently, an earth dam does not behave as a rigid body
during an earthquake, but rather the magnitude and distribution of acceler-
ation on the dam are influenced by its dynamic response characteristics,
Clearly, the behavior during these smaller shocks and microtremors would
be a poor indication of a dam's performance during strong earthquake
shaking because of the nonlinear behavior of soils.

Much effort and progress have been made in the development of



analytical as well as numerical techniques for evaluating the résponse of
earth dams subjected to earthquake motions. Successful application of
all these existing techniques is essentially dependent on the in¢0rporation
- of representative dam-material properties in the analyses. Because the
behavior of carth dams during carthquakes is governed by their dynamic
response characteristics, it is possible to learn much about the dynamic
properties of such structures from examination of their response to strong
earthquake shaking. Unfortunately direct measurements are infrequent,
since moderately large earthquakes are rare. It is difficult, without
measurements, to compare behavior with earthquake design requirem.ents
(Bolt é,nd Hudson, 1975), in order to estimate the performance of other
dams and to make rational design decisions for repair and strengthening
of the structures.

It is the purpose of this investigation to: (1) discuss the
problem of analyzing the behavior of earth dams during earthquakes,
(Z)l provide some data, from the earthquake-response obser-
vations, on the dynamic shear moduli and damping factors for earth dam
materials, (3) correlate this data with that obtained for sands and saturated
cl.ay.s (most of the data available to date have been developed for sands
and saturated clays only) and finally (4) permit better understanding of
the response characteristics of earth dams to earthquakes.

This study deals with results from observations of the effect of
two earthquakes (one with M, = 6.3 and an epicentral distance of 33.0 Km

and the other with ML: 4.7 and an epicentral distance of 14,0 Km, see

~Fig. 1) on an actual earth dam: Santa Felicia Dam; it is a rolled-fill

‘embankment located in Santa Paula, Ventura County, California and built

in 1954-55. The dam is 236. 5 ft high, 1,275 ft long at the crest, 450 ft long



across the valley at the base, 30 ft, wide at the crest and approximately
1,400 ft. wide at the base. The dam was equipped with two accelerqgraphs
(AR-240) in June 1967; one accelerograph was located at the central section
of the dam crest (55 feet east of the crest midpoint), and an abutmeﬁt ac-
celerograph was placed in the caretaker's shop at the downstream end of
the dam. Recently (in early 1977) the existing AR-240 accelerograph on
the abutment was replaced with a new and improved instrument (SMA-1)
that will give better information on the timing of recorded ground motion
through greater reliability and earlier triggering. Records from two
earthquakes were recovered and analyzed in this study; that from the

San Fernando earthquake oif February 9, 1971 (MLz 6.3) and that from

the Southern California earthquake of April 8, 1976 (ML: 4.7). Amplification
spectra of the dam were computed for the two earthquakes by dividing the
Fourier amplitude spectrum of the acceleration recorded at the crest by
that recorded at the abutment. Analysis of the observed records reveals
that the acceleration amplitude is amplified mostly at the dam crest. In
the upstream/downstream direction the spectra show a predominant single
peak at the fundamental frequency of 1,45Hz, In addition, a visual in-
spection of the amplification spectra obtained from the two earthquakes
reveals that the values of the resonant frequencies vary slightly from one
earthquake to the other. Certain existing elastic shear-beam theories
were used to check the values of the resonant frequencies corresponding

to peak values of the amplification spectra and to estimate the shear wave
velocity of the dam material. Field wave-velocity measurements were
carried out for Santa Felicia Dam to: (1) further check the suggested shear

wave velocity which was estimated from the observed resonant frequencies
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as well as from use of the existing shear-beam theories, (2} study

the variation of the shear wave velocity at various depths in the dam, and
finally (3) establish a representative and reliable mean value of the
material constants for use in earthquake response arnalysis.

In this investigation, the response of the upstream/downstream
fundamental mode is treated as that of a single-degree-of-freedom
hysteretic structure, as suggested for a building structure by Iemura
and Jennings {1973). Three types of digital band-pass filtering of the
crest and the abutment records were used to give hysteresis loops which
show the relationship between the relative displacement of the crest with
respect to the abutment and the absolute acceleration of the dam. In
evaluating the earthquake response of the dam, one-dimensional shear-
beam theory with shear modulus varying with depth was used to estimate
dynamic shear strains and stresses. However, a two-dimensional theory
with constant shear modulus was used to compare the results. An effort
was made to simplify the presentation of the mathematics necessary for
dynamic analysis of the dam models. Using two existing elastic-response
theories, a method was outlined whereby the shear stresses and strains
could be determined as functions of the maximum absolute acceleration
and maximum relative displacement, respectively, for each hysteresis
loop; this enables evaluation of the shear moduli. The equivalent linear
shear modulus was expressed as the secant modulus determined by the
slope of the line joining the extreme points of the hysteresis loop. Although
the assumption of elastic behavior during earthquakes is not strictly correct
for earth dams, it was used to provide a basis for establishing the natural

frequencies of the dam, and in addition to give at least a qualitative picture



-10-

level and has a capacity of 100,000 acre feet (Ref.1).

From the geological point of view, the Santa Felicia Dam s‘it'e
lies within a series of sandstones and shales of Miocene Age which have
been conspicuously folded and tilted. The sandstones are predominantly
medium-grained and loosely cemented. The shales are variable in
character, ranging from silty to clay. The geologicai formations are
interstratified in a great variety of combinations, Thﬁs, ‘the bedrock
at Santa Felicia Dam consists of sandstone strata of varying degrees of
hardness interlayered with shale seams of varying thickness. In general,
the geological conditions were favorable for the construction of the dam
(Ref. 21).

The geology of the site was utilized to provide a sound, watertight
and economical section and to assure a firm seal 'b‘et_ween the bedrock and
the impervious central core throughout the dam's length, The sands and
gravel of the stream bed, 70 to 90 ft in thickness at the dam site, were
used as a foundation for the pervious shells of the dam, up- and down-
stream from the impervious core.

The embankment has a total of about 3,400,000 cubic yards of core
and shell material which is basically of an alluvial nature and which Wé.s
obtained from borrow pits at the reservoir site and from sites up- and
down-stream. The alluvium consists of clay, sand, gravel and boulders.
Suitable gravelly materials from the core cut-off trench excavation were
used for construction of the pervious shell embankments. The core ma-
terial (824,500 cubic yards) was selected from the upstream impervious
borrow pit areas on the basis of laboratory tests. In the construction
of the embankment, the impervious core materials were spread in almost

horizontal layers not more than 8 inches thick before compaction, and
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pervious shell materials in layers not over 18 inches in thickness,
Fifty-ton four-wheel pneumatic-tired rollers were used for compacting
the impervious core and the pervious shell. After all suitable materials
from the core trench excavation had been utilized, the sands and gravels
of the river bed were used in the pervious fills. The core material has
a high degree of impermeability, is granular in nature and possesses
considerable strength. A one-foot layer of gravel and cobble was placed
on the downstream slope of the dam and on the upstre‘am face, The latter
was designed to serve as both a bed and a drain for the riprap. The
purpose of the layer on the downstream face of the dam was to prevent
erosion of the face of the dam from rain,

The laboratory and field tests, during and before construction,
included moisture determinations, density-in-place tests, particle size
analyses, specific gravity determinations, and permeability tests,

Table 1 indicates design values conservatively assumed to be representative
of the typical soils as determined from results of the soil testing program
in the field and laboratory.

In order to prevent leakage through the rock formations underlying
the dam and to insure a good cut off from the reservoir, a continuous grout
curtain was provided in the bedrock throughout the entire length of the
dam approximately parallel to the axis, and to a depth of 120 ft, below
the surface bedrock, A similar curtain of grout was placed beneath the
crest of the spillway and joined to the main curtain of the dam.

The ungated concrete spillway of the dam has a discharge capacity
of 105,000 cubic feet per second with the water surface five feet below

the top of the dam. This allows for the "'maximum possible flood"
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estimated for the stream and is three times the greatest flood that has
occurred during the period of record.

The outlet works structure, which extends through the base of the
dam, is built primarily on the rock bench which forms a part of the right
or west abutment at about stream bed level. The function of the outlet
works is to release, control the flow of stored water for spreading and
and to recharge the ground water for domestic and industrial water supply,
irrigation and other downstream uses.

More detailed information concerning the design and construction

is given by Price (1956).
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TABLE 1

Characteristics of Santa Felicia Dam Materials (Ref. 1)

Property Core Shell Foundation
Dry unit weight 114 pef 125 pcf 116 pef
Moist unit weight 131 pcf 131 pef 122 pef
Saturated unit weight 134 pct 141 pef 135 pcf
Submerged unit weight 73 pcf 79 pcf 73 pcf
Coefficient of friction 0.60 0.84 0.81
Permeability 0.001 ft/day 20 ft/day 150 ft/day
2.68 2.69 2.69

Specific gravity
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A-II STRONG-MOTION INSTRUMENTATION OF THE DAM

A-II-1. Location of Strong-Motion Instrumentation

Two strong-motion accelerographs (AR-240) and six seismoscopes
were installed in June 1967, on and around Santa Felicia Dam. The crest
accelerograph was located at the center section of the dam crest, 20 ft.
south of the dam axis and 55 ft. east of the crest mid-point (see Fig.4).
The small building shown in Fig.5 housed the crest accelerograph and one
of the six seismoscopes. The abutment accelerograph was placed in the
caretaker's shop at the downstream end of the outlet tunnel as shown in

Fig.7-a; this also provided a shelter for the second seismoscope. The

time trace circuits of both the base and the crest accelerograms were
tied together. Two seismoscopes were located on the east and west
abutments of the dam. Figure 6 shows the east abutment seismoscope.
Another seismoscope was near the end of the downstream slope close

to bedrock, and the last one was placed on the crest one-fourth of the

way from the spillway. The accelerographs were not moved until recently
(early 1977) when the AR-240 on the abutment was replaced by an SMA-I
equipped with WWVDB receiver., Figure 7-a shows the seismoscope array

of Santa Felicia Dam.
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A-II-2 Up-grading of the Strong-Motion Accelerographs

Recent concern about the so-called "Palmdale Uplift'' along the
San Andreas Fault has led both seismologists and earthquake engineers
to re-examine the strong-motion earthquake recorders in that general
area, as indicated by Housnerz. In particular, the Lake Hughes array
of strong-motion accelerographs is being upgraded and extended., This
array starts with an instrument by the San Andreas Fault necar Lake Hughes
and extends in a southwesterly direction with four accelerographs spaced
a couple of miles apart. The strong-motion accelerograph below
Santa Felicia Dam makes a 1ogical’extension of this area. As mentioned
before, the abutment accelerograph was replaced with a new and improved
instrument; however, the crest accelerograph has not been replaced
since it was installed in June 1967. Generally, this improvement will
give‘better information on the timing of the recorded ground motion
through greater reliability, earlier triggering, and higher compatibility
with the radio time receivers. In addition, if the accelerograph on the
crest of the dam is replaced with a new, improved instrument, this would
provide much better information for analyzing the structural behavior
of the dam, especially if a strong earthquake originates on the San

Andreas Fault.
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Fig. 6 East (left) abutment seismoscope
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A-III PERFORMANCE OF THE DAM DURING TWO EARTHQUAKES

Two accelerograms, each composed of three components, one at
the abutment and one at the crest, were obtained at Santa Felicia Dam
during two recent earthquakes. One record was recovered from the
San Fernando earthquake of February 9, 1971 which had a l.ocal magnitude
of 6.3, and the other record was recovered from the Southern California
earthquake of April 8, 1976 which had a local magnitude of 4.7. In this
section, the performance of the dam during these two earthquakes is

examined,

A-1II-1 San Fernando Earthquake of February 9,1971

On February 9, 1971, at approximately 6:00 a.m. the six seis-
moscopes and the two accelerometers at the crest and the base (Figs.6-a
and 7) of Santa Felicia Dam were activated by a strong shake. Afterwards,
inspection of the east abutment seismoscope indicated that the motion
was roughly northwest - southeast. Figure 8 shows the oscillations which
were scratched on the smoked glass of the six seismoscopes. The dam
was about 33.4 Km west of the San Fernando epicenter; the precise di-
rection between epic:enter and dam was N80°W. Table 2-a lists all six
recovered seismoscope records. For each record, the maximum dis-
placement on the plate was measured (from the initial zero point},

and the maximum relative displacement response spectrum, S, was

d’
calculated (Hudson, 1971).

