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PREFACE

This study was a part of an investigation of the strength of soils
that have been weakened by earthquake shaking, and the stability of
embankment dams containing or founded on susceptible soils. This report
is one of a series which documents the investigation. The project was
carried out jointly by Geotechnical Engineers, Inc. (GEI), H. Bolton Seed,
Inc., Rensselaer Polytechnic Institute (RPI), and the US Army Engineer
Waterways Experiment Station (WES). Principal Investigators were Dr.
Gonzalo Castro for GEI, Professor H. Bolton Seed, Professor Ricardo Dobry
for RPI, and Dr. A. G. Franklin for WES. Mr. Edward Pritchett, Office of
the Chief of Engineers, Washington, DC, was responsible for recogniziug
the importance and timeliness of this research to the Corps of Engineers,
and for generating Corps support for the project. Funding was provided
through the US Army Engineer District, Kansas City, for whom oversight
was provided by Mr. Francke Walberg.

Essential to the overall invescigation was an expivration and
records review effort at the Lower San Fernando Dam, in order to obtainr
crucial data and soil samples for laboratory testing. This effort
included an extensive drilling and penetration testing program, excavation
of a large-diameter shaft, in-situ testing, collection of samples, and

review of historical records. The Los Angeles Department of Water and
Power, owner of the Lower San Fernando Dam, provided access Lo the site
and to the hlistorical records, and other assistance. The California

Department of Water Resources provided information from their files.

Drilling, Standard Penetration Testing, and undisturbed sampling
from borings were performed by WES, under the supervision of Mr. Joseph
Gatz. Cone Penetration Test soundings were performed by Earth Technology
Corporation (ERTEC). Excavation of the exploratory shaft was done by
Zamborelli Drilling Company, under the direction of GEI. Investigations
and sampling in the shaft, and the review of historical records, were done
by and under the cupervision of Mr. Tom Keller of GEI.

The results presented in this report were deve | J by H. Bolton
Seed, Inc., in cooperation with the Stanford Unive. i Geotechnical
Laboratory. The work was carried out under WES Contre: 0. DACW39-85-

C-0048.

The technical monitor and Contracting Officer's Representative at
WES was Dr. A. G. Franklin, Chief of the Earthquake Engineering and
Geosciences Division, Geotechnical Laboratory. The primary WES reviewer
was Dr. Paul F. Hadala, Assistant Chief of the Geotechnical Laboratory.
Chiet or iz Seotechnical Laboratory was Dr. William F. Marcuson 11i.

Commander and Director of WES during the pr-piration of this report
was COL Larry B. Fulton, EN. Dr. Robert W. Whalin was Technical Director.
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(METRIC) UNTI

OF MEASUREMENT

used in this report may be converted to metric

To Obtain

cubic metres
centimetres
newtons

kilopascals

square centimetres




RE-EVALUATION OF THE LOWER SAN FERNANDO DAM
REPORT 2:
EXAMINATION OF THE POST-EARTHQUAKE SLIDE OF FEBRUARY 9, 1671

by

H. Bolton Seed, Raymond B. Seed, Leslie F. Harder and Hsing-Lian Jong
1. Introduction

The Lower San Fernando Dam in California developed a major slide in the
upstream slope and crest as a result of the 1971 San Fernando earthquake. An
investigation of the slide, including trenches and borings, in situ density
tests, undisturbed sampling, index testing, static and cyclic load testing,
and analyses was performed and reported by Seed et al. (1973), Seed et al.
(1975a), Seed et al. (1975b), and Lee et al. (1975). The field investigation
showed that the slide occurred due to liquefaction of a zone of hydraulic sand
fill near the base of the upstream shell.

Two cross sections of the Lower San Fernando Dam are presented in
Fig. 1-1, one showing the observations made in a trench excavated through the
slide area and the other showing a reconstructed cross section of the dam,
illustrating the zone in which liquefaction occurred. Large blocks of
essentially intact soil from the upstream section of the dam moved into the
reservoir, riding over or '"floating" on the liquefied soil. After movements
stopped, the liquefied soil was found to have extruded out below the toe of
the dam and up between the intact blocks, with maximum movements as much as
200 ft (61 m) beyond the toe of the dam. The block of soil which contained
the toe of the dam moved about 150 ft (46 m) into the reservoir.

Data from seismoscopes located on the abutment and on the crest of the

embankment indicated peak accelerations of about 0.55g and 0.5g, respectively,

Ald an ana.. o« 1 che seismoscope record on the dam crest indicated that the

stk oo e 0 te 30 seconds after the earthquake shaking had stopped
14
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(Seed, 1979). Thus the large slide movements apparently developed in the
absence of earthquake-induced stresses and were caused only by the static
stresses due to the weight of the materials in the embankment. It can thus be
inferred that the earthquake shaking triggered a loss of strength in the soils
comprising the embankment and it was this loss of strength, rather than the
inertia forces induced by the earthquake shaking, which led to the sliding of
the upstream slope.

It has be¢n estimated that the slide movements in the Lower San Fernando
Dam developed mainly in about 40 seconds, suggesting that the average rate of
movement was about 5 ft/sec or 3 mph (5 kph). This comparatively slow rate of
movement ind:cates that the soil in the slide zone was in a marginal state of
limiting equilibrium during the period of sliding and that the factor of
safety was only slightly less than 1.0. However the flow of liquefied sand
into cracks in the embankment and the flow of sand beyond the toe of the
embankment suggests that the strength of the liquefied sand in some zones must
have been quite low.

While it is readily apparent that sliding due to liquefaction occurred
in the upstream shell of the embankment, performance data from the files of
the City of Los Angeles Department of Water and Power show that the water
levels measured in wells installed in the downstream shell showed only small
changes in elevation as a result of the earthquake shaking (see Figs. 1-2 and
1-3). Thus it would appear that while the earthquake caused a small increase
in pore pressure ratio in the downstream shell and its foundation, there was
no significant extent of soil liquefaction in this part of the embankment.

Th~ analysis of the dynamic response of the dam, performed as part of
the investigation in 1973, was made using a method of analysis proposed by
Seed, Lee and Idriss (Seed et al., 1975b). This method of analysis involves

the following steps:

16
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[ 29

Determine the cross-section of the dam to be used for analvsis.
Determine, with the cooperation of geologists and seismologists, the
maximum time history of base excitation to which the dam and its
foundation might be subjected.

Determine, as accurately as possible, the stresses existing in the
embankment before the earthquake; this is probably done most effec-
tively at the present time using finite element analysis procedures.
Determine the dynamic properties of the soils comprising the dam,
such as shear modulus, damping characteristics, bulk modulus or
Poisson's ratio, which determine its response to dynamic excitation.
Since the material characteristics are nonlinear, it is also neces-
sarv to determine how the properties vary with strain.

Compute, using an appropriate dynamic finite element analysis proce-
dure, the stresses induced in the embankment by the selected base
excitation.

Subject representative samples of the embankment materials to the
combined effects of the initial static stresses and the superimposed
dvnamic stresses and determine their effects in terms of the genera-
tion of pore water pressures and the potential development of
strains. Perform a sufficient number of these tests to permit simi-
lar evaluations to be made, by interpolation, for all elements com-
prising the embankment.

From the knowledge of the pore pressures generated by the earth-
quake, the soil deformation characteristics and the strength charac-
teristics, evaluate the ractor of safety against failure of the

embankment either during or following the earthquake.

19




8. If the embankment is found to be safe against failure, use the
strains induced by the combined effects of static and dynamic loads
to assess the overall deformations of the embankment.

9. Be sure to incorporate the requisite amount of judgment in each of
steps (1) to (8) as well as in the final assessment of probable per-
formance, being guided by a thorough knowledge of typical soil char-
acteristics, the essential details of finite element analysis proce-
dures, and a detailed knowledge of the past performance of embank-
ments in other earthquakes.

Application of the method to the Lower San Fernando Dam led to the

cenclusion that it provided a reasonable basis for evaluating the location

and extent of the zone of liquefaction in the upstream shell, as shown in

Fig. 1-4. The analysis also indicated that liquefaction would be expected

in limited zones of the downstream shell, as shown in Fig. 1-4. When the
liquefied soil was considered to have no residual strength the computed factor
of safety of the upstream shell was about 0.8 and it was thus concluded that
the analysis would indicate that failure would have occurred. However because
of the location and limited extent of the zones of liquefaction in the
downstream shell there was no danger of sliding in the downstream direction.
The same method of analysis also indicated failure of the Sheffield Dam in an
earthquake in 1925, and it correctly indicated no failures, and in fact no
liquefaction, in typical hydraulic fill dams subjected to earthquake motions
from Magnitude 6.5 earthquakes producing a peak acceleration of about 0.2g
{(Seed et al., 1973). This is in accordance with the observed behavior of a
number of such dams including Fairmont, Silver Lake, and Lower Franklin dams

in the 1971 San Fernando earthquake. The method also seemed to explain

20
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reasonably well the performance of the Upper San Fernando Dam, in which there

was a downstream slide of about 5 ft in the same earthquake.

method,

As a result of these successful analyses of embankment behavior, the

in its original form or in slightly modified forms, has been used

for seismic stability evaluations of a number of dams in the past 15 years

(Babbitt et al., 1983; Marcuscn et al., 1983; Smart and Von Thun, 1983). Dur-

ing that period, however, ccrtain limitations of the method have been noted,

including the fants that:
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The method sometimes predicts large potential deformations accompa-

nwving soil liguefaction which mav not develop in the field.

. The method deoes not previde anv basis for evaluating the residual

strength of the soil in zones which are predicted to liquefv.

The San Fernando Dam samples used for laboratory testing in the
147 studies were probably slightly disturbed and densified prior
. texting and thus mav have given somewhat erroneous results.

same cime, studies of the steadv-state strerngth of liquefied soils b

and pooolos (Castra et oal., 1982; Poulos et al., 1983) have c.ear!l.

hat even arter liguefaction, many sands do retain a significant resis-

~hear deformations, and laboratorv test procedures have been Jdevel-

ar oevaiuating this steadv-state or residual strength (Foulos et al ,

The procedure proposed bv Foulos et al. for this purpose is based on

taboratery testing of good-quality undisturbed samples. It is des-

noderail in Fulos et al. (1985) and illustrated schematically in
Hasicalliv it recognizes that samples of loose to medium dense sands
et te densitied in the sampling, transportation, handling and tect-

e Thus the steady srate st rength of the <ol s measured at the




e, = Void ratio of undisturbed sampie
after consolidation in laboratory
ef = Void ratio of in-situ deposit

(Sys) = Steady-state strength of soil

as determined in laboratory at

void ratio e,
Void (Susls =Steady-state strength at void i atio eg
Ratio,

Steady-state Line for
Re-constituted Samples

|
I
!
)
l
|
|
ﬂSus)f ’(SUS)L

Steady-state Strength, S, (Log scale)

.
C

*q. 1-3 PROCEQURE FOR DETERMINING STEADY-STATE STneNGTH FOR SOIL
AT FIELD VOID RATIO CONDITION (AFTER POULOS ET AL., 1985)




voild rati

o at the time of fallure in the laboratory and then, assuming that

the slope of the steady state line (the relationship between steady state

strength

the stead

and voild ratic) is the same for undisturbed and remolded samples,

v state strength measured in the laboratory is corrected to a lower

value corresponding to the void ratio of the soil in its field condition.

Asscociated with the development of this procedure has been the development of

improved

procedures for cobtaining undisturbed samples of sand for laboraterv

testing purposes.

