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ABSTRACT

The recorded strong motions at Cogswell Dam during the 1991 Sierra Madre and 1987
Whittier Narrows earthquakes provide a valuable opportunity to evaluate the applicability of
established engineering procedures for evaluating the dynamic response characteristics of dams with
highly three-dimensional geometries. In addition, these records provide an opportunity to back-
calculate the dynamic properties of the rockfill, which cannot easily be measured in the laboratory or
insitu. Peak transverse crest accelerations of 0.15 g and 0.42 g were recorded during the Whittier
Narrows and Sierra Madre earthquakes, respectively, and thus the records cover a range of induced
shear strains.

The present study begins with a review of the dam's history, construction, materials, and
response to past earthquake events. Two-dimensional (2-D) and three-dimensional (3-D) dynamic
response analyses were performed using established engineering procedures. The calculated 2-D and
3-D dynamic responses were compared to the recorded responses, and to the results of prior 3-D
dynamic response analysis studies. The influence of dam-canyon interaction and topographic effects
on the seismic response of the dam are evaluated and discussed. The observed permanent
deformations are compared to the results of seismically-induced permanent deformation analyses
commonly used in engineering practice. Estimates of the dynamic rockfill properties are presented
based on the comparisons of calculated and recorded responses. Conclusions are presented regarding
the applicability of the dynamic response analysis procedures used in practice, and a recommendation

is made for modifying the strong motion instrumentation at the dam.
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1. INTRODUCTION

The recorded responses of earth and rockfill dams during earthquake loading provide field
evidence against which the profession can check the applicability of the analytical procedures used
to evaluate the seismic performance of these structures. In the case of rockfill dams, field response
records are particularly valuable as they provide an opportunity to back-calculate the dynamic rockfill
properties which unlike sands, cannot easily be measured in the laboratory or insitu. Thus, the
recorded response of Cogswell Dam by the State of California, Strong Motion Instrumentation
Program (SMIP) during the 1987 Whittier Narrows and 1991 Sierra Madre earthquakes provide a
valuable opportunity to investigate the dynamic properties of rockfill and to evaluate the applicability
of present engineering dynamic response analysis procedures.

Cogswell Dam is a concrete-faced, dumped rockfill dam founded on bedrock in a narrow V-
shaped canyon. The dam has a maximum height above bedrock of about 85 m and a crest length of
about 175 m, giving the dam a crest length-to-height ratio of only 2.1. Photos 1-1 and 1-2 show
views of the upstream and downstream faces of the dam, respectively. The dam is located
approximately 32 km north of Whittier, California, in the San Gabriel Mountains on the West Fork
of the San Gabriel River (Fig. 1-1).

The strong motion records from the 1987 Whittier Narrows (M; =5.9) and 1991 Sierra Madre
(M_=5.8) earthquakes indicate that maximum horizontal accelerations at the crest of the dam were
about 0.15 g and 0.49 g for these two events, respectively. Records of the earthquake motions were
obtained by seismographs located at the center and right side of the dam crest, and on the right
abutment above the dam crest as indicated on the plan view in Fig. 1-2.

A previous study of the dynamic response of Cogswell Dam was performed using the strong
motion data from the 1987 Whittier Narrows Earthquake (Seed et al., 1989; Boulanger et al., 1993).

This previous study evaluated the applicability of two-dimensional (2-D) dynamic analysis
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procedures, and found that the 2-D dynamic analysis procedures consistently overestimated the
observed response at the dam'’s crest. One of the possible explanations for the overestimation may
have been the inherent difficulties in 2-D modeling of such a highly three-dimensional (3-D) dam
geometry. In fact, this previous study relied on a correction for geometric effects (Mejia and Seed
1983) to estimate the insitu dynamic properties of the rockfill.

The recorded motions from the Sierra Madre Earthquake provide another opportunity to
study the applicability of dynamic response procedures and investigate the dynamic properties of the
rockfill. The present study, however, includes an evaluation of both 2-D and 3-D dynamic analysis
procedures in view of the previous study's findings. Specifically, the present study attempts to
evaluate the accuracy of established 2-D and 3-D dynamic analysis procedures by comparing the
calculated and recorded dynamic responses, and to estimate the actual insitu dynamic properties of
the rockfill over a range of earthquake-induced shear strains using both the 2-D and 3-D analysis
results.

The observed permanent deformations during these earthquakes are compared to results
obtained using common engineering procedures for estimating seismically-induced permanent
deformations. The applicability of these permanent deformation analyses is discussed.

The present report is organized as follows. Chapter Two presents a description of Cogswell
Dam and relevant aspects of its history. Chapter Three presents a description of the observed
response of Cogswell Dam to earthquake loading, including a review of overall behavior and the
processed strong motion data. Chapter Four presents a description of the dynamic response analysis
procedures used and the results of the dynamic response analyses. Chapter Five presents the
discussion and interpretation of the results of the dynamic response analyses. Chapter Six presents
a discussion of the applicability of seismically-induced permanent deformation analyses. Chapter

Seven summarizes the overall conclusions and recommendations of this study.
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2, DESCRIPTION OF COGSWELL DAM

Information and data on the embankment and foundation materials were obtained from
previous engineering studies, safety reviews, and construction records for the dam from the files
maintained by the Division of Safety of Dams, State of California and from the Los Angeles County
Flood Control District (LACFD), who owns and operates the dam. Recent summaries of these data
are contained in reports by the LACFD (1980) and the State of California (1986).

Cogswell Dam, formerly San Gabriel Dam No. 2, is located approximately 32 km north of
Whittier, California, in the San Gabriel Mountains on the West Fork of the San Gabriel River. The
dam is a concrete-faced, dumped rockfill dam founded on bedrock in a narrow V-shaped canyon, as
shown by the plan view in Fig. 1-2 and the cross-sections in Fig. 2-1. The dam has a maximum height
above bedrock of 85 m and a crest length of 175 m, for a crest length-to-height ratio of only 2.1:1.
The upstream face has a slope of 1.25:1 (H:V) near the crest, flattening slightly to 1.35:1 near the toe.
The downstream face has a slightly flatter slope, beginning at 1.30:1 near the crest and flattening to
1.6:1 at the toe. The 5.5-m wide crest is covered by a recently completed (March 1991) reinforced
concrete structure that includes a parapet wall with a uniform top elevation of 735.2 m (2412 feet)
above mean sea level. The open ogee section spillway (crest elevation of 726.9 m) and outlet works
are both located on the right abutment. The dam retains Cogswell Reservoir, with a capacity of about
12x10° m?’, for the purposes of flood control and water conservation. Construction of the dam was
partially completed in April, 1934, and fully completed in 1948 when the permanent concrete facing
was installed.