Both the abutment and the crest accelerograms were recorded
on AR-240 accelerographs. Figures 9 through 11 show the crest and

abutment records,and Table 2-b is a summary of both of the accelerograph

records,
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Standard data processing, including the uncorrected digitized
accelerograms, the corrected accelerograms, integrated velocity
and displacement records, the response specti'um curves and finally
the Fourier amplitude spectra, of these records can be found in Caltech
Reports Nos. EERIL 71~22, 73-50, 73~83 and 73-103.

It is important to indicate that the time trace circuits were
interconnected, so that the timing pips on both the abutment and the
crest accelerograms represent the same absolute time, plus or minus
some multiple of 0.5 seconds (since the instruments did not necessarily
trigger simultaneously). The first 3 to 3.5 seconds of the abutment
record have been lost due to double exposure. Furthermore, the edge
of the doubly-exposed area is not normal to the axis of the film and hence
the recoverable traces in each of the three directional components start
at different times, as illustrated in Fig. 7-b,

However, by comparing peaks in the Caltech-digitized Vol,II
record with the same peaks in a copy of the original record, it appears
that, in the digitization process, the time scale of the digitized record-
was reset to zero at the beginning of each trace, so that the relation
between the components was eradicated.

The time differences, to the nearest .02 secs, between the Vol.II
time scales of the crest and abutment (outlet works) records are given
in Table 3. They were found by first comparing displacement peaks in
the two records to find the approximate time difference to the nearest
timing mark. An allowance of approximately 0.2 secs was made for the
displacement pulse to travel the height of the dam (273 ft.). Knowing
the time differences to the nearest 0.5 secs, corresponding acceleration

peaks in the digitized and in the original records were compared to find
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TABLE 3

Time Differences Between the Digitized Volume II Records
Santa Felicia Dam, February 9, 1971

Time of Crest Record at Start

Abutment Record of Abutment Record

Component {Seconds)
S82W 3.24

Down 3.27
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the precise time differences.

Finally, since neither instrument was exactly aligned with the dam
axis (S78. 6°W) the horizontal components of each record were rotated to
be parallel and normal to the dam axis (see Fig.6-a). The rotations
were small; 3.4° at the abutment and 3.6° in the opposite direction at
the crest. The difference between the starting times of the base record
components were taken into account, and rotated horizontal components
were obtained starting at 3.34 secs on the crest record time scale as
shown in Fig.6-b.

A further complication in the base record developed due to the
fact that the floor of the valve house, to which the instrument was fixed,
apparently rested on a concrete standpipe rather than on firm ground.
Presumably this is the cause of the peaks in the Fourier amplitude
spectra of the abutment record, near 10 Hz (this will be shown later in

this report).
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a - Interpretation of the Recorded Accelerograms

The two digitized and filtered accelerograms of the abutment and
of the crest obtained at Santa Felicia Dam during the San Fernando
earthquake, along with the calculated velocities and displacements, are
shown in Figs. 9 through 11. In these figures, it is important to
note the different time origins of the accelerograms.

In the upstream/downstream component (S11.4° E) of both the
crest and the abutment records (Fig. 9), there is a region (from 0
to about 20 seconds) which has a high acceleration level with rela-
tively high predominant frequencies, whereas the remainder of the
records (from about 20 to 50 seconds) show a low acceleration
level and lower predominant frequencies, Thus, possibly there is
a greater contribution from surface waves in the latter portion of
both the crest and the abutment accelerograms.

The first part (0 to 20 seconds) of the crest accelerogram,
shown in Fig. 9-a, consists of the first mode response of the dam,
with an apparent period of about 0.7 secs, superimposed on long-
period surface waves. In addition, the displacement curve in
Fig. 9-a consists of the 0.7 secs short-period portion and fluctua-
tions at longer periods. Since the acceleration at the crest reflects
the absolute motion of the structure, the displacement curve is con-
sidered to show a combination of the motion of the crest with respect
to the abutment (structural motion), which is the motion of shorter
period, superimpoéed upon a longer-period motion which represents
the displacement of the bedrock of the dam (ground motion). There-
fore, the crest record shows that in the upstr'eam/downsfream

direction the dam responded mainly in its fundamental mode.
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Actually there is some contribution from the higher modes apparent
in the first part of the response, but this contribution is generally
small compared to the response of the fundamental mode.

The observed response of the crest component parallel to the
dam axis (S78.6° W)showed a fundamental period of about 0.75 secs
as well as significant contribution from the higher modes, as shown
in Fig. 10.-

The vertical components of the earthquake motion measured
at the abutment and crest of the dam did nof exhibit any predominant.
period of vibration as indicated by Fig. 11. The maximum amplitude of
dynamic displacement of the bedrock at the site in the direction per-
pendicular to the dam axis appears in Figs. 9{(a) and (b) to be about
8 cm. Superimposed on this, the amplitude of fundamental mode
displacements of the dam crest with respect to the base seems to he
in the order of approximately 1.3 cm upstream anci downstream.

It is apparent, therefore, that relatively small deformations and
strains must have been generated in the structure during the earth-

quake,

b - Cracks at the East Abutment

The 6.3 magnitude earthquake of Februar')f 9, 1971 caused
longitudinal stresses that created a crack on the road surface of the
dam crest at the east abutment (Ref. 2), The crack, approximately
one-sixteenth of an inch in width, ran through the roadway pavement,
nearly perpendicular to the dam axis. Extension of the crack was
traced to the natural overburden northeast of the dam as shown in

Fig. 12. The depth of the crack is not known. Close observations



-32-

~on February 9, 1971 of both abutment‘s, upstream and downstream,
revealed no other cracking or seepage which might indicate a hazard-

ous condition. This narrow meandering crack across the crest at

. -the cast abutment appears to have no structural significance since it

is in a portion of the roadway which is east of the dam proper.

Nonetheless, investigations have implied that there has been a
continuous small longitudinal movement of the dam crest toward the
cast abutment, which indicates a compression of the dam against
this abutment, but the 1/16-inch lateral crack which occurred during
the earthquake indicates tension at this point, which is close to the
point of contact of the dam crest with the abutment. So while this |
may be only an insignificant surface crack, it is possible that the
sharp ridge forming the abutment has been sheared, possibly leaving
an essentially loose block of rock. Perhaps the depth and extent
of this crack should be investigated to make sure that it will not be
é. hazard when the reservoir is full and spilling.

In general, the performance of the dam and the outlet works
appeared gquite satisfactory; in spite of an indicated seismic ac-
celeration of nearly 0.25g, the earthquake had only minor effects.
Apart from the earthquake, the total settlements and lateral movements
to date of the dam are well within normal limits and the additional
amounts caused by the earthquake are quite normal.

Copies of various drawings, a post-San Fernando inspection
report and miscellaneous correspondence between Professor Housner
and UWCD are filed in the Earthquake Engineering Library at

Caltech. (1,2)
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A-TII-2 Southern California Earthquake of April 8, 1976

Two accelerograph records were recovered at the Santa Felicia
Dam from the U.S. Geological Survey's national network of strong-
motion instrumentation(7) following the Southern California earth-
quake of April 8, 1976. One was recorded at the base and the other
at the crest. The maximum indicated acceleration during this 4.7
local magnitude event was 0.05g. The dam was 14 Km northeast
of the epicenter. Table 4 is a summary of the accelerograph
records of Santa Felicia Dam.

The seismoscope records from this small earthquake show so
little motion that they are mdistingu-ishable from plates left on a
seismoscope for an extended period of time. However, the ac-
celerograph recordings are very interesting in the analysis of the
behavior of the dam in spite of the relatively small amplitude of
motion. Unlike the recordings during the San Fernando earthquake,
" the two horizontal components of the 1976 earthquake motion (SlZOE
and S78°W)were recorded almost perpendicular to the dam axis
{(S11.4°E) and the longitudinal axis of the dam (S78.6°W). In addition,
the recovered record of the crest has a duration of about 18 secs,
while the recovered record of the right abutment has only & seconds
duration. The corrected accelerogram and integrated velocity and
displacement traces (Vol. II data) of the two records are shown in
Figs. 13 through 15; the standard data processing of the other three
volumes (I, III and IV) can be found in Appendix A.

The observed responses of both the crest and the abutment
show long period rnoticlms in the integrated velocity and displacement;

this could be due to human digitization error, to the shortness of
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the records or to a contribution from surface waves. The response
of the fundamental mode in the upstream/downstream direction
(component S12°FE) with an apparent period of about 0.7 scconds is
indicated by the computed velocity plot of Fig. 13. Similarly, the
component parallel to the dam axis showed a fundamental period of
about 0.73 seconds superimposed on long-period surface waves.

In this event, the amplitude of the dynamic displaceﬁent of the

crest with respect to the base (component s12° E) in the fundamental

mode was only about 1 mm.
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TABLE 4

Summary of the Santa Felicia Dam Accelerograph

Station Liocation
Event Component |Max. Acceleration

Name Coordinate (g)
8 April 1976 Crest 34. 46N S12E 0.05
1521 GMT 118.75W S78W 0.05
Southern California Down 0.03

Earthquake

Right 34. 46N S12E 0.05
Local Magnitude |Abutment] 118,75W S7T8W 0.04
4.7 Down 0.03
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A-IV ANALYSES OF RECORDED MOTIONS

A-IV-1 Amplification Spectra

a - San Fernando Farthguake

The amplification spectra for the approximately 50 seconds of
motion were computed by dividing the Fourier amplitude spectrum of
the acceleration recorded at the dam crest by that recorded at the
abutment for each component of motion, and then smoothing first
with one pass and then with two passes of a Hanning Window
(%, 3, T weights). Figures 16 through 24 show the Fourier amplitude
spectra as well as the amplification spectra (with only one pass of
smoothing) and the corresponding smoothed spectra (with two passes)
for the two records of Santa Felicia Dam.