Mor

e recentlv Sced (1986, 1987) has analyzed the stabilityv, after lique-

of a number ©f field cases of instability resulting from liguefac-

ticn.  The most recent (1988) values of the residual strength of the liguefied

s ls det
Lle Alba

gulde to

tied sand

ermined in this wav, including several data points recentlv obtained

from studies of embankment failures during the 1985 Chilean earthquake

et a.., 19%7) are shown in Fig. 1-6. Such values provide a useful
residual strengths likely to be developed in other deposits of ligue-

and thev provide an important basis for evaluating the applicability

ot laboratory testing procedures for determining such values.

in
SUate str
the meant
et a.. (]
ligquetied

large ran

+

Picn occurs over the full length of the potential slip surface is greater

Chan the

etbeot

using case studies such as these tco evaluate the residual or steadv-
ength of a liguetied soil, however, it is important to keep in mind
rg of this soil strength characteristic. As described by Poulos
9857, it is the lowest value of resistance to deformation which a
scil exhibits during deformation, at constant composition, over a

ge of deformations (see Fig. 1-7). This being the case it is correct

to conclude that if the steadv-state strength of a deposit in which liquefac-

average driving stress on this siip surface, including anv inertia

no significant deformations (i.e., failure) can develop. Thus
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Initial 7 Failure occurs when strength
driving drops below the initial

shear driving shear stress

stress

Initial —§ Failure occurs when strength
driving drops below the initial

shear driving shear stress

stress

f

Steady-State
Strength

‘.
Strain

Fig. 1-7 SCHEMATIC TLLUSTRATION OF STRESS CONDITIONS WHEN
LIQUEFACTION FAILURE OCCURS IN LABORATORY CYCLIC
LOAD TESTS
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comparison of the driving stress and the steady-state strength is a useful
design technique for evaluating the possibility of major sliding occurring
under these conditions. Its validity however will clearly depend on the accu-
racy with which the residual or steady-state strength is determined and

on the computed value of the average driving stress for the pre-failure con-
figuration of the deposit under ccnsideration.

When case histories are used to evaluate actual values of residual or
steadv-state strength, however, the average driving stress on thc potential
failure surface for the pre-failure configuration dces not have the same level
of significance. The conditions when failure is initiated may be complicated
by the fact that liquefaction Joes not extend all the way along the failure
surface, or that sliaing begins before all the soil has attained its minimum
resistance to deformation. Thus, as failure develops, the soil resistance mav
st1ll be dropping to its steady-state value, represented by the fact that the
theoretical factor of safety when the sliding was initiated may have been sig-
nificantly less than 1. Such conditions will probably always exist whenever a
major flow-type failure occurs. If the factor of safety were in fact unity,
then a small change in configuration would reduce the driving stress, raise
the factor of safety, and quickly arrest the slide movements. Large deforma-
tions indicate that large reductions in driving stress were required to bring
the slide movements to = stop and thus the factor of safety based on the
residual or steady-state strength of the soil being developed all along the
sliding surface could not have been unity for the pre-slide configuration. TIn
fact, if the residual or steady-state strength of the liquefied soil is devel-
oped over the full length of the failure surface, then the factor of safetyv

must be unity only when the slide movements stop, and thus it is the post-




failure configuration which provides the most reliable basis for evaluating
the residual or steady-state strength of a liquefied soil deposit.

This differentiation between the role of the driving stress in the pre-
failure and post-failure configurations is an important consideration in the
use of case histories to evaluate residual or steady-state strengths under

field conditinne I

«t
}a.
)

lireectlv analagous to the stress conditions illus-
trated for laboratory tests in Fig. 1-7 where the steady-state strength bears
no direct relationship to the pre-failure driving stresses acting on the soil
samples and is the same for both samples, even though they have different
driving stresses. C(learly the samples would not fail if the steady-state
strength were not less than the driving stress, but the steady-state strength
is not determined by the value of the driving stress. Similarly for design
evaluations the driving stress for the pre-slide configuration serves a very
useful purpose for evaluating stability, but for case study evaluations of
residual strength, it can only be regarded as providing a theoretical upper-
bound value which may bear no resemblance to the actual residual strength of
the soil.

In the case of the Lower San Fernando Dam slide, for example, the con-
figuration of the upstream shell of the embankment when sliding was initiated
was approximately as shown in Fig. 1-8. Analyses indicate that the average
driving stress along the potential failure surface was about 850 psf. If it
is assumed that all the soil along the failure surface was liquefied and that
the factor of safety at this time was unity, then it would be concluded that
the residual or steady-state strength of the liguefied soil was =zbout 850 psf
in this case.

If the residual or steady-state strength of the soil were indeed close

to 850 psf, however, then only a relatively small movement of the slide mass,

[N
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say 10 to 15 ft, would have brought the slide movement to a stop. The fact
that verv large movements, of the order of 150 ft occurred before sliding
stopped indicates that either the factor of safety was significantly less than
unity, and the residual strength of the liquefied soil significantly less than
850 psf, or that more complex considerations were involved in determining the
onset of sliding. 1In either case the value of 850 psf can only be considered,
as previously indicated, as a theoretical upper bound value for the residual
strength of the liquefied soil and it cannot be assumed that the residual or
steady-state strength of the soil in the liquefied zone was necessarily equal
to or even nearly equal to the average driving stress at the time the slide
movements started.

Possible complexities involve the recognition that the configuration of
the embankment and the approximate extent of the zone of liquefaction at the
time of initiation of sliding were similar to those shown in Fig. 1-§. It may
be seen that there is a zone of non-liquefied soil near the toe of the up-
stream shell, probabiy associated with the starter dike, which apparently did
not liquefy. It has been hypothesized (Seed, (1979)) that it was the develop-
ment of the undrained strength of the soil in this dilatant zone, after lique-
faction occurred in the interior zone of the upstream shell, which prevented
failure from occurring during and immediately following the earthquake; fur-
thermore that it was the gradual reduction in strength of the soil in this
zone from its undrained value to the drained value, as water migrated from the
reservoir to this zone of reduced pore-water pressures, which ultimately led
to a sufficient reduction in strength to cause the failure to be initiated.
However there can be no assurance that the strength had dropped to the drained
strength values shown in Fig. 1-8 when sliding started. All that is known is

that for the configuration shown, the factor of safety dropped to a value of

30
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about 1. Assuming that the drained strength was developed in the non-
liquefied dilatant zone near the toe of the upstream shell, stability analyses
indicate that the residual or steady-state strength of the liquefied soil must
have been about 800 psf. However if the strength of the soil in the dilatant
toe zone was only reduced part-way towards the drained strength, the residual
strength of the soil in the liquefied zone would be significantly less than
this value. Because of this uncertainty and uncertainties about the extent of
the non-liquefied zone at the toe of the upstream shell, the residual or
steady-state strength of the liquefied soil cannot be determined with any high
degree of accuracy from the conditions existing when failure was initiated.

These uncertainties are minimized, however, if the residual or steadv-
state strength of the liquefied soil is computed from the conditions and con-
figuration of the embankment when slide movements stopped. At this stage, as
shown in Fig. 1-9, virtually the entire surface of sliding was covered with
the liquefied soil and, since the rate of sliding was relatively slow, inertia
effects were relatively small. Knowing that sliding would stop when the
factor of safety attained a value of unity, the residual or steady-state
strength, based on the configuration of the slide mass at the end of sliding,
can be computed to have values as low as 300 psf. Somewhat higher values, up
to about 500 psf, are determined if allowance is made for the inertia effects
associated with the rate of movement and a possible 707 reduction in strength
of the liquefied soil as it moves into the reservoir. There is other evi-
dence, such as the flow of liquefied sand into cracks which developed in the
embankment, to indicate that the lower bound values of residual strength were
indeed probably attained in some zones however. Allowing for all these

svurves of uncertainty, a good representative value for the residual strength
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of the liquefied soil in this case can thus be determined to be about 400 *
100 psft.

Similar analyses can be made, but usually with lesser levels of
accuracy, for other cases where liquefaction-type slides and failures have
occurred. The residual strengths determined from such case studies seem to be
related in a general way to the standard penetration resistance of the sands,
as indicated in Fig. 1-6, and these results also provide a basis for estimat-
ing the residual strength of soils on other projects.

In the light of new developments in sampling techniques and in proce-
dures for evaluating the residual or steady-state strength of liquefied sands
and silty sands, it was concluded in 1985 that considerable benefits and
clarification of the current state of knowledge might be gained through a co-
operative re-evaluation of the Lower San Fernando Dam. This study was
sponsored by the U.S. Army Corps of Engineers for the following purposes:

1. To determine whether laboratory testing procedures for evaluating

steady-state strengths would predict the known residual strength of

the sand in the Lower San Fernando Dam.

)

To determine whether the use of improved sampling procedures would

lead to different results for cyclic load tests on undisturbed

samples taken from the dam.

3. To explore the reproducibility of laboratory test data used for
seismic stability evaluations as measured in different laboratories.

4. To examine the standard penetration resistance of the sands in the
Lower San Fernando Dam using new standardized procedures.

The cocperating agencies involved were the Waterwavs Experiment Station of

the .5, Army Corps of Engineers, Geotechnical Engineers Inc. of Winchester,
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Massachusetts, and H. Bolton Seed Inc. in cooperation with the Soil Mechanics
Laboratory of Stanford University, California.

This report presents the results of the study by H. Bolton Seed Inc.
Section 2 presents a brief description of the Lower San Fernando Dam and the
field investigations made in 1985 to explore its properties. Section 3 pre-
sents an analysis of the probable changes in properties of the soils in the
embankment since the earthquake occurred in 1971. Section 4 presents a review
of the standard penetration test data for the sands in the dam in the 1971 and
1885 investigations. Section 5 presents the results of cyclic load tests per-
formed on the samples obtained in the 1985 investigation and a comparison of
these results with those obtained in 1971 and those expected based on past
field performance. Section 6 presents the results of steady-state strength
tests on samples obtained in the 1985 field exploration program. Section 7
presents an evaluation of the properties of the hydraulic fill near the base
of the upstream shell, based on the test results and other studies summarized
in this report. Section 8 discusses the practical significance of the results
obtained, including a comparison of steady state strengths determined by labo-
ratory testing with those estimated from the known field performance of the
upstream shell in this dam and other dams where liquefaction-type failures
have occurred, and a general review of the applicability of analytical methods
for evaluating the seismic stability of the Lower San Fernando Dam. Section 9

presents overall conclusions,




2. Field Investigations in 1985

Since the failure of the upstream slope of the Lower San Fernando Dam
in 1971, the dam has been reconstructed to serve as an emergency water
retaining structure with the configuration shown in Fig. 2-1. The original
upstreanm shell has been replaced by a compacted fill but the downstream shell
below El. 1100 remains essentially as it was at the time of the 1971 earth-
quake. Since the coriginal hydraulic fill embankment was probably reasonably
svmmetrical in configuration and properties about the center line of the
crest, the properties of the soil forming the upstream shell can be evaluated
with a reasonable degree of accuracv on the basis of the properties of the
hvdraulic fill comprising the present downstream portion of the embankment.

For this purpose a field exploration program was performed bv
Geotechnical Engineers Inc. in 1985. The program involved:

1. The performance of 6 borings (S101, $102, S103, S104, S105, and

S$111) in which, with the exception of Boring Slu., split spoon
samples were obtained continuously through the hydraulic £i1l por-
tion of the dam and intermittently above and below the hvdraulic
fill. In Boring S104 semples were taken at 5 ft intervals for the

entire boring.

ro

The performance of CPT soundings at 12 locations, designated C10!

to Cl112. Six of the 12 CPT soundings were performed adjacent to the
SPT sampling holes.