Cogswell Dam was constructed as a largely homogenous dumped-rockfill, with a total rockfill
volume of about 0.8x10° m®. Three classes of rockfill were specified in construction of the dam, as
shown in Fig. 2-1. Class "A" rockfill comprises the main body of the dam and was a well graded

mixture with the following specifications by weight: 40% from quarry chips to 450 kg; 30% between
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450 kg and 1,350 kg; 30% between 1,350 kg and 6,400 kg; and no more than 3% quarry dust.
Class "B" rockfill was used to place both a 15-m high downstream toe and a downstream facing layer
varying from 2.4-m thick at the crest to 3.7-m thick at the toe. Class "B" rockfill was a heavier
specification, with one-half to exceed 6,400 kg in weight. Class "C" rockfill was used to place an
upstream facing layer varying from 1.8-m thick at the crest to 4.6-m thick at the toe. Class "C"
rockfill ranged from quarry chips to 6,400 kg and was to be derrick placed to the maximum possible
density.

All rockfill material consisted of granitic rock obtained from a quarry located in Devil's
Canyon, which is approximately 2.4 km upstream of the left abutment. The quarried rock was to be
sound, hard, durable, and unaffected by air and moisture. Compression tests on 211 representative
samples from the quarry indicated an average compressive strength of 45.7 Mpa (6,630 psi) and an
average unit weight of 27.5 kN/m® for intact rock specimens. Very few specimens were cut due to
the absence of a cutting machine. Rock Drop tests, developed for this project, performed on 132
samples indicated an average breakdown of 5.04%, slightly above the specified allowance of 5.00%.
These data suggest that the rockfill may not be as hard or durable as might be expected for a hard
granitic rockfill.

The design called for the excavation of the foundation to sound bedrock and the construction
of a concrete cutoff wall along the contact between the foundation and the upstream face of the dam.
Preliminary excavation of both abutments was performed using a water cannon, but shattered material
still remained over substantial portions of the exposed abutments. The remaining abutment
excavation was performed by small hand tools in 7.6-m lifts just ahead of the placement of the
rockfill. Excavation of the cutoff wall preceded rockfill placement by 15 m, with mechanical
equipment being approved for this purpose. The cutoff wall was excavated into sound bedrock with

a width of 1.5 m to 3.0 m and a depth of 3.7 m to 16.5 m. Unacceptable rock conditions were
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encountered in the cutoff wall trench on the right abutment between elevations 681 m and 707 m (54
m to 28 m below the dam crest), which delayed placement of rockfill against the right abutment.
Eventually, concrete was placed in this portion of the cutoff wall to facilitate completion of the
rockfill placement. A tunnel was later driven (spring 1935) under the right abutment cutoff wall, and
additional excavation with concrete replacement was performed to attain a satisfactory bedrock
foundation.

A majority of the main body of the embankment was placed by dry dumping in 7.6-m lifts with
no compaction or sluicing. The conventional practice of sluicing the rockfill was omitted due to the
scarcity of water at the dam site. In response to the delays associated with the poor rock conditions
encountered at roughly mid-height on the right abutment, rockfill placement continued against the
left abutment until it was at the crest elevation. This left a roughly 50-m deep, notch-shaped,
uncompleted portion of the rockfill against the right abutment. Subsequent placement of rockfill was
performed by dry dumping from the completed crest level, resulting in a single lift of almost 50 m in
thickness. Following completion of the entire rockfill section in the Fall of 1933, construction began
on the upstream concrete facing with the intention of completing this work by the Spring of 1934.

Heavy rains in December 1933 through March 1934 wetted the fill and led to large
settlements which disrupted the facing already constructed and caused significant deformations of the
dam. During one particularly severe rainstorm on December 31, 1933, and January 1, 1934, 382 mm
of rainfall was reported at the dam. This heavy rain effectively sluiced the rockfill and resulted in a
maximum settlement of approximately 1.77 m near the right abutment, which appears to have
coincided with the location of the 50 m-thick lift previously described. Throughout the following four
months of rain, the total settlement of the crest was as much as 4.15 m (almost 5% of the dam's
maximum height) with downstream movements of as much as 1.43 m. Prior to subsequent reshaping

of the dam and construction of a temporary upstream timber facing, sluicing of the rockfill was
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performed which resulted in up to 0.90 m of additional vertical settlement and 0.18 m of upstream
movement. The temporary timber facing was left in place for about 10 years until settlements had
essentially ceased, at which time it was replaced by a reinforced concrete panel facing consisting of
a single layer of 9.14-m square slabs ranging in thickness from 0.20 m near the crest to about 0.61
mat the toe. The dam continues to settle at a progressively slower rate, with current rates being less
than 5 mm per year.

The foundation rock of Cogswell Dam is predominantly light-colored (augen) gneiss intruded
by numerous dikes of andesite porphyry and homblende amphibolite and dike-like masses of
granophyric granite. The largest dike was roughly 10 m thick and passes through the right abutment.
Surficial weathering has reduced exposed portions of these rocks to relatively incompetent materials.
During construction preparation of the dam foundation, the weakest rock was removed. The rock
within the prepared dam foundation is described as significantly jointed and sheared, moderately to
strongly weathered, moderately hard and moderately strong. During dam construction, the
foundation was treated with 241 grout holes beneath the upstream concrete cutoff wall. Grout holes
were 3 m to 45 m deep, spaced about 1.5 m apart, and had grout takes ranging from almost zero to
over three sacks-per-foot, which are not very large takes given the fractured condition of the
foundation. Additional grouting beneath the cutoff wall on both abutments was performed in 1962,
1964, and 1966 to reduce seepage under the dam. The borings indicate that highly fractured,
moderately to strongly weathered, and locally friable rocks often extended to depths greater than 30
m, although more competent rock was encountered in two boreholes located on the mid-left
abutment. Three of these borings were located in the spillway and appear to coincide with a major,
subvertical shear zone which, as shown by construction records, comprises much of the spillway

foundation.
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3. OBSERVED RESPONSE OF COGSWELL DAM
3.1  Instrumentation and Seismic Performance

The instrumentation at Cogswell Dam includes 6 piezometers, 23 survey monuments, seven
leakage measurement points, and 9 strong-motion accelerographs. The strong-motion accelerographs
were installed in recent years by the State of California SMIP. As shown in Fig. 1-2, the
accelerographs record transverse, vertical, and longitudinal motions at the crest center, on the right
abutment, and at a point on the crest between the crest center and the right abutment. The right
abutment instrument is located behind the control house situated at the top of the vertical cut slope
extending up from the right side of the spillway channel. It should be noted that the accelerographs
on the dam crest were temporarily removed during recent construction of a reinforced concrete
parapet wall along the dam crest and upon re-installation (prior to the Sierra Madre Earthquake),
were renumbered differently from the time of the Whittier Narrows Earthquake.

The only prior earthquake to produce any damage to the dam was a magnitude 5.0 earthquake
on August 23, 1952 with an epicenter 37 km from the dam. This earthquake is estimated to have
produced a peak ground acceleration of about 0.03 g at the dam site. This earthquake resulted in a
crack in a metal expansion joint and a subsequent increase in leakage through the dam until it was
repaired. The greatest prior shaking felt by Cogswell Dam is thought to be from the San Fernando
(moment magnitude of 6.6) earthquake of February 9, 1971, with an epicenter 43 km west of the
dam, which was estimated to have produced a peak ground acceleration of about 0.15 g at the dam
site. No damage was reported and less than 8 mm of crest displacement was attributed to this event.