The amplification spectrum for the upstream/downstream direc-
tion (Fig. 18-a) shows a predominant single peak at 1.46 Hz, while
the smoothed spectrum (Fig. 18-b) shows the peak at 1.44 Hz.

This peak's amplitude is greater than twice that of the four next
strongest pe’aks, occurring at 1.10, 1.83, 2.05 and 3.96 Hz. Several
other small peaks are apparent in the spectrum.

The second horizontal component, parallel to the crest (the
longitudinal component S78°W) shows two dominant peaks (in Fig.'lZI-b,
~at 1.35 and 4.88 Hz). However, this spectrum h#s several well-
defined secondary peaks suggesting greater participation of the higher
modes of vibration in this direction than in the upstream/downstream
direction. More than eight of these peaks were higher than one-third

of the amplitude of the main peak at 1.35 Haz.
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SAN FERNANDO EARTHQURKE FEB. 9., 1971
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The amplification spectrum of the vertical component (Fig. 24-b)
shows two dominant peaks at about 2.20 and 5.15 Hz; it also has
several well-defined secondary peaks. The high peaks in. the frequency
range 20 to 25 Hz in Fig. 24 do not look real, and they can be dis-
regarded.

Finally, it is important to note the peaks in the Fourier am-
plitude spectra of the abutment records at about 10 Hz. These peaks
were caused, as indicated previously, by the vibrations of the concrete
standpipe on which the .floor of the valve house rests. The strong-

motion instrument was fixed on this floor rather than on firm ground.

b - The 1976 Southern California FEarthquake

The Fourier amplitude spectra and the amplification spectra of
the April 8, 1976 Southern California earthquake are shown in
Figs. 25 through 29.

The amplification spectrum for the upstream/downstream direc-
tion (Fig. 26) again shows a dominant peak at 1.46 Hz; there is
another high peak at 2.73 Hz, and several other smaller peaks
occurred at 1.66, 1,86, 2,08, 2.25 and 3.81 Hz.

For the component parallel to the dam axis, shown in Fig. 29-a,
there are several well-defined strong peaks occurring at 1.27, 1.66,
1.86, 3.22, 4.20, 5.57 and 6.93 Hz; these peaks have almost the
same amount of participation in the response of the dam in that
direction.

The wvertical component {(Fig. 29-b) shows one dominant peak at
2.25 Hz, in addition to several high secondary peaks at 0.98, 1.76,

3.03, 3.22, 4.10 and 6.64 Hz,
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Tables 5, 6 and 7 contain the frequencies and relative heights
of peaks in the three components' amplification spectra for the two
earthquakes. They also show the effects of smoothing on both the
frequencies and the amplitudes for the 1971 San Fernando earthquake,
These tables further indicate that the two earthquakes have shaken

the dam at essentially the same rescnant frequencies,
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A-IV-2 Relative Acceleration, Velocity and Displacement

It is important to know the motion of the crest with respect to
that of the abutment of the dam, as it will be employed later on.
From the two recorded accelerograms of the 1971 San Fernando
carthquake, the relative acceleration, velocity and displacement of
the crest with respect to the abutment was obtained by taking the time
differences of the two accelerograms (Table 3) into consideration.

Figures 30, 31 and 32 show the subtracted and corrected relative
values of acceleration, velocity and displacement of the 1971
San Fernando earthquake; they all start at 3.34 seconds on the un-
distorted crest record of Fig. 6-b. The subtraction of the long-
period ground displacement has not resulted in even comparatively
smooth curves for relative displacement, as anticipated; instead, the
relative displacement of the two horizontal components still includes
even longer fluctuations with longer period of about 15 seconds; this
could be due to a processing error in the digitizing of the accelero-
grams.

Comparing Figs., 9 and 31 (which are on different time scales),
it is seen that for the upstream/downstream component, the relative
velocity and displacement still show an apparent dominant period of
about 0.7 seconds superimposed on long period fluctuations, Some
possible contributions of the higher modes to the acceleration, velocity
and displacement are still evident in these figures. Similarly, by
comparing Figs. 11 and 31, cne can see the response of the fundamen-
tal mode at period of about 0.75 seconds as well as contributions from

the higher modes.
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Since for the 1976 earthquake, the durations of the crest and
abutment records are not the same, only part of the crest record is
considered in calculating relative motion. And since the two recorded
accelerograms have an accurate time correspondence, the relative
velocity and displacement of the crest with respect to the abutment
can be obtained by subtracting the calculated ground velocity and dis-
placement {rom the record measured at the crest. The subtracted
and corrected relative acceleration, wvelocity and displacement of only
the upstream/downstream component are plotted in Fig. 33. The
relative velocity curve shows the response of the predominant fun-
damental mode with apparent period of about 0.69 seconds as well

as some contribution from higher modes.
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EARTHQUAKE OF APRIL 8 1976 (0721 PST)

SANTAR FELICIA DAM. CALIFORNIA

COMPONENT OF THE UPSTRERM/DOWNSTREAM DIRECTION (S11.4E3}
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A-V FIELD WAVE-VELOCITY MEASUREMENTS

The most reliable method of determining values of the dam's
material constants, such as elastic moduli and Poisson's ratio, is
by measuring the velocities of shear and compression {or dilatation)
waves through the material in situ.

Field wave-velocity measurements or seismic tests were carried

out for Santa Felicia Dam with the following objectives:

1 - To check the order of magnitude of the suggested shear
wave velocity {assumed constant throughout the dam) which
was estimated from the observed resonant frequency of the
amplification spectrum as well as from the use of the
existing shear-beam theories, as mentioned later.

2 - To study the variation of the shear wave velocity at various
depths in the dam, because the earth fill used for Santa
Felicia Dam was cchesive in the core and cohesionless for
the shell materials.

3 - To establish a representative and reliable mean value of the
material constants for use in the earthquake response analyses.

4 - To compare shear modulus and consequently shear strain
resulting from seismic tests with those resulting from the

two earthquakes.

The wave-velocity measurements were made using the Bison
Model 1570B Signal Enhancement Seismograph, a geophone and a
sledge hammer, shown in Fig. 34. This equipment was generously
made available by Kinemetrics, Inc., Pasadena, California.

The experimental procedures were carried out in the following

manner:



-67-

1 - A line of hammer stations was used along both the crest
and the upstream slope of the dam. First the crest was
divided into three parts, each part (about 300 ft long)
having a line of three hammer stations (about 100 ft apart)
as shown in Fig. 35. Then the seismograph was placed at
one end of each part, and the signals from the three hammer
impact stations of that part were observed; the process was
reversed at the other end. Second, the dam was struck
twice with the sledge hammer at two different points on
the upstream slope, and both the seismograph and the geo-
phone were mounted on the downstream slope as shown in
Fig. 36.

2 - The seismic signals were procduced by the hammer impacts
at the individual hammer stations. Then the signal
travelled through the subsurface of the dam and caused
minute vibrations of the geophone.

3 - The electrical output of the geophone was transmitted to
the seismograph where it was amplified, digitized, and
stored in electronic memory. Then the wave form was
displayed on the viewing screen where the signal could be
viewed for as long as desired, until erased, and where it
also could be photographed.

4 - The travel time of the seismic wave through the dam be-
tween the hammer impact instant and any position on the
wave form could be displayed digitally to three significant
figures. Successive time measurements at increasing
hammer distance can be interpreted in terms of subsurface

structure and seismic velocities, as will be illustrated later.
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To enhance the signal at any hammer or impact station, the
impact at this station was repeated so the in-phase signals, added
together, reinforce each other and give a large total signal; signals
which are randomly phased tend to cancel each other. The signals
from any impact station always arrived at exactly the same time
with respect to the impact instant (which initiated the process).

Since the summed seismic signal at all times can be observed, it
ig possible to use one or two or three or as many impacts as
necessary in order to bring out the true seismic signal.

The time intervals between the initiation of a seismic wave
at the source and its arrival at the géophone, for both shear and
compression waves, were instantaneocusly awvailable. Figure 35
and Tables 8 and 9 show the field time readings for the arrival of
the waves and the corresponding impact distance. The digital
readout of time appears directly above the seismic wave form on
the oscilloscope of the Bison apparatus, and by means of a visible
marker on the wave form, the digital time reading can be referenced
to any desired part of the signal such as the first motion or the
first peak (or trough).

| The seismograph does not tell what path the travelling wave
has followed; this information can be obtained by means of seismic
graphs (plots showing the field readings versus impact distance) such
as those shown in Fig. 35. The seismic waves change in direction
as the wave velocity increases with depth continuously or as they pass
from one subsurface layer into the next; i.e.,, there is always re-
fraction at the faces of digcontinuity within the dam. In calculating

shear wave wvelocities from the crest measurements, it was assumed
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that all seismic waves from the hammer blow and all seismic noise
arrive at an angle, so tbat different points on the surface are reached
at different times. The depth at which a test is conducted is closel‘,f
related to the length of the seismic line. Assuming a ratio of 1:3
between these quantities, it was concluded that a 300-foot-long
seismic line will detect soil within 100 feet of the surface. It was
also assumed that the distance travelled by the wave is 1.2 times
the impact distance. Thus, knowing the distance travelled and the
time taken, the wave velocity could be computed at the suggested
depth as shown by Table 8. For the wave velocity measurements
taken across the dam cross section, data were taken by measuring
on a horizontal path through the dam as shown in Fig. 36, ex-
tending from the downstream face to a point about 30 ft (and then

50 ft) vertically below the upstream edge of the crest. Approxi-
mately 30% of the length of the path traversed by the waves |
consisted of compacted fill, and 70% consisted of pervious fill; the
computed wave velocities are shown in Table 9.

Poisson's ratio can be evaluated by using the two relations

2
.
K 4
(52)=a+'3" 1)
S
and
K 2114V
X oozjlae | 2)
S -3

where K is the bulk modulus, vp is the compression {or dilatational) wave
velocity, v, is the shear wave velocity and Vis Poisson's ratio, Table 9 and

10 show both the ratio K/G and Poisson's ratio v for every test.
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Figure 37 shows the relationship between the measured shear
wave velocity and the suggested depth at which this velocity is estima-
ted, for the different tests; Fig. 39 shows the same relationship for
the compression wave velocity. The area between the two dashed
lines (in Figs. 38 and 39) is suggested for the region where data
points are clustered. The extrapolated region is not necessarily
representative of the dam materials. From the two figures the

following observations can be made:

1 - The low value of Ve (or vp) in the region close to the
crest (at a depth of about 30 ft) and the relatively large
increase of Vg (or vp) below the crest, at a depth of
about 100 f, would seem to indicate that this dam con-
sists of mainly cohesionless materials where the shear’
modulus varies with the confining pressure. It could also,
however, be due to the variable nature of the fill material
since the dam material consists of gravel, sand and silty
clay. Thus, it can be assumed that the shear wave
velocity is not constant throughout the dam.