3. The performance of 6 borings (U102, U103, U104, U105, Ulll, and
"111A) in which undisturbed samples were taken in selected zones

of the dam.

ani 4. The construction or an exploration shaft from which hand carved
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undisturbed samples were recovered using a special "tripod" sampling

procedure developed by GEI.
The locations of the various field tests and borings are shown in Fig. 2-2.
The investigation program was laid out along four cross-sections located at
Stations 5485, 09425, 12495, and 16+40 along the axis of the dam.

In the field investigation the SPT boring showing the most consistently

low blowcounts near the base of the hydraulic fill was found to be S11l on
the cross-section through Station 5+85. The exploration chaft was thus con-
structed near boring S111 in order to obtain high quality undisturbed samples
of this material, in addition to those obtained from undisturbed sample
borings. The material was found to be a layer of stratified silty sand ana
sandy silt as shown by the results of SPT and CPT investigations at this loca-
tion in Fig. 2-3. The relative relationship between the exploration shaft and

Boring 5111 is shown in Fig. 2-2. A cross-section at Station 9+35 showing the

1

SPT N-values measured in Borings 5103, S104 and S105 is shown in Fig. 2-4.

In interpreting the stratification in the hydraulic fill, GEI identified
5 major zones in each boring, designated as Zones 1 to 5 in ¥igs. 2-3 and Z-a4.
A detailed analysis of these zones for Boring S11! is shown in Table 2-1. In
this table the measured SPT N-values of the soils in the various zones are
expressed in terms of values of (Ny)gy, the normalized N-values for an over-
burden pressure of 1 tsf as measured in an SPT test providing a driving energy
in the dr.ll rod of 60 percent of the theoretical free-fall energy of the
falling weight, and an appropriate correction for the absence of liners in the
SPT sampliing tube.

v addition small correcticns (AN;) have been made for the silt contents
ot the different lavers to establish the equivalent clean sand values of

fN-, . tnr the saiis in the different zones. The representr-tive soil profile
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for conditions near Boring S111 as indicated by the data in Table 2-1 and
Fig. 2-3 is shown in Fig. 2-5. It may be seen that the soil conditions in
Zones 2, 3 and 5 identified by GEI are very similar and samples for the
various laboratory tests were therefore taken almost exclusively from these
zones.

The undisturbed samples and representative bulk samples from the field
explorations were distributed by GEI among the participating laboratories,
the GEI laboratory in Winchester, Mass., the Waterways Experiment Station,
Vicksburg, Miss., and Stanford University, Palo Alto, California.

Full details of the field explcrations are presented in the report on

the study prepared by Geotechnical Engineers Inc.




Depth Elevation

1095
Compacted soil
or
*x 2
10 + Hydraulic shale Nl ?
fill
20 1075
Stratified sands
*
30 F and Zone 1 Nl = 21
. Piezometric level
silty sands at time of
1057 g 1971 earthquake
41
Stratified sands,
silty sands and Zone 2 Nl*= 16
sandy silts
56 1039
Stratified sands
and Zone 3 Nl*:20.5 Piezometric level at
silty sands L \VJ time of 1971 borings
67 1028 '
Silty sand Zone 4 Nl*= 28
73 1022
Stratified silty
sands and Zone 5 Nl*: 15 Piezometric level at
. 2 _time of 1985 borings
sandy silts T —"————==
88 1007
Foundation
scils
*Denotes equivalent clean sand (Nl)6o-value.

Fig. 2-5 SOIL PROFILE NEAR BORING S1il
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3. Changes of Density of Hvdraulic Fill Since 1971 Earthquake

In order to evaluate the behavior of the Lower San Fernando Dam during
the earthquake in 1971, it is necessary to determine the properties of the
hvdraulic fill for the conditions at the time the earthquake occurred. For
some properties, any changes since the earthquake may be of minor significance
but for others, such as the steady-state strength, the results are highly
dependent on an accurate evaluation of the void ratio of the soil in its pre-
earthquake condition. Estimates of the changes in void ratio in Zone 5 of the
hydraulic fill since the earthquake and just prior to sampling in 1985, for

sections along Stations 9+00 and 5+00, are therefore presented below.

Statiecn 9+00

Estimates of the changes in dry density or void ratio of the hydraulic
fill since the time of the earthquake can be made from comprehensive settlement
observations made on the downstream shell of the dam by the Los Angeles
Department of Water and Power both prior to and following the 1971 earthquake.
Fig. 3-1, for example, shows settlements measured on the surface of the embank-
ment normal to the axis of the dam at Station 9+00. The test shaft is located
122 ft south of the axis at Station 5+85. For point A, located on the hori-
zontal berm at about the same distance from the axis as the test shaft, it may
be seen from Fig. 3-1 that the settlement in the period from December 1970,
just before the earthquake, to February 1985, the year the samples were taken
from the embankment, was about 0.82 ft. This represents the combined compres-
sion of the dense soil above the hydraulic fill, the zcne of hydraulic fill
above the piezometric surface at the time of the earthquake, the saturated zone
of hvdraulic fill and the foundation soils. This comprises about 40 ft of

compacted soil and partially saturated hydraulic fill above Elevation 1057,
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about 50 ft of hydraulic fill in Zones 2, 3, 4 and 5, and about 30 ft of foun-
dation soils, as shown in Fig. 3-2.

It may also be seen from Fig. 3-1, that significant settlement has
occurred on the top of the 1940 rolled fill berm at point B where the height
of the layer of hydraulic fill in the underlying soil column is zero. The
settlement at point B in the period between the earthquake and sampling in
1985 is about 0.32 ft. This represents the settlement of a 40 ft column of
partially saturated denser soils and the underlying 30 ft depth of foundation
soil. A comparison between the soil conditions in the columns underlying
points A and B, and the settlements of points A and B is shown in Fig. 3-2.

The difference between the observed settlements at points A and B is
presumably due to the vertical compression of Zones 2, 3, 4 and 5 of the satu-
rated hydraulic fill in the period Feb. 1971 to October 1985, i.e. about 0.82-
0.32 = 0.50 ft. The total depth of saturated (at the time of the earthquake)
hydraulic fill contributing to this settlement is about 50 ft as shown in
Fig. 3-2. Zone 5 of the hydraulic fill comprises only about 15 ft of this
thickness but it probably contributes disproportionately to the settlement. A
conservative estimate would be that Zone 5 contributes about 45%Z of the total
compression although it makes up only about 307 of the thickness.

Thus it may be estimated that:

Compressive strain in Zone 5 of the
hydraulic fill since the 1971 earthquake = 0.45 x 0.50 ft

15 ft

= 1.57
Corresponding change in void ratio =z %6% (1+ e)
where e = void ratio of scil = 0.72 for the hydraulic fill
Hence change in void ratio of Zone 5
of hydraulic fill at St. 9400 along
axis of dam since earthquake occurred = %6% (1 +0.72)

> 0.026
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Station 5+00

Settlement data for the section through the embankment at Station 5+00
on the axis of the dam are shown in Fig. 3-3. Although this data is not so
complete as for the section at St. 9+00 (records were discontinued in May,
1675) it never-the-less provides a good basis for evaluating the change in
void ratio of the lower part of the hydraulic fill, especially with the data
at St. 9+00 to serve as a guide. Thus, following the same procedure as that

outlined above, the following results are obtained:

Estimated post-earthquake settlement of point A = .57 ft
Estimated post-earthquake settlement of point B = 0.26 ft
Estimated change in thickness of Zones 2-5
of hydraulic fill from pre-earthquake
condition to time of sampling in 1985 =~ 0.31 ft
Estimated compressive strain in Zone 5 of
hvdraulic fill ~ 0.45 x 0.31
15
= 0.97
Estimated change in void ratic of Zone 5
since earthquake x QG% (1 +0.72)
= 0.016

In addition to void ratio changes due to vertical compression there may
also have been some densification due to lateral compression of the hydraulic
fill. Fig. 3-4 shows the lateral movements of survey points along the down-
stream section of the embankment through Station 9+00 from 1945 to 1972. It
is clear that the earthquake caused a marked increase in lateral movements of
the survey points. However it is not clear whether these movements were due
to lateral compression of the embankment or to shear deformations of the

embankment and it seems highly probable that they were due mainly to shear
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deformations. Thus it is unlikely that the observed movements at the surface
of the embankment are indicative of movements along the base of the embank-
ment; in fact, it seems highly unlikely that there would be any significant
lateral deformations of points along the base of the embankment or in the
underlving foundation soil.

These considerations make it difficult to estimate the pussible changes
in void ratio of the embankment soils due to the observed horizontal move-
ments. Fcrtunately the observed movements in the vicinity of the exploration
shaft (i.e., near Survev Point No. 6), shown in Fig. 3-4, do not contribute
significantly to the overall densification of the hydraulic fill. Based on
data such as that shown in Fig. 3-4, it can be estimated that the average
change in void ratio of the soil near Survey Point No. 6 due to lateral move-
ments i. about 0.0005 and 0.003 for sections through St. 9+00 and St. 5+00
respectivelv.

The results presented above may thus be summarized ar follows:

Station 5400 Station 9400
Estimated void ratio change in Zone 5 of
hydraulic fill due to vertical settlement = G.016 = 0.026
Fstimated void ratio change in Zone 5 of
hvdraulic fill due to lateral compression = 0.003 z 0.0005
Estimated change in void ratio between time
of earthquake and time of sampling in 1985 = 0.019 x 0.026

The main explorateory shaft is located cn the section through Station
5+85. Interpolating in the above values det~rmined for sections at Stations
5+00 and Stations 9400 leads to an estimated change in void ratio of the
hvdranire fill, in the period between the earthquake of 197' and samrling in

1985 ¢ about 0.020.




It mayv be noted that the observed post-earthquake settlement of point A
on the horizontal berm at Station 5+00 is about 0.57 ft while the
corresponding seitlement of peint A on the berm at Station 9+00 is about 0.82
ft. Interpolation bectween these values for the settlement of a similar point
A on a cross-section at Station 5+85 would lead to an estimated value of 0.62
fr. This is in good agreement with the observed settlement for a similar
point close to the tost shaft at Station 6+00, where the post-earthquake
settiement was observed to be 0.63 ft, see Fig. 3-5.

Finally, it is interesting to note that an independent estimate of the
void ratio changes in the different zones of the hydraulic fill, near the test
shaft, tollowing a totally different procedure from that described previously

{Frankiin, 1987) led to the following values:

Estimated change in void ratio between

Zone time of earthquake and time of sampling
1 0.000
z 0.011
3 0.024
4 0.000
3 0.023

since the samples used in the testing program described in this report were
obrained principally from Zones 2 and 5 of the hydraulic fill, it would appear
that a representacive value for this void ratio change based on these results
would he somewhere between 0.011 and 0.023.

Based on the preceding analyses of void ratio changes since the 1971
earthguake, 11 was considered appropriate in interpreting the test data to
Ay oW tor oan average pest-earthquake chacde in void ratico of 0,020 for ard

Sain ks prioar e freir extraction from the ground in the 198% xampling
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4. Analyses of Standard Penetration Test Data for
Downstream Shell of Embankment

Considerable insight into the properties of the soils comprising the
embankment can be obtained from the results of standard penetration tests.
Such tests were performed in a limited study in 1967, in the comprehensive
study performed in 1971 following the earthquake, and again in the investiga-

tion performed in 1985.