Since installation of the strong motion accelerographs, the strongest motions recorded at the
dam were obtained during the 1987 Whittier Narrows (M;=5.9) and 1991 Sierra Madre (M, =5.8)
earthquakes. The epicenter of the Whittier Narrows Earthquake was 29 km southwest of the dam

and the epicenter of the Sierra Madre Earthquake was 4 km northwest of the dam. The piezometer
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and drainage system discharge data indicate no significant effects as a result of the Whittier Narrows
or Sierra Madre earthquakes. However, the reservoir was only at about elevation 691 m (43 m below
the crest) at the time of the Whittier Narrows Earthquake and was nearly empty for silt removal at
the time of the Sierra Madre Earthquake. Survey monument data indicates that deformations of the
crest of the dam were insignificant as a result of the Whittier Narrows Earthquake and attained
maximum values of 41 mm vertically and 16 mm horizontally (downstream) as a result of the Sierra
Madre Earthquake. The Whittier Narrows Earthquake was not reported to have caused any damage
to the dam.

The Sierra Madre Earthquake was initially reported to have only caused minor transverse
hairline cracks in the crest pavement and cracks along vertical joints in the parapet wall at three
locations. Subsequent detailed inspections indicated that the earthquake caused cracking of the
upstream concrete facing near its juncture with the concrete cutoff walls along both abutments. The
observed zones of cracking ranged from 0.6 m to 2.4 m wide and extended from just below the
parapet wall to about 11 m down (vertically) on the right abutment and 5 m down on the left
abutment. Maximum crack widths of 13 mm were reported while more typical crack widths were
less than about 6 mm.

3.2 Recorded Motions for Whittier Narrows Earthquake

The Whittier Narrows Earthquake produced transverse peak ground accelerations at the right
abutment, right crest and center crest (locations shown on Fig. 1-2) of 0.06 g,0.10 g, and 0.15 g,
respectively. The recorded acceleration time histories are presented in Figs. 3-1 through 3-3 for each
of the three instrument locations. Acceleration response spectra are presented for the transverse
motions in Fig. 3-4, and for the longitudinal motions in Fig. 3-5. Fourier amplification ratios from
the abutment to center crest and abutment to right crest, for transverse motions, are presented in Fig.

3-6. As expected, the crest motions indicate amplification of abutment ground motions and a
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lengthening of the motion's predominant period. A summary of the recorded maximum surface
accelerations and the calculated maximum spectral accelerations is given in Table 3-1.

The observed 3-D fundamental period of the dam during the Whittier Narrows Earthquake
was estimated to be between 0.37 and 0.42 seconds. A fundamental period of 0.42 seconds was
indicated by the first peak in the Fourier amplification ratios from the right abutment to the center
crest and right crest (Fig. 3-6). Larger Fourier amplification ratios occur at longer periods possibly
because of the instruments’ positions relative to the dam's mode shapes. The acceleration response
spectra for the recorded crest motions (Fig. 3-4) provide a secondary check on the above estimated
fundamental period in that a strong spectral acceleration would be expected near the fundamental
period of the dam. Referring to Fig. 3-4, the response spectra for the recorded center crest motion
has its strongest peak at 0.32 seconds with a slightly smaller peak at 0.40 seconds. As a further
check, response spectra were calculated for select sections of the crest motion representing the initial
period of decay, as shown in Fig. 3-7, which showed predominant peaks at about 0.37 seconds.
Thus, the fundamental period of the dam during the Whittier Narrows Earthquake appears to have
been between about 0.37 and 0.42 seconds.

3.3  Recorded Motions for Sierra Madre Earthquake

The Sierra Madre Earthquake produced transverse peak ground accelerations at the right
abutment, right crest, and center crest of 0.26 g, 0.32 g, and 0.42 g, respectively. The recorded
acceleration time histories are presented in Figs. 3-8 through 3-10 for each of the three instrument
locations shown on Fig. 1-2. Response spectra are presented for the transverse motions in Fig. 3-11,
and for the longitudinal motions in Fig. 3-12. Fourier amplification ratios from the abutment to center
crest and abutment to right crest, for transverse motions, are presented in Fig. 3-13. As expected,
the crest motions indicate amplification of abutment ground motions and a lengthening of the motion's

predominant period. A summary of the recorded maximum surface accelerations and the calculated
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TABLE 1. Characteristics of Earthquake Motions

Whittier Narrows Sierra Madre
Period at Period at
Max. Max. Max. Max.
Peak Ground Spectral ~ Spectral [Peak Ground Spectral —Spectral
Accelerograph  Component Accel.()  Accel.(1)  Accel. | Accel.(d  Accel.(1)  Accel.
® (® (sec) ® (® (sec)
Abutment Transverse 0.064 0.200 0.075 0.264 0.838 0.080
Right Crest Transverse 0.100 0.367 0.190 0.318 1.082 0.227
Center Crest Transverse 0.151 0.507 0.320 0.421 1.031 0.138
Abutment Longitudinal 0.061 0.175 0.225 0.302 0.980 0.250
Right Crest Longtiduinal 0.087 0.391 0.325 0.376 1.775 0.420
Center Crest Longitudinal 0.137 0.385 0.320 0.486 1.647 0.435
Abutment Vertical 0.06 - - 0.227 - --
Right Crest Vertical 0.11 - - 0.386 - -
Center Crest Vertical 0.14 -- 0.484 -- -

(DAfter baseline and instrument correction of accelerogram records.
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maximum spectral accelerations is given in Table 3-1.

The observed 3-D fundamental period of the dam during the Sierra Madre Earthquake was
estimated to be between 0.45 and 0.48 seconds based on: (1) Fourier amplification ratios from the
right abutment to the center crest and right crest (Fig. 3-13) indicate that the recorded motion's
predominant period was about 0.48 seconds; and (2) the response spectra for the recorded center
crest and right crest transverse motions suggest that the motion's predominant period was about 0.45
seconds (Fig. 3-11).

34  Comparison of Recorded Motions

The two earthquakes excited Cogswell Dam at significantly different levels. The Whittier
Narrows Earthquake produced transverse peak ground accelerations at the right abutment, right crest
and center crest of 0.06 g, 0.10 g, and 0.15 g, respectively. The Sierra Madre Earthquake produced
higher transverse peak ground accelerations at these locations of 0.26 g 032 gand 042 g,
respectively. The observed crest center to abutment amplification ratio for the Whittier Narrows
event was roughly 2.4; whereas, for the Sierra Madre event this ratio was 1.6. These crest center to
abutment amplification ratios, and the observed decrease in the amplification ratio resulting from
stronger earthquake shaking agree with the findings of previous case studies (e. g., Harder 1991).