2 - Due to the velocity variation throughout the dam, it was
thought desirable to establish a mean value for use in
dynamic response analyses and for use in comparing this
mean value with the value computed from the amplification
spectrum. Since measurements were not taken through the
whole depth of the dam, it was decided to take the wvalue of
the velocity (in the “extrapola.ted arca) at a depth equal to

('§“ to %)h or at approximately 158 - 177 ft below the crest.
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This gives a range of Ve between 870 ft/sec and about
1,070 ft/sec, as compared to the computed v of 850 ft/sec
mentioned later., Thus, the wvalue of Ve computed from the
observed carthquake response was at least of the same
order of magnitude as values determined from the wave
velocity measurements. To obtain average values of Vg for
the entire dam using seismic techniques, a comprehensive
testing program would be necessary.

3 - As seen in Tables 8 and 9, the seismic tests give a mean
value for Poisson's ratio v of 0.45; this can be taken as
representative of the dam material. This value is also in
the same order of magnitude as that suggested by Martin
(1965) for this type of dam.

4 - In any dynamic response analyses, shear-beam models with
shear modulus varying with the depth (to be mentioned later)
would be more appropriate than models with constant shear
modulus to estimate dynamic shear strains and stresses.
However, it would be interesting to compare results oh-
tained by the two types of models.

It is worthwhile to compare values of shear modulus resulting
from the measured shear wave velocity (assuming the density 9 is
constant throughout the dam) with those wvalues computed from the
relation G(y) = SO('Y y/?.j% mentioned later. From the analysis in

4/3 1b—1/6 s -1

section B-II, a value of v_, = (SO/P)% = 195.0 (ft ec )

was obtained, leading to S0 = 0.1529 X 106; then by using Y = 129.33
6 1

1b/ft3 one can have G{y) = 0.6053 X 10 (y)a. This curve has been
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plotted in Fig. 39 along with all the values of G {rom the different
tests. Tt is difficult to determine the exact trend of the observed data
1

points but they fit reasonably well with the curve G{y) = SO(YV/Z)E,

especially at shallow depths, up to 90 ft, say beyond which there is

deviation from the curve of G{y).
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B. ANALYSIS

B-I BASIS OF THE ANALYSIS

The idea of studying the nonlinear (or hysteretic) behavior of
structures from their measured earthquake response was initiated by
lIemura and Jennings (1973} when they attempted to find simple des-
criptions for the nonlinear response of a nine-story reinforced con-
crete building (Millikan ILibrary of Caltech) during the San Fernando
earthquake of 1971. In their study, the response of the fundamental
mode of the building was treated as that of a single-degree-of-
freedom hysteretic structure, and the dynamic force-deflection
relation of this mode was recovered by plotting the measured values
of absolute acceleration (recorded at the roof of the building) against
the calculated values of relative displacement of the roof with
respect to the base. The mathematics behind Iemura and Jennings!'
idea is based on the equation of motion of a single-degree-of-freedom

system excited by an earthquake:
F(x,x) = -M(x + z) , (3)

in which F(x,x) represents the nonlinear restoring force due to re-
lative Velécity x and displacement x; M is the mass and z is the ground
acceleration as shown in Fig. 40-a. Using this relation, a pre-
liminary version of the hysteretic response of the building was obtained
by plotting the relative displacement x(t) against the absolute ac-
celeration (55(1:) + 'z'(t)).

From examination of the records of the dam's earthquake

‘responses, in both the time and frequency domains, it was found that
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the dam responded primarily in its fundamental mode in the upstream/
downstream direction, although there was some vibration of the higher
modes apparent in the response and in the amplification spectra.
Consequently, the response in the fundamental mode of the dam in
its upstream/downstream direction was treated as that of a single-
degree-of-freedom hysteretic structure, in order to study the dam's
nonlinear behavior. DBy applying Ilemura-Jennings' basic idea, a
preliminary version of the hysteretic response of the earth dam was
obtained. From this, certain parameters such as equivalent soil
moduli and damping factors can be estimated.

Because meost soils, including earth dam fills, have curvilinear
stress-strain relationships (Seed and Idriss, 1970) as shown in
Fig. 41, the equivalent linear shear modulus is usually expressed
as the secant modulus determined by the slope of the line joining
the extreme points of the hysteresis loops, while the damping factor
is proportional to the area inside the hysteresis loop. It is apparent
that each of these properties will depend on the magnitude of the
strain for which the hysteresis loop is determined, and thus both
shear moduli and damping factors must be determined as functions of
the induced strain in an earth dam or any soil specimen. As indicated
by Fig. 41 for large dynamic strains, such as those which would occur
in earth dams subjected to large earthquakes, the effective shear
modulus would be less than that for the low amplitude vibrations,
obtained in small earthquakes or in field tests, due to the nonlinear
hysteretic behavior exhibited by the dam's materials.

It is the purpose of this investigation to provide some data on

the dynamic shear moduli and damping factors for the Santa Felicia Dam
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materials, from the earthquake observations; most available data
to date have been developed for sands and saturated clays by means

of laboratory tests.
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B-II FREE VIBRATION ANALYSIS FOR EARTH DAMS

B-II-1 Obtaining Natural Frequencies and Modes of Vibration
by Using Existing Shear-Beam Theories

Certain existing shear-beam theories are useful in obtaining a
check on the order of magnitude of the resonant frequencies
corresponding to peak values of the amplification spectrum curves
and in estimating the shear wave velocity of the dam material. Use
of these theories can establish a value for the shear wave velocity
(aséﬁmed, as a first approximation, constant throughout the dam) from,
for insfance, the observed fundamental frequency. This estimated
value of shear wave velocity can then be used to calculate other
frequencies higher than the fundamental., Then a comparison be-
tween the values of resonant frequencies obtained from the earthguake
observations and those computed by applying the existing theories,
can be made. Actually, a visual inspection of the amplification spectra
obtained from the two earthquakes revéals that the values of the
resonant frequencies vary slightly from one earthquake to the other.

Earth dams are large three-dimensional structures constructed
from inelastic and non-homogeneous materials. Consequently, the
computation of natural frequencies and modes of vibration is extremely
difficult, and as a result, existing theories and analyses of earth
dams make many simplifying assumptions. The basic assumptibn in
all these theories is that of horizontal shear deformation with shear
stress uniformly distributed over horizontal planes. In this area, it
is important to mention Mononobe, et. al., (1936), Hatanaka (1955),
Ambraseys (1960), Minami (1960), Rashid (1961), Keightley (1963) and

Martin (1965). These investigators and others have contributed
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significantly to the development of the so-called shear-beam or 'v's.lice”
theories of earth dams, for models ranging from an infinitely long
beam with triangular cross-section resting on a rigid foundation,
through a triangular elastic wedge in a rectangular canyon, and a
truncated elastic wedge resting on an elastic foundation, to a case
where the shear modulus varies with the depth of the dam. For the
completeness of this report, a brief presentation of the results of

some of these theo-ries follows.

1 - The One-dimensional Shear-beam Theory (Infinite Length)

a - Constant Shear Modulus

Dams constructed of homogeneous compacted earth fill con-
sisting of material which is cohesive in nature can, at first
approximation, be assumed to have a constant shear modulus.‘

The equation of motion governing free vibration of an elastic

wedge considered as a shear beam with depth h, infinite length and

!

where u(y,t) is the displacement at depth y in the x-direction (see

constant shear modulus, G, is given by

<

btz P Oy

2%y _ Glofu 1
y

Tig. 42), and ¢ is the mass density of the dam materials.

The natural frequencies and modes of vibration can be given by
A
w = EVE L n=123..., (4)

Y, (v

i
OLI
Ko
=3
S
h g
B
I
—
R
&

(5)
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where |3n, n=1,2,3,..., are the roots of the Bessel function of zero
order of the first kind, Jo(B ), le.g., Py = 2.4048, B, = 5.5201,

B3 = 8.653, etc. ]. The constant n/:?—_-' is equal to the velocity of shear
wave propagation, Vs within the dam. The modal participation factor

is given by

h
) /¥ ym(y)dy o, )

Pn- 5 - _Q‘Tl(ﬁ’) , n=1,2,3... (6)
{ Y (y)m(y)dy Ben

where mf{y) is the mass at depth y.

b - Shear Modulus Proportional to the Cube Root of the Depth

For earth dams consisting primarily of cohesionless
materials, the analysis based on the assumption that G(y) = SO(X%)%
is more appropriate, for it has been shown that for such materials
the dynamic shear modulus is approximately proportional to the
cube root of the confining pressure (Richart, 1960). The parameter
Veo T @, (f‘c‘g‘/3 l]o_l/6 sec“l), defines the elastic properties
needed fof'} dynamic analysis of the dam, as does Vg for the comstant
modulus case.

The equation of motion for this case, where G increases as the

cube root of the depth, was derived by Rashid (1960); it can be

shown to be

where vy is the density of the dam materials.
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The natural frequencies and modes of vibration are given by

O =

-0.2
- Lm0 Jo.z[“n(y/h)%] =123, , (9)

where the values of @ are given by the zero values of the Bessel

function,

T ola), le.g., @) = 2.707, a, = 5.83, o, = 8.95, etc. J.

The modal participation factor is given by

h

/Y (ymly)d
po= 2 . 2 , n=1,2,3,..
o 0.8

{ v ymyay 2B a) (a)

(10)

2 - The Two-dimensional Shear-beam Theory (Finite Length)

In this case, the dam is assumed to be a triangular wedge in

a rectangular canyon with finite length f and a constant shear

modulus G.

The eguation of motion is given by (see Ref. 3)

bzu _ G bzu bzu Su ) (11)

1

The natural freguencies and modes of vibration are given by

Wi

nr n

v 2
« :h_s[ﬁz+(%rb_)] ’ n’rzl}zx?)"" ] (12)

e 7) = YZ,0a) = T(BE) sin (FF) L wrosLz3.

(13)
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where the numerical values of ﬁn are the same as those for the one-
dimensional case. Figure 42 shows the first symmetric and first
antisymmetric mode shapes for the two-dimensional model of the dam.

The modal participation factor is given hy

'
J Y () Z_(z)m(y) dydz
0 8
= _=— ’ n)r9=1:2"3:'

4
. f Ynz' {y) Zrz' (z)m(y) dydz rw E'nJl (ﬁn)
0

n, r

NHON

(14)

The results for the two-dimensional problem where the shear
modulus G increases as the cube root of the depth, and for the
Ambrasey's model of a truncated elastic wedge are very lengthy but

can be found in Refs. 10 and 11.

B-II-2 Calculation of Natural Frequencies for Santa Felicia Dam

Inspection of the amplification spectrum curves obtained from the
two earthquakes shows the fundamental frequency, fl, in the upstream/
downstream direction, to be about 1.45 Hz {or Wy = wal = 9.11 rad/sec).

1 - For the one-dimensional case with constant G, substituting

values of h = 236.5 and of wy=9.11 rad/sec, in Eq. 4,

gives a value of v_= 895.98 ft/sec. The depth of the dam

h was taken to be the average value of the depth to the bed- |
rock level(273 ft) and the depth to the original streambed
level (200 ft).