1971 Investigation

A plan showing the locations of SPT borings made in the 1971 investiga-
tions is shown in Fig. 4-1. In this study borings D-1, E-1, E-Z, F-1, F-2,
G-1 and G-2 were made in the downstream shell, primarily to determine the in-
situ properties of the hydraulic sand fill. These borings showed that the
hydraulic fill was highly stratified with soil types ranging from poorly
graded sand to highly plastic clays. A summary of the soil stratification
revealed by these seven borings is shown on *he right hand side of Fig. 4-2.
The results of all the penetration tests performed in the hydraulic fill are
shown on the left of Fig. 4-2. In order to provide meaningful comparisons,
the S”T data have been converted to values of (N1)60, the normalized standard
penetration resistance under an overburden pressure of 1 tsf for an SPT test
performed with a hammer providing 607 of the theoretical free-fall energy, in
accordance with the conditions listed in Table 4-1 (Seed et al., 1985).

The main corrections to the field data required to determine values of
(Ny)gg were as follows:

1. The tests were performed using drilling rigs belonging to the State

of California Dept. of Water Resources. These rigs are believed to

have used a safety hammer operated by a rope and pullev technique, a
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TABLE 4-1 RECOMMENDED SPT PROCEDURE FOR USE IN LIQUEFACTION CORRELATIONS

A. Borehole: 4 to 5-inch diameter rotary borehole with bentonite
drilling mud for borehole stability

B. Drill Bit: Upward deflection of drilling mud (tricone of baffled

drag bit)
C. Sampler: 0.D. = 2.00 inches
I1.D. = 1.38 inches - Constant (i.e. no rocm for liners

in barrel)
D. Drill Rods: A or AW for depths less than 50 feet
N or NW for greater depths
E. Energy Delivered to Sampler: 2520 in.-1bs. (60% of theoretical maximum)
F. Blowcount Rate: 30 to 40 blows per minute

G. Penetration Resistance Count: Measures over range of 6 to 18 inches
of penetration into the ground
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procedure which characteristically provides an energy ratio of 607.
Thus no energy correction was required.

2. The Dept. of Water Resources test procedures at that time used the
ASTM sampling tube without the liners. The measured N-values were
increased by 10 to 307 to allow for this deviation from standard
procedures (Seed et al., 1985).

3. The measured SPT N-values were corrected to N; values using the
equation

N1=CN‘N

where Cy is determined by the curve for loose to medium dense sand

proposed by Seed (197%9a,b) and shown in Fig. 4-3.
The corrected values of (Nj)gg for all tests performed in 1971 are shown in
Fig. 4-2. It was observed that some of these tests, indicated by open svmbois
in Fig. 4-2, were performed in predominantly clayey soils. Since the SPT test
data were only intended to indicate the properties of the cohesionless soils,
the data from Fig. 4-2 are replotted in Fig. 4-4 for the cohesionless soils
only. An analysis of this data indicated four main zones of cohesionless soil
with mean and median values of (N1)60 as shown in Fig. 4-5. It may be noted
that the two upper layers and the lowest layer have very similar
characteristics with mean (Nl)éO values of 16.5, 15.5 and 16 respectively.
The third layer which corresponds approximately with the Zones 3 and 4 as
identified by the GEI studies, shows higher (N1)60 values, with a mean value
of 21.5. These results may be interpreted to indicate that with the exception
of the apparently denser layer between Elevations 1024 to 1038, the cohesion-

less soils in the hydraulic fill have generally similar characteristics.
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For comparison purposes, the six SPT N-values measured in the 1967
investigation were converted to (N1)60 values and these results are
superimposed on the results of the 1971 investigation in Fig. 4-6. The 1967
data were believed to be obtained using a conventional Donut Hammer and a rope
and pulley test procedure. Consequently the energy ratio used in this test
was considered to be about 50% and the field data were corrected accordingly.
The data were also corrected for the presumed absence of liners in the
sampling tubes. In addition, because the N-values measured in the 1367
investigation were counted for 0 to 12 inches of penetration rather than the 6
to 18 inches range required in the standard procedure, the values were
increased by 157 to allow for this deviation from standard practice. This
correction was proposed by Schmertmann (1979). The results are shown in
Fig. 4-6. It may be seen that they reflect near upper and lower bounds for

the 1971 data.

1985 Investigation

Values of (Nl)bo determined in the 1985 investigation based on measure-
ments made in Borings Nos. S101, S103, S104 and S111 in the dcwnstream shell
are shown in Fig. 4-7. As before, measured values were corrected for energyv
ratio effects (the energy ratio for the hammer used in the 1985 program was
measured to be 72%) and for the absence of liners in the sampling tube, and
then normalized to an overburden pressure of 1 tsf using the value of Cy shown
in Fig. 4-3.

The resulting values of (N1)60 are shown in Fig. 4-7, and the results of
statistical analyses of the values in the same four layers as those shown in

Fig. 4-5, are presented in Fig. 4 G. ne presence of a more resistant laver

6.
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<t il between anproximately clevations 1024 and 1038 is readilv observable
in these data also

Forocomnavison purposes, the values of (Nylgg measured in cohesionless
s~il o othe downstrean shell in the 1985 investigation are compared with
vasues determined in the 1971 investigation in Fig. 4-9. The general disiri-

o ro he about the same for bhotl studies.
standard penetration resistance of the cohesionless soils in the
vownsrrean shell of the embankment, expressed in terms of (Nj)gy mayv be surua-
MBS S Sotviliows
: values of UNsgo Avg. values of (NpIgq Representative
R Data 1985 Data 1971 Data 1985 Data vg. INyJgg
A I 20 i6.5 21 = 19
SRR 9 RN '3 15,5 14 < 14,5
TR R [ 25.5 21.5 28.5 < 24
PTG if 13 16 14.5 = 14L0
nogenera.s the soil o dn the Fievation zones 1000-1023 and 1039 to 1056 corres-
ponis ot trar odin Lavers 2 oand 5 identitied bv GEI.  The cohesionless siltv
s these lavers appears Lo be very similar with an overall average value
ol ot ahour 1405,

Aot prew s , the density of this soil has probablyv changed since
Choeartteriare as evidenced by the settjement of observation pointe on the
Voot rears aides ot the embankment . Density changes at the time of the 1983

o it gt it by preator than those at the time of the pos
-
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earthquake 1971 borings (April and May, 1971). Conservatively a representa-
tive average change in void ratio appears to be about 0.0Z as shown in
section 3 of this report. This corresponds to a volumetric compression strain
ot about 1.157 in the silty sands and to a corresponding change in dry density
of about 1.1 pci. For the silty sands in the Lower San Fernando Dam, the
range between maximum and minimum dry densities was found to be about 25 pcf
in the 1971 investigations. Thus a change in density of about 1.1 pcf corre-
sponds to a change in relative density of about 47, with the relative density
increasing from a value of, say, about 487 before the earthquake to about 327
at the time of the investigations after the earthquake. Such a change in rel-
ative densitv, using a typical correlation between relative densityv and (N1)60
corresponds te an increase in (N1)60 of about 2 blows/ft.

In a recent paper, Skempton (1986) has suggested that the ratic of
‘Nl)éo/Drz has values of about 65 for coarse sands and 35 for fine sands.
with a slight extrapolation, a suitable approximate relationship for silty

sands might be

Syleg
—B—?—_ 50
r
Phus LN )gg = 100 + D, - &(D.)
ard if L, = 0.5 and &4(D,) = 0.04 as discussed above

i(Nl)bO = 100 - 0.5 ¢« 0.04 = 2 blows/ft.

based on the above, the average pre-earthquake penetration resistance of the
siltw sand in the most critical layers of the downstream shell would be about
Finallv 1t mav be noted that the penetration resistance of silitv sands

15 -onewhat ower than rhat tor clean sands. Seed (1987 ) has recent iv




proposed that for equal relative densities, values of (Nl)éo determined for
silty sands could be corrected to equivalent clean sand values by adding smalil

increments to the measured values of (Nl)éo as follows:

Fines content A(N1)60
107 1
257 2
507 4
757 5

For the average silty sand in the Lower Dam, the fines content appears to be
about 25 percent and the corresponding value of A(N1)6O would be about 2. In
these terms a representative average value of the equivalent clean sand

(N{Jgg-value for pre-earthquake conditions would be about 14.5.
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5. Results of Cyclic Load Tests on Siltv Sand

Laboratorv Test Data

During the investigation of the slide in the San Fernando Dam (1971-73),
it was observed in the field that the hydraulic fill in the upstream shell was
highly stratified with lavers of silt and clay frequently occurring between
thicker lavers of silty sand. Thus, since the clayey soils were not likely to
be vulnerable to liquefaction, the studies of cyclic loading resistance were
perrormed on undisturbed samples of silty sand taken by undisturbed sample
borings. A total of 49 cyclic load tests were performed on both isotropically
and anisotropically-consolidated samples obtained from the hydraulic fill and
tne foundation alluvium. Details of the testing procedures, together with the
results of the tests are described by Seed et al. (1973). The relationships
hetween cvclic stress ratio a'd number of stress cycles required to cause a
pore-pressure ratio of r, = 1007 and %57 strain determined by this study for
samples consolidated under pressures of 2 kg/cm2 are shown by the dashed line
in rig. 5-1.

In the 1985 investigation samples were obtained both from undisturbed
sample borings and from a test shaft. Many of the samples were sandy silt but
many were silty sand. Since the number of samples available, however, was
limited it was decided to concentrate the cyclic load test program on the
siltv sand samples to provide a direct comparison with the data obtained in
the 1971 investigation. Furthermore, in view of the limited number of silty

sand samples available, tests were performed mainly on samples consolidated

isotropicallv under a confining pressure of 2 kg/cmz. Details of the testing
program are provided 1n the Appendix to this report.
The results of these tests are also shown in Fig. 5-1. It was found

that Tor samples which developed a condition of r.. = 10U% and cvelic strains
3 u ;
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of 457 strain in low numbers of cycles (say less than 10), the cyclic stress
ratios were very similar to those determined in the 1971 investigation.
However for samples reaching the prescribed failure condition in larger

numbers of cycles, say 15 to 40 cycles, the cyclic loading resistance was 10

wn

to 15 percent lower than that determined in the 1971 investigation. No reason
for this small difference in behavior could be determined. There appeared to
be no significant difference between the results of tests on samples obtained
from borings or from the test shaft. The range of grain size distribution
curves for the samples for which data is shown in Fig. 5-1 is presented in
Fig. 5-2.

Cvclic load tests were also performed on samples of sandv silt. The
grain size curves for these samples are shown in Fig. 5-3 and it will be seen
that the fines content was substantially higher than that for the samples of
silty sand. However, as shown bv the test data in Fig. 5-4, .liere was no
sigrnificant difference in the cyclic loading resistance of these samples.
Details of the test conditions and results for all samples are presented in
Table 5-1.

A limited number of tests were also performed on samples of silty sand
consolidated anisotropically under a minor principal stress of 2 kg/cm2 and a
major principal stress of 3.3 kg/cmz. The grain size distribution curves for
these samples are shown in Fig. 5-5 and the test results are summarized in
Table 5-2. All of these samples were obtained from Zone 3 of the hvdraulic

fili {see Appendix 1, Table I-3 and Fig. I-1). The cyclic stress ratio

required to cause a pore pressure ratio r = 1007 and an axial strain of 5% in
these tests for each of the samples is plotted in Fig. 5-6. It mav be seen
that the «velic joading resistance of the anisotropicallv-consclidated samples
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ts considerably higher than that required to cause similar conditions in the

tests on tsatropically consolidated samples. These results were also similar

o+
)
—+

hose obtained in tne 1971 investigation.

rn
-n
[N
19
9}
I

oI “oid Ratice Changes con Test Results

{t mav be noted from the test data presenrted in Table 5-1 that there was

a significant reduction in void ratio of the samples between their coendition

o
-
N
—
-
T
—h

ield and their condition at the end of consolidation in the laboratorv
tests. This change occurred during the sampiing and handling processes. For
the 15 samplies listed in Table 5-1, the average change in void vatic due to
these erftects was about 0.032 which corresponds to a velumetric strain of
abour 3%, Since the range of (vy)

- R Q“ " . .
max (1q)min for the silty sand was

w

vricasly about 25 pef, and the in-situ dry density was about 100 pcf, such
charnge in volume corresponds to a change in relative density of about 117.
Trus considering that the field relative density was about 527, the average
retative densitv ot the samples at the time of testing was probably about 63%.
in additicn to this change it was snown in Section 4 that the relative
dens . v o7 the siltv sand was probably increased bv about 47 due to the
earthquake shaking in 1971. Thus the test data shown in Fig. 5-1 represents

3

the heravior of the siirv sand at a relative density about 157 higher than
trat ol othe soill oprier to the 1971 earthquake. It is necessary te consider
whint efrtect this mav have had on the test results.