The fundamental period of Cogswell Dam was found to be slightly longer during the Sierra
Madre Earthquake (T,~0.45-0.48 seconds) than during the Whittier Narrows Earthquake (T,~0.37-
0.42 seconds). The longer fundamental period of the dam during the stronger shaking of the Sierra
Madre Earthquake is consistent with the expectation that the rockfill's stiffness would degrade under
stronger earthquake excitation (i.e., greater induced shear strain). It should be noted that the term
“fundamental period" may not be strictly appropriate for a nonlinear system, but is commonly used

to indicate the "apparent" or "effective” fundamental period for a given level of loadin g
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4. DYNAMIC RESPONSE ANALYSES
4.1 Finite Element Models

Analyses of the initial static stresses in the dam (required for determining dynamic properties)
were performed using the finite element method (FEM) program SSCOMPPC (Boulanger et al.
1991). SSCOMPPC is a 2-D plane-strain program that employs the Duncan et al. (1980) hyperbolic
soil model to represent the nonlinear stress-dependant stress-strain and volumetric strain response of
the rockfill. The finite element mesh for the two-dimensional analyses of the maximum cross-section
through the dam is shown in Fig. 4-1.

The two-dimensional (2-D) dynamic FEM analyses were performed using the computer
program FLUSH (Lysmer et al. 1975). FLUSH uses the method of complex response to solve the
equations of motion of a soil-structure system in the frequency domain. The nonlinear dynamic
behavior of soils is modeled using the equivalent-linear method as proposed by Seed and Idriss
(1970). The effective shear strain for individual elements is taken as a set ratio (65% in this study)
of the maximum shear strain computed in the time domain. Elements are 4-node isoparametric
quadrilaterals. The normalized mass matrix was taken as the average of the consistent mass matrix
and the lumped mass matrix. After node and element renumbering, the same finite element mesh used
for the initial static stress analyses was utilized for the 2-D dynamic response analyses.
Hydrodynamic effects were not included as they are generally considered to be of secondary
importance due to the relatively flat slopes encountered in earth and rockfill dams.

The three-dimensional (3-D) dynamic FEM analyses were performed using a version of the
computer program TLUSH (Kagawa et al. 1981) modified to run on the Cray C90 at the U. C. San
Diego Supercomputer Center. The fully 3-D program TLUSH is similar to FLUSH in that it uses the
method of complex response in the frequency domain and models soil behavior by the equivalent-

linear method. Elements are 8-node isoparametric bricks. The normalized mass matrix was taken
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as the average of the consistent mass matrix and the lumped mass matrix. The equivalent shear strain
for individual elements is taken as a set ratio (65% in this study) of the maximum shear strain
computed in the time domain. The finite element mesh for the 3-D dynamic response analyses is
shown in Fig. 4-2. The maximum section in the 3-D mesh differs sli ghtly from the 2-D mesh due to
the irregularity of the bedrock foundation, particularly near the downstream toe. A full 3-D mesh was
used due to several asymmetrical features in the dam.

4.2  Dynamic Rockfill Properties

The dynamic properties of rockfill materials are not well documented or understood. For
rockfill materials that are too large to test in the laboratory, it is customary to assume that the material
behaves similar to gravel or sand in terms of modulus degradation and damping characteristics.
Based on that assumption, the parameters defining the maximum (low strain) shear modulus of large
rockfills have been back-calculated based on comparisons of calculated and recorded dynamic
response analyses of prototype dams. Lai (1985) used the upper bound damping and median modulus
degradation relationships for sand presented by Seed et al. (1984) in analyses of El Infiernillo and La
Villita Dams. Similar analyses of these dams were also performed by Romo et al. (1980). Mejia et
al. (1991), however, found that the modulus degradation relationship for gravel presented by Seed
et al. (1984) combined with estimates of maximum shear modulus based on insitu shear wave velocity
measurements provided a reasonable analytical representation of the recorded response of Ririe Dam
during the 1983 Mt. Borah Earthquake.

Recent laboratory test data appear to indicate that modulus degradation relationships for many
gravels and smaller rockfill materials are closer to the median and upper-bound sand curves presented
by Seed and Idriss (1970) than to the gravel curves presented by Seed et al. (1984). Fig. 4-3
summarizes the modulus degradation and damping relationships presented by Yasuda and Matsumoto

(1993) along with those of earlier investigators. Yasuda and Matsumoto's (1993) data was for a
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quartz andesite with a maximum particle size of 38 mm. Fig. 4-4 compares select relationships with
the relationships presented by Kono et al. (1993) based on large-scale field tests and laboratory tests
on a dense gravel having a maximum particle size of 150 mm. Upon review of Figs. 4-3 and 4-4, it
is clear that the median modulus degradation relationship for gravel presented by Seed et al. (1984)
is essentially a lower bound on the more recent data of other investigators, and that the median
modulus degradation relationship for sand presented by Seed et al. (1984) better represents these
more recent data. Furthermore, it appears that the modulus degradation relationships for sand and
gravel may be more similar than previously thought. While the appropriate relationship for large-
sized rockfill cannot be directly evaluated based on the above data, one might reasonably expect
rockfill to behave similar to sand and gravel. Thus, a modulus degradation relationship must be
assumed, and then any subsequently back-calculated maximum shear modulus parameters must be
qualified as only being appropriate for the assumed modulus degradation curve. However, it will be
shown later in Section 5 that equivalent combinations of maximum shear modulus and modulus
degradation relationships can be readily estimated. The median damping relationship for gravel
presented by Seed et al. (1984) is within the range of the more recent data of other investigators,
while the upper bound damping relationship for gravel presented by Seed et al. (1984) would appear
to represent a reasonable upper bound to the more recent data.

The dynamic analyses for this study were completed using the median modulus degradation
relationship and the upper bound damping relationship presented for gravel by Seed et al. (1984).
The results of the analyses are also interpreted for the modulus degradation relationship presented
for sand by Seed and Idriss (1970). The effect of using the median damping relationship for sand

(Seed et al. 1970) was also investigated in a few sensitivity analyses.
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It then remains to select a value for the parameter K, . which establishes the maximum shear

modulus (G_,,) as:

G.. - 219K, (d)¥2 1)

max

where G, and the mean effective confining stress (o,') are in units of kPa. The value of o, was
taken as the average of the three principal stresses, of which two are obtained from the initial static
stress analyses described in the next section. Since the 2-D static stress analyses do not provide the

intermediate principal stress (0,'), it was estimated for each element as:

! ! ! !
O, = V (07403 2 O 2

The above guideline expression is based on elastic theory for an isotropic material with a Poisson's
ratio of v, but subject to the limitation that the out-of-plane principal stress be intermediate to the in-
plane principal stresses. A Poisson's ratio of 0.35 for the rockfill was used in Eqtn. (2) for estimating
intermediate principal stresses and in the dynamic response analyses. The value of K for the Class
“B" and "C" rockfill zones were taken as 1/3 greater than the value assigned to the body of the dam
(Class "A") in all analyses; thus, only the K, ., value for the body of the dam is referred to hereafter.
4.3 Initial Static Stress Analyses

The initial static stress analyses were calculated for the maximum cross-section of the dam,
and were performed in steps to incrementally model the placement of the rockfill and the subsequent
loads produced against the upstream face by the reservoir (elevation set to the value reported at the
time of each earthquake). Model parameters were the same as presented by Boulanger et al. (1990).
Additional parameter studies showed that the calculated mean confining stresses were not sensitive
to the model parameters, which is reasonable given the homogenous cross-section of the dam. The

initial stress distribution shown in Fig. 4-5 corresponds to conditions at the time of the Whittier
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Narrows Earthquake; the stress distribution was only slightly affected by the different reservoir water
levels at the times of the two earthquakes.