2 - For the one-dimensional case with G proportional to the cube

root of the depth, the specific weight Y was assumed equal
to 129.33 1b/ft3, which is probably representative of most of

N

the dam materials based on the average of the dry, moist
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and saturated weight characteristics of both the core and
shell materials of Table 1. Substituting values of Y= 129.33

4

/e (p= v/g = 4.02 b &% sec?), h= 236.5 ft and

w = 9.11 rad/sec in Eq. 8 gives a value of v_g = 191.35
@3 18 gechy,

For the two-dimensional theory of a triangular 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.,

£=0.5 (1275 + 450) = 912.5 ft. Now substituting values

of fll = 1.45 Hz, £=912.5ft, h = 236.5 ft in Eq. 12

gives a value of v_= 848.66 ft/sec. This is fairly close
to, but still lower than, the value obtained by the one-
dimensional theory, with G being constant.

Setting fll = 1,45 Hz in Ambrasey's truncated, finite-
length shear wedge model results in a shear wave
velocity, v_, of 850.23 ft/sec. This is very close to the
value obtained from the two-dimensional shear beam theory.
Martin (1965) has indicated that the fundamental mode of
vibration is generally the predominant mode controlling the
response of an earth dam, and hence it is of interest to
cbserve the variation of fundamental period over the range
of shear wave velocities appropriate for earth dams., He
suggested the curves of Fig. 43 which show the wvariation of
fundamental period for earth dams of varying heights for

both the one-dimensional theory and the two-dimensional
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Fig. 43 Variation of fundamental period with dam height and material
properties (after Martin, 1965)
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theory, the latter being applied to the particular case of a
rectangular canyon where the dam height equals the canyon
width. It is seen, from Iig. 43, that dams constructed

of cohesionless material [G = SO(‘YV/Z.)%] have lower
periods of vibration than dams of the same height con-
structed from compacted cohesive earth-fill (G = constant).
For a dam with a height of 236.5'and a natural period of
vibration of 0.69 seconds (fl = 1.45 Hz), Martin's curves

(Fig. 43) give the following:

a - v 7 1000 ft/sec (L= *, one-dimensional theory)

b - v = 800 ft/sec (£ =h, two-dimensional theory)
- 4/3 .-1/6 -1
C - v,y 210 (ft Ib ec 7) (£ =%, one-dimensional
theory)
d - v,, " 180 (ft4/3 11;1/6 sec-l) (£ =h, two-dimensional

20
theory)

6 - Martin (1965) also shows that for well-graded alluvial
materials with some binder, and compacted gravelly clays,
the values of the shear wave velocity can vary between 800
and 1200 ft/sec; since the Santa Felicia Dam material in
general consists of a gravelly, sandy, silty clay (typical of
well graded alluvial material), and since the dam was con-
structed using modern compaction methods and controls
Martin's suggested range of shear velocity is in reasonable
agreement with the previously calculated values of v, for
the dam.

As the earth fill used for Santa Felicia Dam was cohesive in

nature for the core materials and cohesionless for the shell materials,
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it was decided to study both the case where G is constant and the case
where G varies with the depth. For constant G in a dam of £/h = 3.86,
a value of vy 850 ft/sec is taken to be a reasonable value for com-
puting the natural frequencies of the dam. Shear wave wvelocity
measurements at the dam (Section A-V) show that there is a velocity
variation as the depth changes, but a mean value of v_ =~ 850 ft/sec
would be appropriate for use in the dynamic analyses even though it

is not necessarily representative of the entire dam. For the case
where G is not constant, a value of Vo = 195 (:Etéc/3 lb-l/é sec-l)
would be reasonable for use in computing the natural frequencies of
the dam.

Substituting values of v_ = 850 ft/sec and v_ = 195 wtd/3 1176
sec"l) in the frequency equations of the existing shear-beam theories gives
the natural frequencies of the darm. Table 10 illustrates a comparison
between the observed resonant and modal participations and estimated
values computed by using the shear-beam theories. TFrom this table
the following observations can be drawn:

1 - For Santa Felicia Dam, which has the ratio 2&/h = 3,86,

the error in the value for the fundamental frequency of
vibration obtained by the two-dimensional theory as com-
pared to the value obtained by the one-dimensional theory
(with constant shear modulus) is less than 5%. Both
Hatanaka (1955) and Rashid (1961) have shown, for the
case of a dam in a rectangular canyon, that when the ratio

4/h is greater than 4 this error in the fundamental frequency

is less than 5%.
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2 - The one-dimensional theory with shear modulus proportional
to the cube root of the dam depth gives approximately the
same fundamental frequency as does the two-dimensional
theory with constant shear modulus.

3 - The two one-dimensional theories are not good in evaluating
natural frequencies higher than the fundamental frequency.
Actually, w (or fn) in the one-dimensional theory corres-
ponds to O (or fnr) with r =1 in the two-dimensional
theory.

4 - In general, values of the observed resonant frequencies vary
slightly from those predicted by the theoretical analyses as
seen from Table 10, but overall, it is fair to say that the
correspondence between observation and analysis is good

over the entire frequency range evaluated.
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B-III HYSTERETIC RESPONSE OF THE FUNDAMENTAL MODE IN
THE UPSTREAM/DOWNSTREAM DIRECTION

A preliminary version of the hysteretic response of Santa
Felicia Dam was obtained by plotting the measured and corrected values
of acceleration (recorded during the San Fernando earthquake of 1971),
shown in Fig. 9, against the calculated values of relative displacement,
shown in Fig. 30, using the actual time difference between the crest
and abutment records. The time dependence of the hysteretic behavior
of the dam for the first 20 seconds of the corrected record is shown
in Fig. 44; each trajectory is plotted every 0.02 seconds and cach
loop is plotted every second. It is important to note that the
corrected acceleration (and consequently the calculated displacement)
was wide band-pass filtered using an Ormsby digital filter with cut-
off frequencies of 0.07 and 25 Hz and roll-off termination frequencies
of 0.05 and 27 Hz as shown in Fig. 40-b. This is standard filtering
at Caltech; in this report this filtering is designated by ''filtering
type A'l.

It was anticipated that a reasonable estimate of the first-mode
hysteresis of the dam, during the first 20 seconds of the response,
would be obtained, because the first mode of the vibration predominates
at this time. However, the first portion of the response (0 to 20 secs)
showed marked fluctuations along the badly tangled trajectory of the
supposed first-mode hysteresis. This fluctuation and tangling was
thought to be the result of the non-negligible contributions of the higher
modes of vibration of the dam, as well as of long-period human digitiza-
tion errors.

To obtain reasonable hysteresis loops and to remove the long-

period component (f << 1,45 Hz) that is superimposed on the response,
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the data was again band-pass filtered using an Ormsby filter with cut-
off frequencies of 0.3 and 25 Hz and roll-off termination frequencies
of 0.25 and 27 Hz, as shown in Fig. 40-b. By dcing so, the long-
period fluctuations (equal to or larger than 4 secs) were eliminated
from the absolute acceleration record, and then the relative velocity
and displacement were calculated. Figures 45 and 46 show the time
history of the newly filtered data; this filtering is designated

"type B'' (Fig. 40-b). From comparison of these ﬁewly filtered
curves with the absolute acceleration of the standard filtering type A
shown in Fig. 9 and the relative velocity and displacement in Fig. 30,
it can be seen that the long-period fluctuations have been greatly
diminished, but not completely eliminated, especially in the region
from about 10 secs to the end of the records. The first portion

(6 to 20 secs) of the absolute acceleration (crest record of Fig. 45-a)
still shows some contributions of the higher modes while the same
portion of the calculated relative displacement (Fig. 46) still exhibits
long-period fluctuations with period about 3 to 4 seconds.

The time-dependence of the hysteretic response of the dam, for
filtering type B, is shown in Fig. 47. The hysteresis loops are
noticeably smoother when compared to the earlier hysteretic response
obtained by filtering type A (Fig. 44), but they are still very tangled,
in particular in the figures of the period from 9 to 20 seconds
(Figs. 47-c, d and e), Thus, the hysteresis diagrams again showed
marked fluctuations ralong the trajectory of the supposed first-mode
hysteresis loops because of the non-negligible contributions of the

higher modes of vibration. These fluctuations make estimation of the
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slope of each loop very difficult as well as estimation of the area inside the
loop -- the two parameters necessary to estimate the equivalent shear
modulus and the equivalent viscous damping,

Finally, very narrow band-pass filtering was used in the ex-
pectation of obtaining good hysteresis loops. Because of the assump-
tion of a single-degree-of-freedom response, the effect of the second
mode of vibration was eliminated as well as any higher modes that
may have participated in the response. Thus, a narrow band-pass
filtering around 1.45 Hz (the natural frequency of the dam in the
upstream/downstream direction) was applied to the abutment and crest
records in order to produce reasonable loops. This had cut-off
frequencies at 1.27 and 1,50 Hz and roll-off termination frequencies
of 1.25 and 1.60 Hz (Fig. 40-b). The filtered acceleration records
and the calculated velocities and displacements are shown in Figs. 48
and 49, which can be compared with the accelerations, velocities and
displacements resulting from both filtering type A and type B of
Figs. 9, 10, 30, 45 and 46. From this comparison, it is apparent
that the response of the higher modes and the long-period fluctuations
(2 4 seconds) have been eliminated.

Using the results shown in Figs. 48-a and 49, the relationship
between the first mode's absolute acceleration, which is proporticnal
to the nonlinear restoring force (Eq. 3), and the relative displacement
was plotted every 0.02 secs and is given in Fig. 50.

It was particularly unfortunate that the first 3 to 3.5 secs of the
abutment record were lost due to double exposure because this part
of the record would have provided very useful information on the

small amplitude motion of the dam at the beginning of the earthquake.
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From the calculated relative displacement curve (Fig. 49) for filtering
type C, it can be seen that the level of vibration during the first 20
seconds can be divided into four regions. The first region, from
about 0 to 6 secs, has relatively high amplitudes. The second and
third regions include the parts from about 6 to 10 secs, and

from 16 to 20 secs, respectively, and both contain relatively small
amplitudes. Finally, the fourth region is from about 10 to 16

secs with intermediate amplitudes.

The plots of Figs. 50-a and b which are all to the same scales
show high amplitude hysteresis loops due to the high response levels.
At the beginning of the corrected response, from 0 to 6 secs (which
does not include the first 3 to 3.5 secs of the crest record), the
slopes of the hysteresis loops of the dam are quite clear; however,
the areas of the first three loops (from 0 to 3 secs) are not easy to
estimate. The first four loops have essentially the same slope while
the next two loops (from 4 to & secs), which have smaller amplitudés,
have larger slopes. Also, the areas of the fourth, fifth and sixth
loops are larger than those of the first two loops. The slopes of the
hysteresis loo?s are steep from 5 to 10 secs (as shown in Figs. 50-b
and ¢) as compared to those from O to 5 secs (Figs. 50-a and b).
Generally, from 6 to 10 secs the hysteretic properties of the dam
are not clear because of the small amplitudes in this part and
because of the high-frequency contribution in the absolute acceleration
of Fig. 48-a. From 10 to 16 secs the slopes of the smoother hys-
teresis loops (Fig. 50-c and d) decrease compared with those from 6
to 10 secs, and the areas of the loops are clearer and smaller.