‘re probacie effects of sampling and handling on the results of cvciic

41 *ents o sands have been discussed by Seed et al. (19821). it was noted

trae baring sampling and handling of medium dense sands several effects occur:

Poolheere noa poen b ostrength previous!iv ogained by oaging resalting
Sroes the dretarngnoe cf the prain structare, and
T yopaen o anostrererp o due oo densitioat ton cr e sampies,




hus it was suggested that in most cases, for sands with a relative density of
about 50%, these effects are compensaiing and somewhat fortuitously, the
results of tests on undisturbed samples are about the same as those for the
soil in its in-situ condition. If this is so, then it is unnecessary to cor-
rect the test data for changes occurring during sampling and hanaling. How-
ever it wculd be appropriate to correct the results for the effects of densi-
fication during the earthquake of 1971. Such a correction, since cyclic load-
ing resistarnce is approximately proportional to relative density, would
require that the laboratory test data be reduced slightly, by about 87 to

determine the cvclic loading resistance for the pre-earthquake conditions in

Seme .uasight intce the appropriateness of this evaluation may be obtained
oy noting that the cyclic loading resistance of sands and silcy sands can also
be evaliated from the results of standard penetration tests (Seed et al.,
198%; Seed et al., 198%), using correlations between cyclic loading resistance
ard AN:)gr-values determined from fizold cases of level ground liquefaction and
non-liquefaction in Magnitude 7.5 earthquakes. Such a correlation developed

see ot oal. (1685) is shown in Fig. 5-7. For any given value of (Nj)gg it
i~ « simple matter tc read off from such a chart the value of 1,,/0."
figquefaction wilil ccecur under level ground conditions. This cyclic stress
rat i, appiiczable to simple shear conditions, can than be converted to a cor-

responding value of stress ratic causing liquefaction in triaxial tests condi-

inn o using the relationship Sced, 14979a,b):

L-triaxial
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it was shown in the previous section of this report that a representa-
tive pre-earthquake value of (N;)gq for the silty sands in the critical zones
of the downstream shell of the San Fernando dam embankment is about 12.5 and

the fines content is about 25%7. From Fig. 5-7, it may be observed that this

7

corresponds to a value of 1,/

o causing liquefaction of about 0.2. Convert-

1
o
ing this tec a cyclic stress ratio for triaxial test conditions, with the aid

of Ean. (1), leads to a value of

SIS Q.Z ~ 0.33 for a Mag. 7.5 earthquake.

Since a Magnitude 7.5 earthquake typically corresponds to about 15 uniform
stress cycles, this result can be compared with the results of the cvclic load
tests on undisturbed samples tested under a confining pressure of | kg/cmz;
and having determined one point on the cyclic loading resistance curve in this
wav, other points can readilv be determined following the procedure described
bv Seed et al. (1%83). The resulting comparison is shown in Fig. 5-8. It mav
be seen that the cvclic loading resistance determined in this wav is in good
agreement with the results obtained in the 1973 investigations.

This would seem to indicate that the effects of densification and sample
distuarbance during sampling and handling are largely compensating for the
cveiic load test for hydraulic fill, and that no significant correction needs
to be applied to the test data to determine the probable cyclic loading resis-
tance tor the pre-1671 earthquake conditions.

Tne fact that the samples were densified both by the 1971 earthquake anc
during sampling and handling has, however, significant implications regarding
the possinility of determining the post-liquefaction strength of the hvdraulic

[ S

fri brom o tests on oundisturbed samples.  This strength is determined, for any
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given scil, mainly by the void ratio or relative density of the scil and a
change in relative density of 157, say from about 487 to 637 could change the
soil frem a compressive to a dilatant condition. Thus there is no possibility
that the post-liguefaction strength of a loose to medium dense sand could be
determined directlyv from tests performed on undisturbed samples. Such a
determination would require that test data be corrected for void ratio changes
occurring botn during sampling and handling as well as during the event caus-
ing liquefaction. The corrections for void ratio changes occurring during
sampling and handling of the test speciwmens are best made by means of steadv-

state strength tests as described in the following section of this report.




6. Kesults of Steadv-State Strength Tests

Te investigate the steadv-state strength of the soils in the Lower
San Fernando Dam, a number of steady-state strength tests were performed on
undisturbed samples taken during the 1985 sampling program. The majority of
these samples were obtained from undisturbed sample borings Nos. Ulll and
U111A and the exploratory test shaft, but five of the samples tested were
obtained frem Borings U102, Ul04 and UlU05. The criteria for selection of
sampies were

1. That they should consist of the same type of soil throughout the

height of the sample; i.e., contain no visual non-homogeneityv
and 2. Be obtained from the zones of the hydraulic fill identified as
Zones 2, 3 or 5 by GEI.

A schematic section of the existing embankment showing the locations of
all samples judged to meet these criteria is shown in Fig. 6-1.

The samples obtained in this way generally fell into two groups:
{a) samples of sandy silt and (b) samples of silty sand. Steady-state
strength tests were performed on:

4 samples of sandy silt taken from the test shaft

7 samples of sandy silt taken from undisturbed sample borings

3 samples of silty sand taken from the test shaft

2 samples of silty sand taken from undisturbed sample borings.
Details concerning the testing program are provided in the Appendix to this
report.

[t was recognized in the exploration program that different soils

evisted in the hvdraulic fill and representative bulk samples of the siltv

sand tdesignated Bulk Sample No. 3) and the sandy silt (designated Bulk Sample
Moo /) waere selected by GEI and distributed to the participating laboratories.
86
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Grain size distribution curves for these two materials are shown in Figs. 6-2
and 6-3 respectivelyv. In order to determine the steady state lines for these
two soils it was first nacessary to perform steady-state strength tests on
reconstituted samples of these materials. For this purpose 9 tests were per-
formed on samples of Bulk Sample No. 3 {silty sand) prepared by moist tamping
to different void ratios in the range of 0.55 to 0.8. Similarly 11 tests were
performed on samples of Bulk Sample No. 7 (sandy silt), eight of the samples
being prepared by moist tamping and three of the samples by wet pluviation.
There was no significant difference in the results of the tests for the two

different methods of sample preparation.

Test Results

The results cf the steady-state strength tests performed on soil 1.om
Bulk Samples Nos. 3 and 7 are shown in Figs. 6-4 and 6-5 respectivelv. The
steady-state lines for these two materials are shown in the figures. It mav
be noted that the positiorn sf the line for Bulk Sample No. 7 is aimost identi-
cal with that determined in the test program performed by GEI indicating very
good reproducibility of the results.

Grain size distribution curves for all of the undisturbed samples sub-
jected to steady-state strength tests are shown in Tig. 6-6. It may be seen
that they fall generally intc two groups: (a) Samples with fines contents
ranging from about 457 to 857. These samples were classified as sandy silt
tor the purposes of this investigation and the slope of their steady state
line was assumed to be parallel to that of Bulk Sample No. 7. (b) Samples
with fines contents less than about 257. These samples were classified as
silty sand and the slope of their steady state line was assumed to be parallel
to that for Bulk Sample No. 3. The grain size distribution curves for Bulk
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The results of the steadv-state strength tests on the undisturbed sam-
pies of sandv silt are shown in Fig. 6-7. For each sample the steady-state
strength is shown for four different void ratios:

!. The veid ratio at the time of testing in the laboratory

2, The void ratio after the sample was recovered from the ground

3. The void ratioc corresponding to the in-situ condition c¢f the sample
and 4. The void ratio the sample would have had ir the ground before the

1871 earthguake i{ the void ratio change occurring after the start

of the earthquake and prior to sampling in 1985 had been 0.020.
In all cases these void ratios could be determined from the changes in
vosume of the samples in the sampling and handling processes as described in
the Appendix. The steadv state lines for all samples were assumed to be par-
ai.el to that for Bulk Sample No. 7 as shown in Fig. 6-7. In this wav the
rre-earthquake in-situ steady state strengths for the sandy silt samples could
be determined. The results for the void ratios at different stages of the
sampling and handling process are shown in Fig. 6-7. It should be noted that
the test data for samples of sandy silt taken from the Test Shaft have been
corrected for heave at the base of the shaft, following the procedures
described by Zui (Castro and Keller, 1987) in addition to the void ratio
changes described in the Appendix.

Similar results for the undisturbed samples of silty sand are shown in
Fig. 6-8, the steady state lines for these samples being assumed to be paral-
lel to that for Bulk Sample No. 3 as shown in the figure.

A summary of the steady-state strengths determined in this way for the
samples of sandv silt is presented in Table 6-1 and a similar summary for the

the samples of silty sand is presented in Table 6-2.

N
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TABLE 6-1 SUMMARY OF ESTIMATED STEADY-STATE STRENGTHS FOR SILT SAMPLES

Sample Elev. Percent Pre-earthquake* Sus us
No. Source (£fr) Fines Void Ratio (psf) (tsf)
7 r-111 1017 70 0.738 1140 0.57
10 U-104 1040 85 0.863 630 0.31
11 U-104 10368 78 0.783 1470 0.74
t2 U-111 1041 78 0.856 190 0.09
1y U-102 1054 84 0.792 G20 0.46
20 U-104 1008 61 0.655 (25001 ** €1 75y
238 ~-105 1019 43 0.890 370 G.15
43 TS 1042 84 0.729 440 0.22
50 TS 1013 51 0.705 1600 0.80
52 TS 1013 a4 0.694 116L 0.58
52 TS 1012 61 0.743 _800 0.40
Average = 880 ps¢ 0.44 tsf

TABLE 6-2 SUMMARY OF ESTIMATED STEADY STATE STRENGTHS FOR SAND SAMPLES

Sample Elev. Percent Pre-earthquake~ Sus Sus

No. Source {ft) Fines Void Ratio (pst) (tsf)

4 U-111A 1013 22 0.620 2000 (.00

1% L-111 1017 15 0.890 200 3.10
43 TS 1044 21 ©.758 680 0.34
4 TS 1044 16 U.712 2600 1.30
46 TS 1042 4 0.587 (4500)y *x* {(2.23
Average = [380 psf .65

“ Assuming change in Joid ratic in interval from just before earthquake 1n 1371 to
cime of sampiing in 1985 :is about ‘e = 1.020.

“Sample not included in strength averages.