The results of the 2-D static stress analysis were then corrected to account for the effects of
canyon shape using data presented by Lefebvre and Duncan (1971). For a triangular shaped canyon,
Lefebvre and Duncan showed that a dam with a crest length (L) to height (H) ratio of 2:1, a 2-D
analysis of the maximum cross-section can overestimate the static stresses in the lower third of the
dam by as much as 40%, as shown in Fig. 4-6. Consequently, the mean confining stresses obtained
from the 2-D analyses were reduced by an amount that varied linearly with elevation from 0% at the
lower 1/3-point of the dam to 30% at the base of the dam. Since the same maximum cross-sectional
mesh geometry was used for the static and dynamic FEM analyses, the calculated mean confining
stresses corresponded directly to individual elements in the 2-D dynamic mesh and were projected
longitudinally into the 3-D dynamic mesh.

44  Two-Dimensional Dynamic Response Analyses

The 2-D (plane-strain) dynamic response of the dam was computed using the recorded
transverse abutment motions as the input motion to the rigid base. A maximum frequency of 12 Hz
was used in the analyses. Analyses were performed with values for the soil model parameter K,
of 80, 100, 120, 140, 160, and 180 with the median modulus degradation relationship for gravel
proposed by Seed et al. (1984). Sensitivity analyses included the use of upper bound and median
relationships for the damping ratio versus shear strain relationship. The computed response of the
dam crest was compared to the recorded response at the crest center in terms of acceleration response
spectra, Fourier amplification ratios, and acceleration time histories at the dam crest. The results of
selected analyses are summarized in Table 4-1, including the typical range of induced shear strains
within the FE models. The response spectra and Fourier amplification ratios calculated for a K,

value of 120 and both earthquake motions are presented in Figs. 4-7 through 4-10.
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Figure 4-7: Calculated 2-D Dynamic Response Spectra
Whittier Narrows Earthquake
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In general, the 2-D dynamic response analyses using realistic K, ,, values (considered to be
100 to 140) were not able to capture all aspects of the recorded responses at the crest center. As
expected, the calculated Fourier amplification ratios exhibit their greatest value at their longest period
(corresponding to the first mode of vibration for the 2-D model) followed by progressively smaller
amplification ratios at higher modes of vibration. In contrast, the Fourier amplification ratios for the
recorded motions at the crest center exhibit a lower peak ratio at their first mode of vibration than
is produced at the second mode of vibration, possibly reflecting asymmetrical dam motions or the
relative positioning of the accelerograph with respect to the 3-D modal shapes. The difference
between the calculated and recorded Fourier amplification ratios is reflected in the differences
between the calculated and recorded acceleration response spectra. The calculated response spectra
generally over-predict the recorded response spectra by a factor of roughly 1.5 to 1.9 and do not
accurately reproduce the same "shape" because the 2-D model is amplifying the input motions in a
significantly different way than the recorded motions indicate was the case. Similarly, the peak
ground accelerations at the crest are generally over-predicted by a factor of roughly 1.1 to 1.3.

The K, .. value input into a 2-D analysis is sometimes artificially increased to a value that
“stiffens” the 2-D model to a fundamental frequency that matches the prototype's 3-D geometry. For
Cogswell Dam, K, ,,, values in the range of 200 to 240 would be necessary in a 2-D analysis to
compensate for the stiffening effects of the V-shaped valley it is located in. When these larger values
are used, the fundamental frequency of the FE model becomes closer to the predominant frequencies
present in the input motions. Consequently, the FE model responds even more strongly in its first
mode, and thus the over-prediction of the dynamic response of the dam is increased.

The use of the median damping relationship in any of the analyses resulted in poorer
agreement between the calculated and recorded motions in terms of the magnitude of response but

did not significantly affect the general shape of the response spectra or Fourier amplification ratios.
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4.5  Three-Dimensional Dynamic Response Analyses

The 3-D dynamic response of the dam was computed using the recorded transverse abutment
motions as the input motion to the rigid base. Results were practically identical for frequency cutoffs
of 10 or 12 Hz, 5o a cutoff frequency of 10 Hz was used in the remaining analyses. Analyses were
performed with values for the soil model parameter K, .. of 80, 100, 120, 140, and 160. Sensitivity
analyses included the use of upper bound and median damping relationships presented for sand by
Seed and Idriss (1970). The computed response of the dam was compared to the recorded motions
(node 291 vs. the crest center motions, and node 961 vs. the right crest motions) in terms of
acceleration response spectra, Fourier amplification ratios, and acceleration time histories. The
response spectra and Fourier amplification ratios calculated for a K, ..x Value of 120 are presented
in Figs. 4-11 through 4-14 for the two earthquakes. The results of selected analyses are summarized
in Table 4-2 (the results obtained for a scaled down abutment motion will be discussed later).

The computed variations of peak transverse acceleration along the crest of the dam, based on
the 3-D dynamic response analyses, are shown in Fig. 4-15 for the two earthquakes. Peak
accelerations are somewhat asymmetrical about the center of the dam crest because of the
asymmetrical features in the FEM mesh. Also shown on Fig. 4-15 are the recorded peak transverse
accelerations at the crest center and right crest instruments. These 3-D dynamic response analysis
results suggest the greatest peak transverse accelerations during these earthquakes may have occurred
at a point on the dam crest slightly to the right of the center crest instrument.

In general, the 3-D dynamic response analyses over-predicted the recorded dam response.
The Fourier amplification ratios to the crest and the subsequently affected peak crest accelerations
are generally over-predicted by factors of roughly 1.6 to 2.3 for the two earthquakes. The calculated
acceleration response spectra at the crest are generally over-predicted by factors of roughly 1.7 to

2.6. The use of the median damping relationship resulted in a slightly greater over-prediction of the
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recorded response but did not significantly affect the general shapes of the Fourier amplification ratios

or response spectra.
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5. DISCUSSION
5.1  Comparison of Calculated and Recorded Dynamic Response

In general, the 2-D and 3-D calculated dynamic responses of Cogswell Dam were greater than
the recorded dynamic responses during both earthquakes. As discussed in Section 4, the 3-D analyses
generally resulted in an overestimation of the crest's dynamic response characteristics by factors of
about 1.6 to 2.6, and the 2-D analyses resulted in an overestimation of the crest's dynamic response
characteristics by factors of about 1.1 to 1.9. The 2-D analyses using realistic K, ., values did show
better agreement than the 3-D analyses in terms of peak crest accelerations, but thi; is attributed to
the fact that the 2-D model is substantially softer than the 3-D model (or the prototype) and thus
underestimates the contribution of the dam's first mode of response. Overall, the 3-D dynamic
response analyses did no better than the 2-D dynamic response analyses in recreating the recorded
response of the dam,

Possible explanations for the general over-prediction of dynamic response are the possible
amplification of the abutment motions relative to those beneath the dam due to topographic effects,
and the influence of dam-canyon interaction effects such as nonsynchronous foundation motions and
radiation damping. These phenomena probably affect the dynamic response of dams in most cases,
but to differing degrees. For example, it should be noted that the 2-D methods used in this study have
been successful in providing good agreement between calculated and recorded dynamic responses
for other dams (e.g., Bray et al. 1989; Mejia et al. 1991; Mejia et al. 1992; Mejia and Boulanger
1993).