Figures 50-c¢, d and e show the response from 16 to 20 secs and
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demonstrate that there are sudden changes in the restoring force due
to the small response level; the slopes are relatively steeper than
those from 10 to 16 secs. In addition, the areas of the hysteresis
loops during the period from 16 to 20 secs have clearly become
smaller than those for 10 to 16 secs or 6 to 10 secs, In addition,
this portion of the response (from 16 to 20 secs) shows that the

dam continued to exhibit a stiffer restoring force the smaller the
response levels became, with a relatively smaller energy dissipation
capacity, than during the earlier small response level from 6 to 10
secs. However, if the small response levels of the dam at the
beginning of the earthquake are taken into consideration, then there
is a possibility that the high amplitude response (‘from 0 to 6 secs)
caused degradation of the stiffness of the dam. Then, the low level
response from 6 to 10 secs increased the stiffness of the dam again,
and this was followed by a reduction of the stiffness caused by the
moderate amplitudes between 10 and 16 secs. Finally, the remaining
portion of small amplitudes from 16 to 20 secs again caused the
stiffness to increase considerably. It is readily apparent that the
slope of the hysteresis loop and the area inside the loop are depen-
dent on the magnitude of the response level for which the hysteresis
loop is determined; i.e., both shear moduli and damping factors must
be determined as functions of the induced strain in the dam.

Close examination of all the hysteresis loops reveals somsa short-
period fluctuations along the supposed first-mode hysteresis loops
which are thought to be the result of small errors in the calculation.
Other possibilities include an incorrect time difference between the

crest and abutment records or a small error in phase that might
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have been introduced because of the application of the digital filter sub-
routine to the records.

Finally, the accelerations recorded at the abutment and crest of
Santa TFelicia Dam in the upstream/downstream direction during the
small earthquake of April 8, 1976 were narrow band-pass filtered
(filtering type C), and the velocities and displacements were calculated.
Figures 51 and 52 show the filtered and calculated motions as well as
the relative motion of the crest with respect to the abutment. ' The
first-mode hysteretic response of the dam during the first 6 seconds
of the crest record is shown in Fig. 53. The scales of Tig. 53 are
all the same but are different from those of Fig. 50. Close
examination of the absolute filtered acceleration (the crest record in
Fig. 5l-a), s'h.ows that the acceleration record started with a rela-
tively high peak; this initial peak caused distortion of the first hys-
teresis loop (from O to 1 sec) of Fig, 53-a. The appearance of this
peak at the very beginning of the record is actually a result of the
accuracy of the digital filter calculation, because by comparing
Fig. 51-a with Fig., 13 which has the corrected crest acceleration
(filtering type A or the standard Caltech filtering), it can be seen
that the absolute acceleration started at zero and then peaked
abruptly. Thus the digital filter used in the analyses could cause
small errors in phase between the crest and abutment records, in
addition to small errors in the calculation. Also, in the filtered
absolute acceleration there is some high-frequency motion super-
imposed on the smoothed curve from 0 to 2 secs; this could also be
due to errors resulting from the application of the digital filter.

In general, the slopes of the hysteresis loops resulting from the 1976
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earthquake are steeper than those resulting from the small amplitude
motion of the 1971 earthquake; for instance, the slopes resulting from
the first four loops (from 0 to 4 secs) in Fig. 53-a are 130, 105, 140
and 135/secZ compared with the slopes resulting from the last four
loops (from 16 to 20 secs) in Fig. 50-¢ which have the values 80, 68,
63 and 69/sec2. In addition, for the 1976 carthgquake, the loops with
relatively small amplitude have steeper slopes than those with
relatively high amplitude; for example the two loops from 2 to 3 secs
and from 3 to 4 secs (small amplitudes) are steeper than the loop

from 1 to 2 secs (relatively large amplitude}.
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B-IV DYNAMIC SHEAR MODULI OF THE DAM MATERIAL

B-IV-1 Dynamic Response Analysis for Karth Dams

It is the purpose of this study to: (1) provide data on the dynamic
shear moduli and damping factors for earth dam materials, from
carthquake response observations; (2) correlate this data with that ob-
tained for sands and saturated clays; most of the data available to
date have been developed only from laboratory tests on sands and
saturated clays. Thus, the heart of the investigation is to find values for
the average shear modulus and ecquivalent viscous damping from the
force-displacement plots or hysteresis loops, previously cbtained.
The slope and area of a hysteresis loop can be related to the shear
modulus and equivalent viscous damping factor through a model of the
dam's response, e.g., the one-dimensional or two-dimensional shear-
beam models or a finite-element model.

In evaluating the carthquake response of the dam, the one-
dimensional shear-beam model with shear modulus varying with depth
is used to estimate dynamic shear strains and stresses. It is also
interesting to examine results obtained from' the two-dimensional
model with constant shear modulus. Thus, using the two existing
elastic-response theories, a method is outlined whereby the shear
stresses and shear strains can be determined as functions of the
maximum absolute acceleration and maximum relative displacement,
respectively, for each hysteresis loop, and consequently the shear
moduli can be evaluated. As is well known, the internal stresses
generated at a point in a dam by the internal resistance to the

ground motion, are a function of the absolute acceleration at that point.
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The absolute acceleration at any instant is determined by the dynamic
response of the dam to the earthquake, which in turn is a function of
the energy abhsorbing capacity, and the mass and stiffness charac-
teristics of the dam.

AlthOugﬁ the assumption of elastic behavior during earthquakes
is not strictly correct for earth dams, it provides a basis for
establishing the natural frequencies of the dam, as seen before, and
in addition it gives at least a qualitative picture of the dynamic
response characteristics of the dam. To enable a better understanding
of the outlines and implications of dynamic response, the two-dimen-
sional shear-beam response theory is presented for the case of a
finite elastic wedge having a constant shear meodulus. The analogous
results (or expressions) for the case where the shear modulus varies

with the cube root of the depth are also briefly presented.

a - FEarthquake Response of the Two-dimensional Shear-heam Theory

To evaluate the magnitude and distribution of the modal shear
strains and stresses, the equation of motion (assuming constant shear
modulus and zero damping) of the dam subjected to ground motion

ug(t), can be written as

b2 %y 2%y | du _ "
m{y)— - eGly— + y—— + — | = -m(y)u_(t) , (15)
0t Oy oz Oy g

where mf(y) is the mass at a depth v (= P ay), {;.Lg(t) is the ground ac-
celeration, and u(y, z,t) is the horizontal displacement relative to the
base of the dam.

Using the generalized coordinates and the principle of mode

superpesition, one can write
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[¢=) fee)

uly, z,t) = 2 1Yn(y>zr(z)T

n=lr

(t) . (16)

nyr

where, the subscripts n and r refer to the (n,r)ﬂrl mode of vibration.
Substituting in Eq. 15 and using the orthogonality properties of
the mode shapes givces
= 2 Wnr -
an(t) +w T (ty = - ug(t) s n,r =1,2,3,... , (17)

r “nr M
ar

where Mnr is the generalized mass; it is given by

b/ 2 2 apﬂhz 2
M :0/0 Y (v) 7, () m(y)dyds = ———J (B.) - (18)

Wnr{ig(t) is the effective earthquake force for the (n,r)th mode with

h Zap,ﬁhz
Ve = f Y 22 meyds = SR gy (19)
n

Because only the symmetrical modes can contribute to the
response in the case of a uniformly distributed ground motion,
values of r are limited to odd integers, i.e., r=1,3,5,7,... ctc.

Now Eq. 17 can be written as

- 2 B -8 ’
T ) + @ ST () =

T “nr Wug(t) n=1,2,3,..., r=1,3,5,.

The solution of Eq. 20 can be obtained using the Duhamel in-

tegral, as

t .
8 L]
T () = t) sin w__(t-1)dT |, n=1,2,3,..., r=
Ilr( ) I'Trﬁnu)nrjl(ﬁn) [{ug( ) sSin IlI'( ) } n ) I 1; 3:5

(21)
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For the maximum value of Eq. 21, onc can get

_ 8
* max i rTTI'D)nwnr‘Tl(‘z’n) SV ' (22)

-~ nr

where SV is the maximum value of the quantity between the two brackets
of Fq. 21; it is the ordinate of the velocity spectrum of the ground
motion, corresponding to the natural frequency of the (n, r)th mode.

The damped solution is similar but with

8 /t M@ E-T)
T (t) u_(t) sin @ (t-T)dr ,
dnr r“ﬁnwdnr l({i ) o & dnr
(23)
where A__ = = is the damping factor for the (n,r)th mode, and
nr prnr
k [
Wi = wnr[:l - knr] is the damped natural frequency Sy Loy for
A < 0.2,
From Eq. 23, one can obtain
Tap(t) = wg 7 Siqv ? (24)
* I”n-ﬁn dnr l(ﬁn) v :

max

where de is now the ordinate of the wvelocity spectrum calculated from

the damping factor )\nr of the (n,r)th mode and corresponding to the

damped natural frequency O dnp

Using mode superposition and the modes of vibration of Eg. 13,

the response of the dam to the earthquake can be written as

@ ot 8V__(t)
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where the function Vnr(t) is equal to the quantity between the two

brackets in Fq. 21 (or for the damped case, Vdnr(t) is equal to the

quantity between the two hrackets in Egq. 23).

The magnitude and distribution of shear strains in the (n,:r)th
mode, along the y-axis, are given by
Oy (v, z,t) 8V__(t)
_ nr N nr y . ML Z
Y (Y, Z:t) - = J ([3 ) sSin ("_—)
nr Oy rehw J (B ) "1\"nh £
(26)

Therefore, multiplying numerator and denominator by w and

substituting for

one can obtain

y _lz.v_z_)
y _ bunr _ SJl pnh Sm( 4 hwnr vV (t) (27)
nr 0y BZ+(1'~rr1'12 7.(B.) VZ nr ’
T Pn g 1P s
or
bunr ' hwnr
- - @
an Oy nr(y’z) v 2 Vnr(t) ? (28)

5]

where the function @nr(y,z) is defined through Eq. 27; it expresses the
modal participation and distribution of shear strain.

The maximum shear strain associated with each mode is given

by o] hS
u
_ nr i a
r Ty nr(y’z) 2’ (29)
max max v

= uw 8 and is the ordinate of the calculated

where S = w_ _V_(t)
a nr nr v
max

nr

acceleration spectrum.
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=1

At the central region of the dam (z é) one can write

)
_ nr
Vel = Lnm) Voel® (30)

24
2
Since this investigation of the earthquake response is focused only
on the first mode, where n=1, r=1 and ﬂl = 2.4048, then Eqs. 29 and

30 give

hS_
Y11 = 2. “—v > (31)

max
S

at the central region.

It is important to note that the ratio between the maximum
shear strain calculated by using the one-dimensional theory (Martin,
1965) and that calculated by using the above two-dimensional theory,
for £/h = 3.86, is equal to 1.14 for the first mode. Figure 54-a
shows a comparison between the modal participation factor éll(y)
derived from the above two-dimensional theory and that derived by
Martin from the one-dimensional theory. The maximum shear strain
associated with the rfirst mode occurs at about 0.70 to 0.75 the depth
of the dam (measured from the crest).