*
*

-~
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Discussion of Results

It mav be seen from Table 6-1 that the estimated values of steadv-state
strength for the samples of sandy silt in their pre-earthquake condition vange
from about 200 te 10600 psf, with an average value of 88(Q psf. There does not
appear to be anv signiticant difference between the results of tests performed
on samples from the test shaft and samples obtained from the undisturbed
samplie borings.
fzble £-2 shows the estimated values of steadv-state strength for the
samples ~f siltv sand; again samples taken from the test shaft have been cor-
ed for the effects of heave at the base of the shaf:t in addition to the
changes described in the Appendix to this report. However swelling for chese
sampies was considered to be onlv one half of that occurring in the sandw
siit. Tt mav be seen that values of steadv-state strength range from aloat
200 pst ot over 4900 pst, with an average value (excluding Sample No. 46 since
it appears to represent an isclated condivion) of about 1380 psf.

iv is not clear how these results should be interpreted to determine a
representative value for the soils in the zone of liquefaction in the upstreanm

1 T ol
Siier i L 0d

t

ne Lower San Fernando Dam. The soils which liquefied in the main
siide ur=a were considered at the time of the field studies of the siide to be
mainiy silty sands but it would seem, from the 1985 investigation, that thev
must have included considerable quantities of sandv silts. A review of
nhotographs of the liquefied soils in the slide area shows that liquefaction
and oss of strength clearly occurred in a variety of soil tvpes including

clean sands, some coarse sand, and silty sand, and that it was not limited to

sande cplr . Such soils were evident in the failure zone and in samples taken

from s mone. inder these conditions it Jdoes not seem reasonable to base an

ecaluartion of the post-earthquare strength of the soil in the lLigquetied Zone
R




on the results of tests on a single material. Viewed from this perspective,
selection of a representative post-earthquake strength for the material in the
liquefied zone of the upstream shell, from the available data, presents
cignificans problems. The problems are compounded by the variabilitv of the
test results and the verv limited number of samples on which tests could be
rerformed.

i the average value determined for all samples tested in this studv is

as representative, then based on tests on 14 samples (excluding Sampies

Noesoo o0 and o0 i weund he about 1020 psf.  On the cother hand, if the average
valiles tor osandc =ilt and siity sand are given egual weight, the represc. ~-tive

averdyge varue would be oabout 1130 psf.  Alternativelwy if the sandv silt rear

he embanknent near Bering 3111 is considered representative, the

,
3
o
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average sreadv-state st c-ength would be 880 p«f. 1In view of the variabilitv of
*he soils and the extens:-ve zone cover which f£iilure occurred (about 1100 ft

aleng the embankment), it is not cClear how a representative value can be

determined from the data available. Based on the data, however, it seems

M
D
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e to select a value of the order of 1000 psf for the steadv-state
strength of the hvdrauiic fill near the base of the downstream shell of the
embankmen® .

it is interesting to note that the average steadv-state strength for
15 =ampies of silt tested by GEI and corrected for post-earthquake void ratioc
changes in the same manner as that used in this investigation leads to an
average value for steady strength of this scoil, on the downstream <ide of the
crpansment, of abour 1100 pst.  This is in remarkably good agreement with the
canues discussed above.  Averaging the results from the two laborarcory peograns

Pestlo s A4 medn varue ot oapproximatety 160950 pef.




7. Properties of Hydraulic Fill Near the Base of the
Upstream Shell of the Embankment

In the preceding sections of thizc report. emphasis has been placed or

determining the properties of the hydraulic fill near the base of the down-

stream shell of the embankment in the condition existing prior to the 1971

San Fernando earthquake. Since the slide occurred in the upstream shell of

the embaukment, lLiowever, it is necessary to question whether the prroperties

of

the hvdraulic fill were the same on both sides of the embankment.

Castro and Keller (1987) have suggested that this was probably not the

case for twe reasons:

anq

Ao

‘X}‘i

The placement of the stabilizing berm on the outside of the down-
stream shell in 1940 induced some compressive ciress and thus sone
additional degree of densification of the hvdraulic fill on the
downstream siue of the embankment.

The presence of water in the reservoir would necessarily cause

the effective vertical stresses on the hydraulic fi1li in the up-
stream shell to be lower than those in the downstream shell, therebv
ieading to a somewhat less dense condition for the soil in the
upstream shell. This would depend to some extent on whether the
upstream shell ever existed, after construction was completed, with
little or no water in the reservoir thus permitting the sand to com-
press under the full weight of the fill. Unfortunately this early
history of the reservoir is not known and thus this question cannot

be resolved definitively.

Never-the-less Castro and Keller (1987) have estimated that taking into

et

Y ream

be

th -t these considerations, the void ratic of hvdraulic fill on the

side of the embankment mav be as much as 0.011 higher than that of

100




corresponding hvdraulic fill near the base of the downstream side of the
embankment. This is a rather significant difference and it weculd cause corre-
sponding changes in the penetraiion resistance, the cvclic loading resistance
and particularly the steadv state strength values of the hydraulic fill.
Estimated values of these characteristics taking this change in void ratic
into account are as tollows:

(1) Penetration Resistance

It was shown in Section 4 of this report that a change in void ratic of

the hvidraulic fill of 0.020 would lead to a change in penetration resistance

:

of the hvdraulic fill ot about 2 blows/ft. Following a similar line of rea-
sconing, it mav be shown that a void ratio change of 0.011 would lead to a
change in penetration resistance of about 1 blow/ft. Thus the standard pene-
tration resistance of the hvdr-aulic fill near the base of the upstream shell
of the embankment before the earthquake of 1971 can be expected to have had an

) = 11.5. The corresponding equivalent clean sand value

average value of (N )
nil

l

of «N,), . is about 13.5.
1

t2) Cyclic Loading Resistance

On the basis of the results presented in Section 5 of this report, it is
found that a change in void ratiec ¢f 0.011 in the nydraulic {ill could be
expected to change the cvclic loading resistance of the hydraulic fill by
about 47. The estimated cyclic loading resistance of the hydraulic fill near
the hase of the upstream shell prior to the 1971 earthquake, obtained bv
reducing the values shown in Figs. 5-4 and 5-8 bty 47 is shown in Fig. 7-1.

Also shown in Fig. 7-1 is the cyclic loading resistance of the hvdraulic
fill determined from the empirical correlation shown in Fig. 5-7, correspond-

ing tv so1t with a value of (N1}6O = 11.5 and a fines content of 25 to 307.

['* mav be seen that the cyclic loading resistance is about the same whether it

101




WYQ OONYNM3A NYS HIMOT 40 113HS WYIALSdN 40 3ISYE JViIN

ANYS H04 SIAUND JONVLIS.SIY ONIGYOT J1710AD QILVWILST 40 NOSTAVAWOD T1-4 by
uIDYS %G T PUD %QO0L= 4 OF S8J0AD j0 JaquinN
000! OOl Ol _
T I 0
- N @]
e OIS
42 = "0 404 22
$1S3} 'GD] uo pasog o
2 .
— umx_umb 10} —Z2°0 D
S$1S3} 'qQD| uO Pasog @
w
—— »
sy | =5 10 \\1 T o~ D
— U01}D]84i09 | dS uo pasog— 120 g
// m.
Q
_ N, -0 &
', /
\ N
\ Q
\ W
/ [a)
— -G 0
1 L 90




S odetersoned B laboratore teste or by o the corretat ion based o on 5P darta.
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le values leads to the tollowing vaues:

$h-percentile value for 14 samples of silt and
siltv sand tested in this investigaticn SN eE

35-percentile value for 15 samples of silt
tested by GFEI o 6B pst.

The overal: 35 percentile value for 29 samples tested in both studies is thusx

apout R0 pst.




S. Practical Signiticance of Test Data

ST

wrposes of this study were:

-
-

Toodetermine whether the steadv-state testing procedure would pro-
vide values ot poest-earthguake strength for the liquetied scil in
the Lower San ternande Dam in reasonable agreement with tnoese deter-
mined from back-analvsis ¢f the failure conditicens.

ermine whether the results of steadv-state tests pertorme! in
rterent laburatories would be in reasonable agreenent

Coetermine wnether the cvelic loading resistance of the <o ils o

neorredracico fiiloof the Lower San Fernando Dam vised 0 previooos

dralvses U osedsmic stability were significant v oaffecte i boosamp
ST UAV Atk

Coovxpoore how the ovelio loading resistance of undisturbed Les
Lo e rauirls tiis material determined b laboratory tests oom-

vare Dowith that dderermined from o correlations hetveen cvelic Lcading

resistarce and SED wvalues of INGI e
1 A

lerermine whether the residual strength of the hodrauiyc $100
e thatiuare Jone ot tre San Fernande Damocouitd be anticipated based
r vrelations b values of residual strength determined from srud-

fes oF other liguefaction-tvpe failures and SPT (Nl)b” values.

Treoresrite cbhrgined in tnis studv provide answers to most of these
meoas diwcussed helow.  For ease of reference, the properties of the

till derermined in the preceding sections of this report are sum-




TABLE 8-1 SUMMARY OF STRENGTH PARAMETERS FOR
LOWER SAN FERNANDO DAM HYDRAULIC FILL

Base of Upstream Base nf Downstream
Strength Parameter Hvdraulic Fill Zone Hvdrauiic Fill Zone

Fre-Farthguake
R

Average In Situ SPT (Nl)bO 11.

Jt
1

142

~ >/
thlows/foot)
vre-Earthquake
average Clean Sand
A = 13,5 LT
SET O o s - L. i
SED N6 s
thlows/foot)
Pre-tarthquake
Averare Cvoelic Stress Ratio
Causing v, ¢ 100% in 15 Cveles
Cm T SR v = (.31 ~ 0.3
in Isotropicasiv Consolidated :
-

Coeiie Triaxial Tests

with s = | ks«
"?h ( W

e L (5¢

Pre-karthyuatre

- \ - . R ~ RN
Average Sreadv-State Strengtn 800 PSf

ire-fFarthquake
‘th percentile = 580 psi :
steaiv-Srate Strength

st

dal Residual Shear ‘
streneth Determined [rom NOT APPLICABLE
“-nf;gu(a?inn When Slid@ AOO + 100 psf D/S Hydraulic Fi;l

Mass stopped Moving (psf) did not liguetv

P




{al Steadv-State Strength Deternination

1. 1t can be concluded that the use of the steadv-state testing
approach, as pioposed by Poulos et al. (1985) and applied in this
studv, I. capable of predicting the onset of slidi-e in the upstrean
slope of the Lower San Ferna.. o lam. The approach used “nvolves the
assunpcion that the soii in the embankment would liquefv ana a verwv
conservative interpretatio:i. of a comprehensive set of test data.
Never-the-less following these procedures it can genera.lv be deter-
mined that the initial (pre-slide) static driving stress ‘n the
hvdraulic fill wo.ld be about 2CC¢ to 900 ns«f and the average pos?-
earthquake tesidual or steauv-sta:e strength of this material after
liguefaction would be about 200 pst. Such results would indicate
that sliding would be initiated in the udstream slope, and this is a
significant a-:complishment of this re-evaluation pregram. Also
important is the tact that similar results can be obtained indepen-
dentlv in different laboratories and thev can all be interpreted to
indicate strengths which will lead to prediction of the onset c©f a
failure.

This conclusion becomes more definitive if the steadv-state
strength test da%ta is 1aterpreted more conservativelv by adepting a
35-percentile value (i.e. about 580 psf) four comparison with the
initial driving stress. However there seems to tz2 .10 special reason
to select such a value in this case unless it is to allow for unknown
factors not included in the testing and data-interpretation proce-
aures.

It should be noted, however, that the rosults of the steadv-

state testing program must be interpreted carefullv and very




conservatively to arrive a* these results. 1In fact the proecedure

followed in this investigation involves the follcwing steps and

assumptions:

and

1.

o~

5.

Locate, by a careful investigation, what appears to te the

weakest zone in the embankment profile.

Assume that the soil in this laver or zone exists over the

entire base of a long embankment, even though it is unlikely

to do so because:

(a) Other soil tvpes are known to exist near the base

of the embankment

and (b) There was apparently a dilatant zone of soil near
the toe of the upstream shell, probably related to
the construction of the starter dike for the
hvdraulic fill ccnstruction operations.