The overestimation of the dam response during these earthquakes may be largely due to dam-
canyon interaction effects. Dakoulas (1993) shed valuable insight on the role of dam-canyon
interaction effects on the dynamic response using closed form solutions for the simplified condition

condition of triangular dams in semi-cylindrical canyons (Fig. 5-1(a)). Dakoulas's analyses showed
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that both radiation damping and spatial variability of motions had an increasingly important effect on

dam response as the impedance ratio (IR) decreased. The impedance ratio is defined as:

rRee Pe

Va Py

where V. and p, are the shear wave velocity and density of the canyon material, respectively, and
V, and p, are the shear wave velocity and density of the dam material, respectively. Fig. 5-1(b)
shows the amplification ratio (AF on displacements) for IR values of 15, 10, 5, and 2.5. The
amplification for IR=15 was essentially the same as for a perfectly rigid semi-cylindrical canyon, and
show an AF of almost 10 at the first resonant frequency. The AF at the first resonant frequency
decreased to about 6 at IR=5 and to about 3 at IR=2.5. The AF at the second resonant frequency
decreases even more rapidly with decreasing IR than does the AF at the first resonant frequency. The
reduction in amplification as IR decreases was attributed to increased radiation damping and increased
destructive interference of nonsynchronous base motions (i.e., spatial variations in canyon response).
Spatial variability of base motions increases: (1) for hi gher frequencies which correspond to shorter
wave lengths; and (2) for smaller impedance ratios (IR) which correspond to smaller shear wave
velocities in the canyon rock relative to that of the dam, and thus shorter wave lengths at a given
natural frequency of the dam. The destructive interference of nonsynchronous base motions is
reflected in Fig. 5-1 in that the reduction in AF with decreasing IR is especially important at higher
frequencies.

The above results by Dakoulas can be qualitatively applied to Cogswell Dam by considering
the expected approximate range of the impedance ratio (IR) insitu. The shear wave velocity in the
foundation rock mass is roughly estimated to be between 1200 m/s and 1500 m/s based on the

geologic data,the fact that the upstream concrete cutoff wall was excavated to depths of 4 mto 15

5-2



(@) Perspective View and Cross-Sections of Dam

Fig. 5-1:  Effect of Impedance Ratio (IR) on Midcrest Amplifications of Dam in
Semicylindrical Canyon and Plane-Strain Dam (Dakoulas 1993)
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m using only mechanical equipment (no blasting was reported), and Caterpillar's (1991) guidelines
for rippabillity versus shear wave velocity in igneous rocks. Since the shear wave velocity of the
rockfill varies spatially and with the strength of shaking, a shear wave velocity in the rockfill near the
foundation contact may be most appropriate for evaluating radiation damping effects, while an overall
average shear wave velocity may be more appropriate for evaluating nonsynchronous motion effects.
For the Sierra Madre Earthquake, the 3-D analyses suggest representative shear wave velocities in
the rockfill of about 365 mys near the foundation contact and about 290 m/s as an overall "average."
Thus, the value of IR would be between 4.7 and 5.8 for radiation damping and between 5.9 and 7.3
for nonsynchronous motion. Using Dakoulas's results as guidelines and assuming that the first and
second modes of response contribute equally to the overall dam response (as roughly indicated by
the recorded motions), one would expect the FEM analyses (synchronous motion, no radiation
damping) to over-predict the amplification ratios by about 50% to 90% for the Sierra Madre
Earthquake. For the Whittier Narrows Earthquake, the 3-D analyses suggest representative shear
wave velocities in the rockfill of about 425 m/s near the foundation contact and about 340 m/s as an
overall "average." Thus, the value of IR would be between 4.0 and 5.0 for radiation damping and
between 5.0 and 6.2 for nonsynchronous motion. Again, using Dakoulas's results as guidelines, one
would expect the FEM analyses to overpredict the amplification ratios by about 70% to 140% for
the Whittier Narrows Earthquake. The amount of over-prediction is expected to be greater for the
Whittier Narrows Earthquake than for the Sierra Madre Earthquake because of the lower shaking
levels and thus higher effective shear moduli and lower impedance ratios. This expected pattern is
observed in the results of the 3-D dynamic analyses for which the peak center crest transverse
accelerations were over-predicted by 100-140% for the Whittier Narrows Earthquake and by 60-80%
for the Sierra Madre Earthquake. These qualitative estimates are in reasonably good agreement with

the comparisons of calculated and recorded dynamic responses in this study, and thus it is reasonable
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to conclude that radiation damping and nonsynchronous motions probably played major roles in the
dynamic response of the dam.

Other topographic effects may also have contributed to amplification of the abutment motions
relative to those beneath the dam, or possibly changes in the frequency content of the right abutment
motion. The right abutment instrument is located behind the control house situated at the top of the
vertical cut slope extending up from the right side of the spillway channel. At this point, the
instrument is separated from the dam's right abutment contact by the spillway which is largely
founded on a large shear zone (see Section 2). The positioning of the instrument seems conducive
to differences between the recorded abutment motions and the dam's foundation.

5.2 Comparison of 2-D and 3-D Dynamic Response Analyses

Dynamic response analyses of embankments are most often concerned with estimating
dynamic shear stresses and strains in order to predict deformations within the embankment: the
preceding analyses, however, focused on the motion characteristics because this enabled a comparison
of calculated and recorded dynamic responses. The differences between dynamic shear stresses
predicted by 2-D and 3-D dynamic response analyses were found to be significant by Mejia and Seed
(1983) for highly 3-D geometries. Fig. 5-2 shows how the difference was less than about 20% for
a dam with length to height ratio of 6.8:1, but much greater for a dam with a length to height ratio
of only 2:1 (particularly near the base of the dam). Similar comparisons were made in this study to
confirm the general observations made by Mejia and Seed (1983).

Fig. 5-3 presents the ratio of the peak, dynamic, horizontal shear stresses in the transverse
direction predicted in a 2-D analysis (74y2p) to that predicted at the maximum cross-section in a 3-D
analysis (7,,,p) using a K, ., value of 120 and the Siera Madre Earthquake. The maximum cross-
section in the 3-D mesh matches the 2-D mesh except for the absence of a few elements near the

downstream toe in the 3-D mesh. The 2-D analyses predict greater dynamic shear stresses near the
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base of the dam than do the 3-D analyses, with the ratio being about 3.0 along the lowest row of
elements. The dynamic shear stresses in the 3-D elements near the base are probably reduced relative
to the 2-D model by the constraining effects of the nearby, rigid foundation nodes. The ratio
Try2/ Txy3p decreases towards the crest of the dam, where it becomes only about 0.75. The dynamic
shear stresses in the 3-D elements at the crest are greater than in the 2-D model, which is consistent
with the greater peak crest accelerations predicted by the 3-D models relative to the 2-D models.
Fig. 5-4 presents the ratio of the longitudinal to transverse peak, dynamic, horizontal shear stresses

at the maximum cross-section in the 3-D analysis with a K, value of 120 for the Sierra Madre
Earthquake. This ratio is less than 0.40 throughout most of the maximum cross-section, but does
become larger near the base and crest of the dam. The longitudinal shear stresses are significant for
this highly 3-D dam geometry, especially since the analysis only considers excitation in the transverse
direction.