The corresponding modal shear stresses are given by

2
uw (v, z,t_)

an(Y: Zrt) = G by

2

and

an(Y’Z’t) = Qnr(y’ Z)Phsa . (32)

max
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It follows that the modal participation and distribution function for
the shear stress are expressed by the function Qm_(y) as in the case of
the shear strain.

At the central region of the dam (z -%) and for the first mode
(n=1, r=1), Eg. 32 becomes

T e B y)ehsS, . (33)

Since it was assumed that each hysteresis loop is a response of
a single-degree-of-freedom oscillator, and in order to get a qualita-
tive picture of the dynamic shear stress from the force-displacement
plot, the value of Sa in Eg. 33 is assumed to be the maximum abso-
lute acceleration for each hysteresis loop. Thus, the maximum
absolute acceleration.can- be translated into an equivalent shear stress.
Similarly, since for small values of damping, Sa = wllz S(1 (for the
first mode) where Sd is the ordinate of the calculated displacement
spectrum, Eq. 31 can be written in terms of the maximum relative
displacement:

2
hwll

11 = T 8 (34)
max Vs

Y

The assumption that Sd is equal to the maximum relative dis-

placement is again made here,

b - Farthquake Response of the One-dimensional Shear-beam
ER
. s (W 3]
Theory [G = SO( Z)

Analogous to the development of the previous equations expressing

dynamic shear strains and stresses, it can be shown that the mapgnitude
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and distribution of shear strains in the nh mode is given by (Rashid,

1961 and Martin, 1965)

du_(y,t) 2.4h 71, Z(an(%)
Vn(Y’t) = Sy — _Jg
Z(Vh) "‘ZJl.z(”‘ ) (35)

Equation 35 can also be written as
¥
() w_V_(£)
Yo = P (36)
S ()
Vs0

2

or
hSa
= ¥ (y) —2— . (37)
5

M max o 2 (_Y_ll)
Vso \2

In this case the analogous function ‘fn(y) expressing the modal

participation and distribution of shear strain is expressed through

¥q. 35.

Thus, for the first mode and in terms of the maximum relative

hysteretic displacement, Eq. 37 can now be written as

A = (V)

hwlz
(38)
max Y

o

The modal shear stress is given by

3 du 2.40hJ o (£ w V_(£)
n 1. gn ) s (39)

8
4 @ I, (a)

n

or
| Lt = Y (y)ebw V_(t) (40)
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~

where Yn(y) expresses the distribution and participation of shear stress..

The maximum distribution of shear stress associated with each

mode is hence given by

7| = ¥ (y)ehs, , (41)
mazxg
and for the first mode
T - ¥
| () ebs, (42)
mai

Figure 54-b shows the modal participation factors Yl(y) and

Fgl(y) for the first mode.

¢ - Shear Modulus

For the two-dimensional shear-beam theory the shear modulus
can be obtained by dividing the cxpression for shear stress (Eqg. 33}

by the expression for shear strain (Eq. 34) as follows

Tll pvs‘?‘ Sa = Vs Sl ug)max
G = —— = 3 L p o = s ' (43)
11 w d 11 max
11
where (x + 1) is the maximum absolute acceleration of each
max

hysteretic loop and x is the maximum relative displacement of

maX

the same loop. Thus, the shear modulus G for each loop can be ex-
pressed by the slope of the loop.

As is well known, for the single-degree-of-freedom oscillator
responding essentially in the linear range, one can write

X + 1
( g)

w® - B max (44)
m X
max
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where k and m are the stiffness and mass of the oscillator, respec-
tively. Now using this expression for wz and the expression for the
natuyral frequency (Eq. 4) obtained by the one-dimensional theory with

constant G, the following relation can be derived

2 2 (x + 1)
Fh™ep 2 g v g
o = “1 _ pfh max _ p(_i) max (45)

612 pB 12 Enax max

which is identical to Eq. 43; however w. is slightly different from

1

wll for the two-dimensional case (it mainly depends on the ratio #/h).
1
For the one-dimensional shear-beam theory (with Gays), the

shear modulus can be obtained by dividing Eq. 42 by Eg. 38 to obtain

1 Y e H(B) s
¢ =+ - 1 SO\ 2 2 (46)
Y, 75 ‘“12 54
S (x + )
again §_3_ can be approximated by = ez
d max

B-1V-2 Calculation of the Dynamic Shear Moduli of Santa
Felicia Dam

The earthquake response of Santa Felicia Dam was studied
using Egs. 31 and 33 for the two-dimensional theory and Eqgs. 38 and
42 for the one-dimensional theory. The determination of the
material properties for use in elastic response analyses and con-
sequently the evaluation of the dynamic shear strains and stresses

were determined as follows:
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1 - For the dry, moist and saturated weight characteristics
of both the core and the shell materials (Table 1), the
average specific weight for use in response analysis is

3
Y = i[114+13l+134+125+131++14l] = 129.331b/ft
average 6

which gives an average mass density ¢ of 4.02
average
b . secz/ft4.
2 - From Figs. 54-a,b one can see that the maximum shear
.strain (or stress) occurs at about 0.70 to 0.75 the height
of the dam, where the value of the modal participation

factor §11 is equal to 0.47. Therefore for h = 236.5 ft,

the maximum shear stress at any time t (Eq. 33) is

given by
T L) = 0.47X4.02%236.5%X S, = 437.3 (£ +4)  Ib/f®
max gmax
47
where ((+1 ) is in f’c/sec2 (47)

max
3 -~ The fundamental frequency has already been shown to be

1.45 X 27 = 9.11 rad/sec. Since the value of the shear wave
velocity Vg resulting from both the ecarthquake response and
the two-dimensional theory is 848.66 ft/sec, and since wave -
velocity measurements predicted a range from VT 870 ft/sec
to v_= 1,070 ft/sec at a depth equal to (0.7 to 0.75)h,
therefore one can use the value of v_= 850 ft/sec_ as a
representative shear wave velocity of the dam for the
analysis. Thus, the maximum shear strain from the two-

dimensional theory (Eq. 31), at any timet, is expressed as
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_0.47x236.5%(9.11)%

max (850)° ma

=0.0125x%
X max

(48)
where x is in ft.
max

o

2

maximum shear stress occurs at about (0.7 to 0.75)h

For the onc-dimensional theory with G(y) = SO (ﬂ) , the

where the modal participation factor ¥, equals 0.39

(Fig. 54-b). Thus, the maximum shear stress (Egq. 42) is

=0.39x4.02 x236.5(%+1 ) =370.78{%+1 ) lb/ft2 H

max max max

(49)
i.e., the maximum shear stress resulting from the two-
dimensional theory with constant G (Eq. 47) is 1.18 times
greater than that from the one-dimensional theory with
varying G (Eqg. 49).
From Fig. 54-b the maximum shear strain occurs at
v ™ (0.7 to 0.75)h, where ‘1’1 = 0.445. Using v, = 195,

the shear strain at any time t is expressed as

0.445 X 236.5 X (9.11)°

0.0098x ax

max 2 3 m

(195)7 (0.5 X 129.3 X 236.5)

where =x is in ft, (50)
max

i.e., the shear strain resulting from the two-dimensional theory

(with constant G) is 1.28 times greater than the value resulting

from the one-dimensional theory (with G not constant).

The equivalent shear modulus for each hysteresis loop can be

obtained by using either Egs. 43 and 46 or Egs. 47, 48 and Egs.

49, 50. From Eq. 43, the shear modulus can be expressed as
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(x + 1)
max

. L2
G = 34996.70 Ib/ft” for the two-dimensional case.

max
Similarly, from Xq. 46, one has
(x + 1)

m

G = 37951.11 8% 15,/ 5t for the one-dimensional

max

theory with varying G; i.e., for Santa Felicia Dam the
shear modulus resulting from the one-dimensional theory
with varying G is 1.08 greater than that value from the

two dimensional theory with constant G.

Tables 11 and 12 show the estimated stresses and strains and
the corresponding shear moduli evaluated from the hysteretic re-
sponse of the two earthquakes.

The relationship between the estimated shear modulus and the
earthquake_—induced strain may be illustrated by the results shown on
the semi-log plots of Fig. 55 for the one-dimensional model and by
the results in Fig. 56 for the two-dimensional model. It is apparent
that the equivalent shear modulus depends on the magnitude of the
strain for which the hysteresis loop is determined. The results of
Fig. 55 cover a range of shear strain from 10"3 percent to 5% 10_2‘
percent while the results of Fig. 56 cover a range of shear strain
from 10-3 percent to 6 X 10_2 percent, which are relatively reason-
able bands. While there is.considerable scattering of the data in
the two figures, most of the results of this analysis fall within the
dashed lines in Figs. 55 and 56, that is, within * 50% of the average

values shown by the solid line in these figures. Thus the average values
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are likely to provide reasonable estimates of the shear modulus for
the soil of the dam.

At higher strains, additional data on modulus values is needed;
however approximate values for use in some types of response
analyses can be estimated by the suggested extrapolation of the data
‘at low strain. A close approximation of the modulus versus shear
strain relationship can be obtained by determining the modulus at a
very low strain level, perhaps by forced vibration tests or by wave
propagation methods in the field, as indicated by Figs. 55 and 56,
where the predicted range of the shear modulus determined by both
the wave-velocity measurem=nts and the relation G = SO(Yy/Z)%,

(Fig. 41), for Santa Felicia Dam, is shown.
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B-V EQUIVALENT VISCOUS DAMPING FACTORS OF THE DAM MATERIAL

Although the damping mechanism present in the gravelly soil of
thé‘ dam is probably non-viscous in nature, it is of interest to esti-
m.a‘l';e values of the equivalent viscous da'mping factors. The concept of
equivalent viscous damping was introduced by Jacobsen (1930), the
éciui{ralent viscous damping forces dissipating the same amount of
energy as the true damping forces. The concept is often used to
evaluate the damping characteristics of non-viscous materials.