Ferform a steadv-state testing program on meny samples from

the most critical laver or zone identified to determine a

representative strength for the most critical material in

the zone, even though the zone may also include other mate-

rial tvpes.

Allow conservatively for the fact that the soil in the up-

stream shell of the embankment may be weaker than that in

the downstream shell even though there may be some uncer-

tainty about this question.

Interpret the test results conservativelv--sayv by using the

35-percentile value of steady state strength from the test

data on the weakest soil tvpe encountereu, and assume that
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this strength applies for other soils comprising the lique-
fied zone.

Many of these procedures and assumptions are reasonable and
their use leads to good results in this significant case study. How-
ever presumably comparable levels of care and conservatism would be
required in any other project where steady-state testing is to be
used for design or analysis purposes. Despite these cautionary
observations, however, the present study provides a good indication
of the ability of the steady-state strength approach, with conserva-
tive data interpretation and conservative assumptions regarding
likely field behavior mechanisms, to predict the onset of a sliding
failure for the conditions existing after liquefaction occurred in
the upstream shell of the Lower San Fernando Dam. This is a signifi-
cant advancement in the use of laboratory test data for such a pur-

pose.

Also of importance, however, is the fact that even with conservative
data interpretation, the steady-state strength determined from the
laboratory tests does not indicate the best estimates of the actual
residual strength apparently achieved by the liquefied soil (about
300 to 500 psf) in the Lower San Fernando Dam. Based on the results
presented in Section 1, the best-estimates of the average pre-
earthquake, post-earthquake and post-slide stresses and strengths in
the hvdraulic sand fill near the base of the upstream shell, and
their variations with time after the start of earthquake shaking to
the ond of sliding, are shown in Fig. 8-1. As the slide movements
progressed, the average driving stress was graduallv reduced and,

since inertia effects were small, sliding would stop when the average
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h,

driving stress became equal to the residual or steady-state strength
of the liquefied sand. A comparison of the estimated range of resid-

ual strengths for the liquefied scil based on the configuration of

the slide zone when the slide movements stopped (400 * 100 psf as
discussed in Section 1 of this report), and the probable average and
35-percentile values of steady state strength determined from the
laboratory test program as indicated above is shown in Fig. 8-2. The
range of values of steady-state strength determined from laboratory

v

tests is significantly higher than the range of values of "~cl-
calculated residual strength, indicating that a more conservative
interpretat.on of steadyv-state strength data than the use of a 35-
percentile value may well be required to determine the actual resid-
ual or steadv-state strength of liquefied soils.

The steady state strength values determined in this studv are
also significantly lower than those obtained for comparable materials

in a number of other studies (Von Thun, 1986), further indicating the

care required to assure the determination of representative values.

3. Possibly the main reason why it is necessary to interpret the test
data conservatively, rather than simply taking the average value of
steady state strength from a range of soil types as would seem appro-
priate for a failure investigation, is that the interpretation of the
test resu'!ts does not include any allowance for the possible effects
of water content or void ratio redistribution which may well occur in
the field during an earthquake. Arthur Casagrande discussed this
possibility at length in his later writings on soil liquefaction. In
tact in his Carillo Lecture, the text of which was published in 1984,

he stated:
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"The question that will arise is: 1If we have in the

ground a large mass of the same sand material with an

initial relative density of 40 or 41 percent, can the

material actually liquefy? Can such a redistribution of

water content occur, or is this redistribution a boundary

effect that occurs in (test) specimens and depends even on

the shape of the specimens?....I believe that many have

tried to answer these questions by laboratory tests. We

should do more in the field--investigate sand deposits in

areas that are subject to frequent earthquakes and deter-

mine on an empirical basis which relative density can lig-

uefy and which can-not liquefy. At the moment I do not

have the answer to this problem."
More recently the possibility of water content redistribution has
been discussed by Seed (1986,1987), Whitman (1985), and the report of
the NRC Committee on Earthquake Engineering (1986). Model test data
from China indicates that this phenomenon does occur in stratified
sands and more recently, Arulanandan et al. (1989) have presented
centrifuge model test data to show that it occurs in sands in lavered
deposits and Gilbert (1984) has shown that it occurs in undrained
laboratory triaxiai tests. To circumvent the problem, Seed (1986,
1987) developed an empirical correlation between the residual
strength of liquefied sands and silty sands and the SPT blow count,
as Casagrande had suggested.

The fact that this phenomenon may well occur both in the field
and in the laboratory does not in any way invalidate the basic con-
cepts of the steady state approach. It simply puts an additional

obstacle in the path of determining an appropriate strength using

this method. Since the tests do not include water content redistri

112




i~

bution effects, it is necessary to allow for these effects by extrap-
olating the laboratory test data to somewhat higher void 1.tios than
those existing in the field at the start of the earthquake so that
the strength of the loosened sand zones can be determined. The prob-
lem is tti.t we do not currently know how to determine these higher
void ratios; but certainly a conservative interpretation of the test
data is a scep in the rignt direciion. The aliernsative, which may
seem preferable to many engineers, is to accept the fact that field
case histories have this factor incerperated directly in the field
performance to the extent that it actually occurs in nature, and thus
determinations of residual strength from studies of liquefaction-type
failures allow for the effects of the phenomenon in the field.

This seems to be a more practical approacrh than the inclusion of
an arbitrary amount of censervatism in the interpretation of steadv-
state test data. It is also significantly less expensive, since pen-

etration test data will inevitably be required in any case.

It may be noted that the overall average value of steady-state
strength determined in this special study of the soils near the base
of the upstream shell of the Lower San Fernando Dam (about 800 psf)
is in reasonable accord with the values of residual strength indi-
cated by other case studies of the residual strength of liquefied
sands and silty sands, when the effects of variations in relative
density, as measured by penetration resistance, are taken into
account (see Fig. 8-3). This is not always the case (see data summa-
rized b Von Thun, 1986) and thus a comparison of laboratorv-deter-
mined values of residual or steadyv-state strength with values leier:

mined from case studies would seem to be necessarv in all cases.
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pending further studies and the development of appropriate bases for

the use of laboratory test data for design and evaluation purposes.

Finally, it should be noted that fieid evidence indicates no signifi-
cant degree of pore-pressure generation occurring in the downstream
shell of the Lower San Fernando Dam during the earthquake shaking of
1971, and extensive sampling following the 1971 earthquake showed no
evidence of soil liquefaction in this zone, with the exception of one
sample taken from the upper layers of hydraulic fill near the core of
the embankment. In the absence of liquefaction in the downstream
shell it is not possible to judge the applicabilityv of steadv-state
theory, which applies only when liquefaction occurs, to the condi-

tions in the downstream shell of the embankment in this earthquake.

{b) Determinations of Cvclic Loading Resistance

The results of cyclic load tests performed on samples of siltv sand
and sandv silt obtained from the 1985 field investigation program are
verv similar (within a few percent) to those obtained in the 1971
studv for samples which are tested under isotropic consolidation con-
ditions and reach a condition of r, = 1007 and #*57 strain in numbers

of cyvcles less than about 10.

The laberatory cyclic load test data for conditions producing a pore
pressure ratio of 1007 in isotropically-consclidated samples are also
in good accord with values determined from the standard penetration
test results and existing correlations between (Nl)60 values and
cvclic loading resistance based on field pertormance of level sites.
This agreement is obtained despite the fact that the samples tested

were probably about 10 to 157 higher in relative densitv at the time
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of testing than for the field condition at the time of the earth-

quake. A correction to the data could be made for this relative den-
sityv change, but it is apparently unnecessary because of compensating
effects on the test specimens resulting from the disturbance and den-

sification of loose to medjum dense sands in the sampling process.

Because the cyclic loading resistance of the cohesionless soil in the
hvdraulic fill is essentially the same in the 1Y85 and 1971 investi-
gations, it follows that the zones of liquefaction in the hydraulic
fill, based on the 1985 studies, are about the same as those deter-
mined from the 1971 studies if the Seed-Lee-Idriss method of analvsis
is used to investigate the extent of this zone. The results of the
earlier analyses are shown in Fig. 8-4. The predicted zone of lique-
faction in the upstream shell is in good general accord with that
determined from field investigations of the mechanism of sliding.
Field evidence indicates no significant degree of pore pressure
generation occurring in the hydraulic fill in the downstream shell
of the Lower San Fernando dam due to earthquake shaking in 1971, and
extensive sampling following the earthquake in 1971 showed no evi-
dence of soil liquefaction in this zone with the exception of one
sample taken from the embankment in the upper lavers of hydraulic
fill near the core of the embankment. Piezometer readings in the
downstream shell following the 1971 earthquake show no evidence that
a condition of liquefaction was even close to being triggered by the
shaking. The general absence of significant pore-pressure generation
in the downstream shell is also in accord with the analvtical results
shown in Fig. ¥ 4. However a limited degree of pore pressure build-

np was observed to have occurred both in the downstream shell and in
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the foundation soils, and this presumablv corresponds to some of the
settlements observed in the downstream slope since the 1971 earth-

quake.

The cvelic loading resistance of the hydraulic fill, either deter-
mined bv the laboratory studies in the 1973 or 1985 investigations,
or on the basis of the empirical correlation between nyclic loading
resistance and standard penetration test data (Seed et al. 1983,
1925; Seed, 1981), used in association with the Seed-lLee-Idriss
procedure Tor evaluating the seismic stabilitv of embankments, alsc
Lemde to the conclusion that there would be no large pere pressure
huild-up teading to the onset of sliding in the Lower San Fernando
Dam 1t the Magnitude 6.6 earthquake in 1971 had produced moticens at
e dam-site having a maxinum acceleration of about 0.2g This 1s an
importart resuit because many hvdraulic f:i! dams have withstood
carrhgquake shaking with maximum accelerations up to about C.lg in
ey earthijuaakes (Seed, 198.4) and three hvdrauiic fill dams (Silver
Laze, Flrirment and Lower Frankiin dams) located in the los Angeles

arca survived the 1870 San Fernando earthguake with no apparent

fact that the earthquake caused ground shaking

ceieration of about 0.2g at all three dam-sites.

it 1s als o in reasonable accord with the known performance of
chee Dower San Fernande Dam oin previous earthquakes to which it had
teen sabgected. A review of earthquake shaking levels in the
San Fernand area since the Lower dam was constructed in 1815-1916
it the tame f the earthguake in 1971 <hows that tne maximum cevel
Yocarthignake shaking o which the fower ddam ot been subijectes pricy

o U was that resulting froem o the 1952 Yorn Countes oeart hquake




{Magnitude 7.6). Based on records obtained at stations in the vicin-
ity of San Fernando, the 1952 eartnquake probably produced a maximum
acceleration of about 0.09g at the site of the Lower San Fernando
dam. Two days after this earthquake a pore pressure increase of
about 1 ft cof water was observed in Observation Well No. 37, which
has its tip in the foundation soils below the downstream rolled fill
buttress. In comparison, this same well showed a pore pressure
increase of about 5 ft of water about 1 dayv after the 1971
earthquake. Observation wells in the downstream hydraulic fill were
not read until two weeks following the 1952 earthquake, at which time
ne increase in pore water pressure could be observed. In comparisoen,
two weeks after the 1971 earthquake, one of these same wells (No. 1%)
showed a pore pressure increase of about 4 ft. These water pressure
measurements indicate that the induced cvclic strains were signifi-
cantlv less during the 1932 earthquake than in the 1971 earthguake,
suggesting that pore pressure increases in the upstream shell wouid
aiso be correspondinglv less and clearly insufficient to trigger
liguefaction. This is also confirmed by the fact that there was no
evidence of anv tvpe to indicate that the upstream shell of the
emnbankment was even close to a failure condition in the 1932 event.
This behavior helps to set a bound on the accelerations which wou:d
not cause a liquefaction-type failure in the upstream shell.