Fig. 5-5 presents the ratio of the transverse peak, dynamic, horizontal shear stress (Txyap) tO
the maximum, peak, dynamic shear stress (T, 4.p) at the maximum cross-section in the same 3-D
analysis. This ratio is between 0.90 and 1.0 throughout most of the cross-section, but decreases to
about 0.70 near the base and crest of the dam. These results are in good agreement with those of
Mejia and Seed (1983) as shown in Fig. 5-6. Comparing Figs. 5-4 and 5-5, it appears that the
difference between the transverse peak, dynamic, horizontal shear stress (74yap) and the maximum,
peak, dynamic shear stress (7,3 p) corresponds closely to the influence of the longitudinal peak,
dynamic, horizontal shear stress (7,,5p). This aspect of dynamic response is not captured by 2-D
analyses and needs to be incorporated using appropriate judgement.

In general, the observations and recommendations made by Mejia and Seed (1983) regarding

2-D and 3-D dynamic response analyses were supported by the results of this study.
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5.3  Dynamic Properties of Rockfill

An estimate of the most representative K, value for the rockfill comprising Cogswell Dam
can be made based on a comparison of the recorded and calculated fundamental periods. Such a
comparison could be made using the results of the 2-D analyses, provided that an appropriate
allowance is made for the stiffening effect of the actual 3-D geometry. Fig. 5-7 (after Mejia and Seed
1983) summarizes the results of several studies that provide comparisons between the fundamental
frequency of 3-D dams with different crest length-to-height (L/H) ratios versus infinitely long dams
with the same maximum cross-section and properties. For example, a shear beam analysis (assumes
a constant shear wave velocity) of a triangular dam with a L/H ratio of 2.1:1 in a V-shaped canyon
indicates that the 2-D (plane-strain) fundamental period is about 1.65 times greater than the 3-D
fundamental period. However, a comparison of the 2-D and 3-D dynamic analyses of Cogswell Dam
for the same K, value indicates that the ratio of the 2-D to 3-D calculated fundamental periods is
about 1.4 even though the dam canyon is roughly V-shaped. This lower ratio of 2-D to 3-D
fundamental periods results from the nonlinearity of the soil properties: the stiffer 3-D model
responds more strongly to the input motions, experiences generally greater shear strains, and thus has
slightly smaller shear wave velocities than a 2-D model having the same low strain shear modulus (or
K, mux Value). For this reason, a certain amount of judgement is needed in selecting an appropriate
correction factor from Fig. 5-7 for application to 2-D dynamic response analysis results.

An estimate of the K, _,, for the rockfill was obtained by comparing the fundamental period
calculated by the 3-D analyses with the recorded values for both the Whittier Narrows and Sierra
Madre earthquakes. The appropriateness of such a comparison, however, requires that the FE model
correctly reflect the range of shear strains induced in the dam by these earthquakes. As discussed
earlier, the 3-D analyses over-predicted the response of the dam and are thus likely to have also over-

predicted the induced shear strains. Two approaches were used to approximately compensate for the
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apparent over-prediction of dam response. The first approach attempted to compensate for any
topographic effects present in the right abutment motion by constructing a pseudo-foundation motion
by dividing the recorded crest motions by the Fourier transfer functions provided by the 3-D response
analyses. This approach required iterating on one of the crest motions to account for the nonlinearity
of the transfer function with respect to the induced shear strains, and thus only one recorded motion
can be "deconvolved" at a time. The resulting pseudo-foundation motions corresponding to the
"deconvolved" right crest and center crest motions were not very similar in frequency content which
indicates that dam-canyon interaction effects were significant in addition to any topographic effects
in the recorded abutment motion. Consequently, the second approach was to simply scale the
recorded abutment motion by a factor of 0.5 before input to the analysis, and thus reduce the peak
crest accelerations to values more closely reflective of recorded values. This approach was
considerable less involved, and appears to be just as valid an approximation given the complexity of
the problem and the uncertainties involved in any approximate compensation for the over-prediction
of dynamic response.

The relationships between the K, .. value (using a gravel curve for modulus degradation) and
the calculated fundamental period of the dam for the Whittier Narrows and Sierra Madre earthquakes
are presented in the upper two plots of Fig 5.8. For the Whittier Narrows Earthquake, the
fundamental period of the dam was estimated to be between 0.37 and 0.42 seconds (Section 3) for
which a K, ,,, of between 120 and 145 would provide the best agreement. For the Sierra Madre
Earthquake, the fundamental period of the dam was estimated to between 0.45 and 0.48 seconds for
which a K, ,,, of between 125 and 140 would provide the best agreement. The above estimates of
Ky me correspond to different levels of earthquake-induced shear strain, but the difference in strain
levels is not sufficient to provide a very broad test of the most appropriate dynamic rockfill

properties.
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To evaluate the appropriateness of the selected modulus degradation relationship, the trailing
portions (times between 20 and 40 seconds after triggering of the instruments) of the Whittier
Narrows and Sierra Madre earthquakes were analyzed further. The trailing portions of these
earthquake records are of small amplitude, but their amplitudes are still substantially greater than
typical SMIP instrumentation noise (Shakal and Ragsdale 1984). The response spectra for the center
crest motion and the Fourier amplification ratios from the right abutment to the center crest for the
trailing portions (20-40 seconds; 30-40 seconds) of these two earthquakes are presented in Fig. 5-9
and 5-10, respectively. The fundamental period of the dam appears to have been between about 0.31
and 0.33 seconds for the low level vibrations at the ends of these two earthquakes. The lower plot
in Fig. 5-8 shows the relationship between the K, . value and calculated fundamental period of the
dam based on 3-D dynamic response analyses using a trailing portion of the Whittier Narrows
Earthquake as input. The calculated strain levels are very low under this level of input excitation (a
representative effective shear strain of about 3.0x10%%), such that degradation of the modulus is
quite small. Based on these data, the appropriate K, s value would be between 140 and 155 for use
with the modulus degradation relationship for gravel. These results are consistent with those obtained
for the full earthquake motions.