By considering a typical observed force-displacement cycle,or
a hysteretic loop as shown in I'ig. 57, the total dissipated work per
cycle, AW, is represented by the area of the hysteresis loop
ABDEA. Assuming that the non-linearity is due to damping, and
that the restoring force is represented by the linear line EOB, the
area OBC + OEFX represents the work capacity, W, per cycle. Now,
by considering the theoretical counterparts of AW and W for a
viscously damped system, and equating the ratio of AW/W for both
systems, it can be shown that the equivalent viscous damping factor

Tleq for the non-viscous system (for small iralues of Tleq) is given by

n o= LAW

i
eq 2r W ° (51)

Values of neq determined from the observed hysteresis loops
(filtering type C) are shown in Table 13. For some loops, like those
measured at low amplitudes of vibration, the loop's area could not be
determined with reasonable accuracy. The relationship between the
estimated. damping factor, from the area of ecach hysteresis loop, and

the corresponding shear strain amplitude is shown in Fig. 58.
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There is considerable scatter of the data for damping factors
{particularly loop Nos. 1, 2, 3, 7, 8 and 10}). However, approximate
upper and lower bound relationships are shown by dashed ]{j{nes, and
a representative average relationship for all of the data is shown by
the solid line. This averége relationship can provide a basis

for evaluating the relationship between the damping ratio and the
strain for this earth dam for which limited data is available. QSO the

probable damping ratios at other strains can also be closely ap-

proximated by the extrapolated solid line.
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Fig. 57 Hysteretic damping factor T for equivalent viscous damping
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TABLE 13

Equivalent Viscous Damping Factors

(From Hysteresis Loops)

a - San Fernando Earthquake of February 9, 1971

T Damping Factor {Percent)

ime

Seconds Aaw w 1 AW
2n W

1 0~ 1 687.0 1520.5 7.2

2 1. 2 735.0 2250.0 5,2

3 2- 3 825.0 2186.0 6.0

4 3- 4 1036.0 1236.0 13.3

5 4~ 5 585.0 596.0 15,7

6 5- 6 259.0 269.0 15.3

7 6~ 7 45,0 42,0 17.1

8 7- 8 49,5 52.0 15,2

9 8-~ 9 42.0 53.5 12.5

10 9.10 36.0 38.0 15,1

11 19-11 64.0 74.0 13.8

12 11-12 66.0 81.0 13.0

13 12-13 42.0 61.0 11.0

14 13-14 53.0 72.0 11.7

15 14-15 63.0 89.0 11,3

16 15-16 41.0 66.0 9.9

17 16-17 9.5 15,0 10,1

18 17-18 12,0 21,0 g.1

19 18-19 13.5 30.8 7.0

20 19.20 13.0 29.0 7.1

b - Southern California Earthquake of April 8, 1976

OOk W N =

1092,
536,
251.
301,
397.
177.

OB NO ]

904.5
607.5
158.8
100.0
206.0
156.0

— 0 IV
00 O 00 Ui O
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C. EVALUATION

C-I COMPARISON BETWEEN THE OBTAINED RESULTS AND
PREVIOUSLY AVAILABLE DATA

In a comprehensive survey Seed and Idriss (1970) summarized,
in a convenient form, the available data from laboratory and field
tests concerning the dynamic shear moduli and damping factors for
sands and saturated clays. In their study they suggested that the
primary factors affecting shear moduli and damping factors are:
strain amplitude, effective mean principal stress, wvoid ratio, number
of cycles of loading and degree of saturation for cohesive soils.
They indicated that all investigations have shown that modulus values
for sands are strongly influenced by the confining pressure, the
strain amplitude and the wvoid ratio (or relative density) but not sig-
nificantly by wvariations in grain size characteristics. In general,

the shear modulus, G, and confining pressure, T 2Te related by

the relatilon

tof-

G = 1000k, ((r;n) , (52)

so that the influence of void ratio and strain amplitude can be ex-
pressed through their influence on the parameter kZ‘ Thus for
practical purposes, values of kz may be considered to be determined
mainly by the void ratio or relative density and the strain amplitude
of the motion. A number of investipgations, using different laboratory
testing procedures, have presented data on the relationships between
these factors. Figure B-1 in Appendix B shows the results of an
investigation which illustrates the relationship between the factor k2

and strain at a relative density of about 0.75%. Each investigator
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who contributed to the results in Fig. B-1 used a different range for
the effective confining pressures. A representative average relation-
ship, which was suggested by Seed and Idriss, for all of the test data .
is shown by the solid line. This average relationship may well
provide values of kZ with sufficient accuracy for many practical pur-
poses. Other relationships have been obtained and are summarized
for different relative densities. Thus a close approximation to the
modulus versus shear strain relationship for any sand can be ob-
tained by determining the modulus at a very low strain level, say
by wave propagation rmethods in the field, and then reducing this
value for other strain levels in accordance with obtained results
similar to the approximate curve of Fig. B-1.

For gravelly soils it is extremely difficult to perform any lab
investigation because of the large diameter of the test specimens
required. However, Seed and Idriss {1970} summarized the resuylts
of a very limited number of moduli determinations for gravelly soils,
based on-in-situ shear wave velocity measurements; Fig. B-2
{Appendix B) shows these results. From Fig. B-2 it may be seen
that at sr;lall strain levels, modulus values are bhetween 1.25 and 2.5
times greater than those for dense sands. Seed and Idriss sugées’ced
that at higher strains, the moduli for gravelly soils decrease in a
manner similar to that for sands. Thus by applying the moduli re-
ducing factors of the data obtained for sands to the limited data shown
by solid circular points in Fig. B-2, they estimated variations in shear
moduli with strain as shown in Fig. B-2. FIFrom this, approximate
values for use in some types of response analyses can be estimated

by the procedure shown in Fig. B-2.
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To compare the results obtained in this investigation from the two
earthquake observations, one has to know either the confining pressui‘e
at a depth of 0.75h (below the crest) of the dam or to translate the
values of kz in Fig. B-2 (or B-1) to values of shear modulus G. The
data points obtained by Seed (1968) in Fig. B-1 {the solid circular points)
were based on a confining pressure of 2,000 psif; thuis by substituting
this pressure into Eq. 52, the k2 value can be expressed in terms of
G. Therefore, an estimate of the relationship between the shear
modulus G and shear strain Y can be obtained for the two Figures
B-1 and B-2,

The results of this investigation, obtained by using both the one-
and two-dimensional models, are shown (in Figs. 59 and 60) on the
same plot with the results suggested by Seed and Idriss for the
Southern California gravelly soils {dense sand and sandy gravel) at a
depth of 175 ft. At lower and medium strains, it seems that the two
results lie in a region halfway between the curve suggested for dense
sand and sandy gravel and the curve suggested for dense sand only
(of relative density ~ 90%). At higher strains it seems likely that the
shear moduli obtained in this investigation for gravelly soils of the dam
decrease in a manner dissimilar to that suggested by Seed and Idriss
{(which was based on results for dense sands).

For the damping factors, Seed and Idriss (1970) indicated that the
main factor affecting the relationship between damping ratio and shear
strain is the vertical confining pressure. However, the effect of
variations in pressure is very small compared with the effect of shear
strain, and an average damping ratio versus shear strain relationship

determined for an effective vertical stress of 2,000 - 3,000 psf
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would appear to be adequate for many practical purposes as indicated
by Seed and Idriss. Results of previous investigations of damping
ratios for saturated clays and sands are presented in Fig. B-3 and
B-4 (Appendix B). Approximate upper and lower bound relationships
between damping ratio and shear strain are shown by the dashed
lines, and a representative average relationship for all of the test
data is shown by the solid line. This average relationship provides
a basis for evalyating the relationship between damping ratic and
strain for any particular clay or sand.

Additional data on damping ratios for gravelly soils is badly
needed as acknowledged by Seed and Idriss who nonetheless suggested
that gravelly soils' damping factor is approximately the same as that
for sandy materials. A comparison between the results of this
investigation and those shown in Fig. B-3 and B-4 is shown in
Fig.61. It is apparent that damping ratios for gravelly soils are
somewhat different from those for sands, contrary to Seced and
Idriss. Clearly, more data on these dynamic characteristics is
required, particularly for very low and wvery high strain levels.

In general, however, it is bhelieved that the data presented here
will broaden the understanding of soil properties for earthquake

dynamic analyses of earth dams.
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CONCLUSIONS

The analyses and the results presented in this investigation lead
to the following conclusions concerning the seismic behavior of an

earth dam:

1 - Since an earthquake is an occurrence that can never be
exactly repeated, it is recommended that not less than
four strong-motion accelerographs be installed on and
around major dams. Two of these should be located
to record earthquake motions at the base and two to
measure dam response. The purpose of requiring two
instruments is to provide backup to obtain useful infor-
mation in the event of instrument malfunction (Bolt and
Hudson, 1975) such as the double exposure situation
which occurred during the 1971 San Fernando earthquake
at Santa Felicia Dam.

2 - Amplification spectra are good criteria to indicate the
natural frequencies of the structure and to estimate the
relative contribution of different modes.

3 - A wvisual inspection of the amplification spectra obtained
from the 1971 San Fernando and the 1976 Southern California
earthquakes revealed that the values of the resonant or natural
frequencies vary slightly from one earthquake to the other.

4 - The amplification speétra also showed that the dam
responded primarily in its fundamental mode in the
upstream/downstream direction. The peakamplification ratio

of horizontal acceleration at the dam crest to that of the
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base is 1:13 for the large earthquake, and 1:4 for the small
earthquake, in a normal direction to the dam axis; i.e., the
rate of amplification in that direction increases with the
intensity of earthquake shaking over this Yange of intensity.
The other two directional components indicate similar
amplification patterns, but they are lacking pronounced single
peaks.

Very narrow band-pass filtering, around the fundamental
frequency, is needed to obtain a good hysteresis loop, if

the dam is treated as a single-degree-of-freedom hysteretic
oscillator.

The comparison of the computed natural frequencies using
existing shear-beam theories, with those obtained from
observed records shows that these dynamic characteristics
can be evaluated by the existing theories,

Although the assumption of elastic behavior during ecarthquakes
is not strictly correct for earth dams, it provides a basis for
establishing the natural frequencies of the dam, and it gives
at least a qualitative picture of the dynamic response charac-
teristics of the dam. Therefore, the earthquake response of
a massive structure, such as an earth dam, can be approxi-
mated by using the existing elastic-response theories.

The shear modulus and the damping factor obtained from the
hysteresis loop depend on the magnitude of the strain for

which the hysteresis loop is determined.
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Data obtained from the wave-velocity measurements of the
dam materials indicated that the dam consists of mainly
cohesionless materials where the shear modulus varies
with the confining pressure (or the depth below the crest).
Damping effect increases with the intensity of vibration.
Estimation of shear moduli and damping factors of the dam
materials is possible from the earthquake records of the
dam.

From the comparison between the obtained results and
previously available data for dense sand, it seems that
at lower and medium strain levels, the two results for
the shear modulus correlate very well; however at the
higher strains, the shear moduli obtained in this
investigation for the gravelly materials of the dam de-
crease inh a manner dissimilar to that suggested by Seed
and Idriss {1970) for sand. The comparison also shows
that the damping ratios for gravelly soils are somewhat
higher than those obtained for sands.

Finally, the data presented here are likely to provide

reasonable estimates of the shear moduli and damping factors

for the gravelly materials of Santa Felicia Dam.
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D. APPENDICES

APPENDIX A

Standard Data Processing of the Southern California
Earthquake of April 8, 1976

Santa Felicia Dam {Ventura County, California)

This appendix contains the computed plots of:

1 - Volume I which contains the uncorrected digitized accelero-

grams,

2 - Volume III which contains the response spectrum curves with
linear and three-way logarithmic plots,

3 - Volume IV which contains Fourier amplitude spectra with
linear and logarithmic plots.
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RESPONSE SPECTRUM
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RESPONSE SPECTRUM

SANTAR FELICIA DAM.RIGHT ABUTMENT.E/Q OF APRIL 8 1978-0721 PST
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RESPONSE SPECTRUM

SANTA FELICIA DAM.RIGHT ABUTMENT.E/Q OF APRIL 8 1976-0721 PST
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RESPONSE SPECTRUM

SANTA FELICIA DAM.RIGHT ABUTMENT.E/Q OF APRIL 8 1876-0721 PST
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APPENDIX B

Previously Available Data on the Shear Moduli
and Damping Factors for Sands and Saturated Clays
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