The choice of modulus degradation relationship directly affects the K, nax value providing the
best agreement with the recorded fundamental periods. It is, however, relatively straight-forward to
determine equivalent combinations of K, ..., values and modulus de gradation curves which result in
practically identical calculated fundamental periods of the dam. The dynamic analyses calculate
effective shear moduli that are consistent with the level of induced shear strain in each element based
on the low-strain (maximum) shear moduli (defined by K, 1..x) and the modulus degradation curve.
To illustrate this, the effective shear moduli are plotted against the effective shear strains (Fig. 5-11)

calculated for individual elements in the 3-D analysis using K, ..., = 120, the gravel degradation curve,
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and the Sierra Madre Earthquake motion. The open circles in Fig. 5-11 represent all the elements
except the highest and lowest 5%. Also shown on Fig. 5-11 are shear modulus versus shear strain
curves corresponding to the sand and gravel modulus degradation curves which could satisfactorily
reproduce the same analysis result. Boulanger et al. (1993) obtained essentially identical response
spectra using such equivalent combinations for 2-D analyses of Cogswell Dam. Thus, equivalent
K, max Values for the sand modulus degradation curve can be obtained from diagrams such as shown
on Fig. 5-10, or from Tables 4-1 and 4-2 by simply using the typical effective shear strains and then
scaling the K, ,,, value for a gravel curve by the ratio of the corresponding G/G_,_ values for the
gravel and sand curves, respectively.

Thus, equivalent agreement between the recorded and calculated 3-D fundamental periods
of Cogswell Dam for the Whittier Narrows and Sierra Madre Earthquakes can be obtained using
K, max values of 90 to 105 with the median sand modulus degradation relationship (Seed et al. 1984)
or K, .., values of 120 to 140 with the gravel modulus degradation relationship (Seed et al. 1984).
For the results obtained using the trailing portions of these earthquakes, however, the appropriate
Ky max Values would be between 130 and 145 with the median sand modulus degradation relationship
and 140 to 155 for the gravel modulus degradation relationship. Thus, the results of these analyses
suggest that the gravel modulus degradation relationship is more appropriate because a consistent
range of K,,, values was obtained over the full range of induced shear strains, while the sand
degradation relationship resulted in inconsistent estimates of K, nax- This finding should be further
explored, perhaps through the collection of seismic micro-tremor data to confirm the estimated low

strain fundamental period of the dam.
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6. SEISMICALLY-INDUCED PERMANENT DEFORMATION ANALYSES

The presently available engineering methodologies for estimating seismically-induced
permanent deformations in rockfill dams are not well refined and need to be viewed with considerable
engineering judgement. It is interesting, however, to perform a deformation analysis using the
parameters adopted in previous engineering studies of the dam prior to the Sierra Madre Earthquake.
As part of a geotechnical investigation of Cogswell Dam, the LACFCD (1980) estimated that the
pseudo-static yield acceleration for potential slip surfaces through the dam is 0.21 g. For the Sierra
Madre Earthquake, the maximum average acceleration (k_, ) for potential sliding masses is estimated
to be about 0.3 g based on the recorded motions and the relationships between peak crest
accelerations and maximum average accelerations presented by Makdisi and Seed (1978). Thus, the
ratio of k /k,,, was 0.7 for which the Makdisi-Seed (1978) procedure for estimating dam and
embankment earthquake-induced deformations predicts permanent deformations for a M = 6.5
earthquake to be less than 38 mm. Since the 1991 Sierra Madre event was only a M| = 5.8 event,
the predicted seismically-induced permanent deformations would be Iess than 25 mm. A Newmark
(1965) double-integration of the recorded crest acceleration-time history scaled to a peak acceleration
of 0.3 g was also performed. This approach predicted permanent deformations due to the Sierra
Madre event to also be less than 25 mm. These estimates are in good agreement with the observed
maximum deformations of 41 mm vertical and 16 mm horizontal at the dam crest, and with previous
experiences regarding the performance of rockfill dams during earthquake loading. It should be noted
that the observed deformations may be partly due to seismically-induced volumetric strains in the
rockfill and not due to rigid-body deformation as assumed by a Newmark-type analysis. For this
reason, the results of a Newmark-type analysis should be viewed only as a rough indicator of seismic

performance.



7. SUMMARY AND CONCLUSIONS

Cogswell Dam, a 85-m high concrete-faced, loosely dumped rockfill dam, experienced a peak
transverse crest acceleration of 0.42 g during the 1991 Sierra Madre Earthquake. The dam
performed well with a maximum deformation of about 41 mm at the crest and with relatively minor
cracking in limited portions of the upstream concrete facing. The good performance of the dam is
consistent with previous experiences and with simplified seismically-induced permanent deformation
analyses.

Two- and three-dimensional FEM dynamic response analyses of Cogswell Dam during the
1987 Whittier Narrows and 1991 Sierra Madre earthquakes were presented. An assessment of the
results indicate that both the 2-D and 3-D dynamic response analyses were limited in their ability to
accurately model the observed dam response, and in general, tended to over-predicted the recorded
dam response. Dam-canyon interaction effects (nonsynchronous foundation motion, and radiation
damping) appear to have had a strong influence on the response of Cogswell Dam, based on estimates
of the impedance ratio between the dam and its foundatioh and using the analytical solutions
presented by Dakoulas (1993). These simplified analyses may prove useful for evaluating potential
dam-canyon interaction effects, and thus indicate when the available dynamic response analysis
programs can reasonably be expected to model prototype response.

It is important to note that dynamic response analyses of dams are most valuable for
estimating dynamic shear stresses and strains throughout a dam, whereas the current study has
focussed on motion characteristics since these are what the recorded motions provide. Furthermore,
the present study has used dynamic response analysis codes which are commonly used in practice (in
the case of 2-D) or their equivalent (in the case of 3-D). The over-prediction of the dynamic response
of Cogswell Dam in this study, which leads to conservative estimates of induced dynamic shear

stresses, illustrates that more sophisticated analysis methods may prove beneficial in certain situations
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(such as a marginally stable dam on a compliant foundation).

Estimates of the dynamic rockfill properties were obtained by comparing recorded and
calculated 3-D fundamental periods of the dam during the Whittier Narrows and Sierra Madre
earthquakes. The insitu rockfill stiffness during the strong shaking of these earthquakes was best
represented by: (1) K, ,,, values of 120 to 140 when using the median modulus degradation curve
proposed for gravel by Seed et al. (1984), or (2) K, max Values of 90 to 105 when using the median
modulus degradation curve proposed for sands by Seed et al. (1984). The insitu rockfill stiffness
during the low strain, trailing portions of these earthquakes was best represented by: (1) K, ,, values
of 140 to 150 when using the median modulus degradation curve proposed for gravel by Seed et al.
(1984), or (2) K, ,,, values of 130 to 140 when using the median modulus degradation curve
proposed for sands by Seed et al. (1984). These analyses indicate that the median modulus
degradation curve for gravel provides a more consistent representation of the insitu degradation of
the dam's stiffness than is provided by the median modulus degradation curve for sands. Therefore,
the insitu dynamic properties of the rockfill comprising the body of Cogswell Dam appear to be
reasonably represented by a K, . value of 120 to 140 with the median modulus degradation
relationship proposed for gravels by Seed et al. (1984).

It is recommended that the right crest instrument be relocated to the left (or right) abutment,
close to the dam-abutment contact. The new position would allow an evaluation of dam-canyon
interaction effects in future earthquakes, including a comparison between the existing right abutment
instrument and the new abutment instrument location. This alteration would not require purchase of
new equipment. If funding permitted, the evaluation of dam-canyon interaction effects would benefit

from an additional instrument located near the downstream toe of the dam,
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