A ground motion with a peak acceleration of 0.09g in the 195.
Magnitude 7.6 earthquake would be equivalent in its damaging capabii-
it tooa significantly higher level of peak ground acceleratrion
develaved inoa Magnitude 6.6 event (which would have a shorter dura-

tion ot shaking) such as that which oocurred 1 1971, Dhifterent




approaches mav be used to determine the equivalent level of shaking.
For exampie Bureau et al. (1985) have proposed the Earthquake
Severityv Index as a means of assessing the effects of earthguake
shaking on embankment dams. The Earthquake Severity Index (ESID),
which is intended to evaluate the combined effects of earthquake
Magnitude and maximum ground acceleraticns, is defined by Bureau

et al. as:

Farthquake Severity Index = ap ., (M - 4.5)3

Thus the ESI for the Lower San Fernando dam site in the 19352 earth-
quake was equal to 0.09g (7.6 - 4.5)3 = 2.7g. 1In a Magnitude 6.6

event the equivalent value of a ., required to produce the same

severity cof shaking would be:

- ES:
‘apaxlequiv =

(M - 4.5)° (6.6 - 4.5

Since there was no apparent damage to the dam in the 1952 event, it
might be concluded from this resuit that the embankment would have
safelv withstood earthquake motions with a peak acceleration of about
0.3g in the 1971 San Fernande earthquake.

Alternativelv if the incidence of liquefaction is due primarily
to the effects of (a) the slightly higher spectral accelerations
associated with M = 7.6 earthquakes as compared with M = 6.6 events
and (b) the greater duration of shaking in M = 7.6 earthquakes as
compared with M = 6.6 events, then the equivalent maximum accelera-
tion for a Magnitude 6.6 would only be about 1.4 times that fur a

Magnitude 7.6 event, which would lead to an equivalent M = 6.6




acceleration, corresponding to the ground shaking in the 1952 earth-
quake, of only about 0.09g x 1.4 = 0.13g.

In view of this range of values and the fact that the Lower dam
showed no evidence of being even close to a failure condition in the
952 earthquake, it seems reasonable to conclude that it would have
safely withstood the 1671 San Fernando earthquake with no observable
pore pressure changes in the downstream shell and no evidence of any
significant strength loss in the upstream shell, if it had been
further from the source and the maximum acceleration had been about
0.2g rather than the value of about 0.55g which actually occurred and
led to the failure.

This same result is indicated by the analysis procedure. Thus

the cyclic loading resistance of the hvdraulic fill determined in

both the 1973 and 1985 investigations, used 1n conjunction with the

w

eed-Lee-Idriss procedure for seismic stability evaluation, seems to
provide satisfactory evaluations of the known performance of the
Lower San Fernando Dam at both bounds for which failure or non-

failure can be evaluated.

Because cf the densification of samples in the sampling, handling,
and testing process, it is unreasonable to expect that the residual
or steady state strength measured on a sample, after it liquefies in
4 cvelic load test, could possibly be indicative of the residual or

steady state strength of the soil in its field condition. To deter-

mine sucih o4 residual strength for the soil would reguire a maior cor-
et i far woid ratio changes and this s more easily accomplished
periarming stead-state strength tests under static loading oondi-
gnonrapesed b Booalos eroals 0198




6. Although the residual strength of the silty sand in the Lower
San Fernando Dam can not be determined directly by cyclic loading
tests on undisturbed samples in the laboratory, it can be determined
with a good degree of accuracy from a correlation of residual
strength determined in other flow-failures with the SPT (N1)60 value
of sands. Values determined in this way are in the range of 400 to
800 psf and, in conjunction with the indicated zones of liquefaction,
they lead to the conclusion that a flow failure would occur in the
Lower San Fernando Dam as a result of the 1971 earthquake shaking and
that the soil could move through a distance of 150 to 200 ft as

actually occurred.

\

Thus it follows that both the distribution of zones of liquefaction
and the residual strength of the soil in these zones can be predicted
with a satisfactory degree of accuracy from correlations of SPT
values of (Ny)gg with cyclic loading resistance and residual strength
of sands, silty sands and sandy silts. This method of approach
cffers the practical advantage that representative values can be
based on a larger number of data points which describe the non-
homogeneity of the soils involved and permits a meaningful statisti-
cal analysis of this data for the determination of representative
values. It also ensures that parameters selected for use in design
and analysis are not inconsistent with those representative of a
significant number of cases of failure and non-failure due to lique-

faction under actual field conditions.

{c) Post-liquefaction resistance of hydraulic fill determined from
laboratory tests

1. The only way to determine the post-liquefaction resistance of a sand

or silty sand in its in-situ condition by means of laboratorv tests




is to measure this resistance at the veoid ratio of the sample used in

the test and then correct it to the in-situ void ratio of the soil,

as proposed in the steady-state testing procedure. This procedure is
necessary because of the very significant change in void ratio which
takes place in the sampling, handling and reconsolidation processes.

Aspects of the procedure which should be carefully considered in
determining the residual or steady-state strength of a soil by this
method are the following:

(a) Whether it is appropriate to correct the results to the current
in-situ void ratio of the sand or whether there may be some
redistribution of water content during the earthquake which
would change (increase) the void ratio to a higher value.

(b) The magnitude of the correction involved. In the present studv
the average steady-state strength of all samples, as tested, was
about 5250 psf, while the average strength after correcting the
results to the pre-1971 earthquake void ratio of the hvdraulic
fill in the upstream shell was about 750 psf. Thus the correc-
tion facter is very large and small changes in procedural
details, such as the slope of the steady-state line, can have a
large effect on the tfinal results.

(c) The large variations in steady-state strength which occur from
one sample to another, even when a major effort is made tc limit
the selection of samples to one type of soil. Because of the
large scatter it is necessary to perform a large number of tests
to obtain a representative body of data from which to select a
reasonable value of residual or steady-state strength to be used
in design. At the present time the selection of design strength

can onlv be made on the basis of engineering judgment.
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With appropriate consideration of these factors, the studies
described previously show that reasonable values of post-liquefaction

strength of a soil can be made by this procedure.

For the liquefied cohesionless soils in the upstream shell of the
Lower San Fernando Dam, the post-liquefaction strength can be deter-
mined from slope stability analyses to be about 400 + 100 psf. 1In
this study the average steady-state strength for all samples tested,
corrected to the pre-1671 earthquake condition in the upstream shell
was found to be 800 psf, while the 35-percentile value for all the
test data is about 580 psf. If the sandy silt and silty sand are
considered to be representative of all the soil in the liquefied zone
of the upstream shell, then with a conservative interpretation of the
test data and conservative assumptions regarding the likely field
behavior of the soil near the toe of the upstream shell of the
embankment, the steady state-strength procedure correctly predicts
the onset of sliding in the upstream shell. Use of the 35-percentile
value of steady state strength for the samples tested would indicate
that a flow-type failure would occur if liquefaction were triggered
by the 1971 earthquake shaking. However, even the 35-percentile
values of steadv-state strength are still somewhat higher than the
values of residual strength determined from back-analyvsis of the con-
ditions in the failure zone of the dam after sliding stopped.

Tiaus veryv conservative data interpretation and/or the avoidance
of low factors of safety is required in interpreting the results of
steadyv-state strength tests in order to arrive at a meaningful value

fory engineering analysis purposes.




9. Conclusions
The results presented in the preceding pages provide a basis for re-
evaluating the soil conditions in the Lower San Fernando Dam prior to the
failure of the upstream shell in the earthquake of 1971 and the applicability
of currently-available procedures for evaluating the seismic stability of
embankment dams. The main conclusions to be derived from the studies would

appear to be as follows:

—

(a) The soil in the zone of liquefaction in the upstream shell appears
to be a stratified sequence of layers of silty _and, sandy silt and
clav. The sand becomes less fine towards the outer parts of the
embank..ent. Representative average characteristics for the cohe-
sionless zones of the upstream hvdraulic fill, in the conditicn
existing before the earthquake in 1971, appear to be as follows:

Silty sand with fines content of about 25 to 307%

n

(Nl)60 in situ 11.5

13.5.

"

Equivalent clean sand (Ny)gqg
The results of the standard penetration tests performed in both the
1971 and 1985 investigations were remarkably similar and both sets of
data are generally in accord with the average conditions noted above.
(b) The average post-liquefaction strength of the soil in the liquefied
zone of the upstream shell at the time of failure was about 400 #
100 psf.
{¢) The combination of penetration resistance and residual strength of
the liquefied silty sand is consistent with the correlation between
these soil characteristics determined for other liquefaction failures

(see Fig. 8-3).
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The Seed-lee-Idriss method for analyzing the seismic stability of earth
dams provides a meaningful basis for evaluating the zone of liquefaction
which developed in the upstream shell of the embankment of the Lower
San Fernando Dam as a result of the ground shaking in the 1971
San Fernando earthquake and also indicating the absence of liquefaction
in the downstream shell of the embankment. It also seems to provide a
suitable basis for demonstrating that a liquefaction-type failure would
not be triggered in a similar earthquake (M = 6.6) producing peak
accelerations of the order of 0.2 to 0.25g, which would appear to be
justified on the basis of the performance of the embankment in the 1952
Kern County earthquake (M = 7.6) and the performance of other hydraulic
fi1ll dams in the Los Angeles area in the 1971 San Fernando earthquake.
However cvclic loading resistance as measured in cyclic triaxial
tests on "undisturbed" samples cannot predict the residual strength of the
liquefied sand and some supplementary procedure is required for this

purpose.

The residual strength of a liquefied soil can only be determined at the
present time by two methods:
(a) Correlations based on past case studies (Seed, 1987).

or (b) Steady-state strength testing in the laboratory as proposed by
Poulos et al. (1985), followed by appropriately conservative
corrections to the field void ratio condition taking all rele-
vant factors into account.

Both methods inevitably involve a significant degree of judgment due to

the natural non-uniformity of cohesionless scoils., Thus large numbers of

tests are required to determine representative properties. However both

methods, applied to the case of the liguefaction-type slide in the




upstream shell of the Lower San Fernando Dam correctly predict that such

a slide would occur if liquefaction of the soils were induced by the

earthquake shaking.

4. Both cvclic loading resistance (as measured by the development of
1007 pore pressure ratio) and residual strength can be reasonably well corre-
lated with values of (Nj)gq determined by SPT values. Use of these corre-
lations, in conjunction with appropriate analysis procedures, is likely to
previde as reliable a method as any to evaluate the seismic stability of

embankment dams.




10. Acknowledgments

The authors greatly appreciate the financial support for the study
described in this report provided by the U.S. Army Corps of Engineers, and
the cooperation of Dr. A. G. Franklin of the U.S. Army Corps of Engineers,
Waterwavs Experiment Station and Drs. G. Castro and T. Keller of Geotechnical
Engineers Inc. in providing important information and advice relating to the
preparation of the report. Special thanks are also due to Mr. Peter Nicholson
who performed a number of the soil tests at Stanford University. The authors
also thank the Los Angeles Department of Water and Power, particularlv
Mr. Henrv Mayeda of that Department, for providing valuable information

concerning the performance of the San Fernando Dam.

128




References

Arulanandan, K., Seed, H. B., Seed, R. B., Yogachandran, C. and Muraleetharan,
K. (1989) "Centrifuge Model Tests to Study the Effects of Volume Change
Characteristics on the Dynamic Stability of Heterogeneous Earth Dams,"
Geotechnical Research Report, University of California at Davis, in press.

Babbitt, D. H., Bennett, W. J. and Hart, R. D. (1983) "California's Seismic
Reevaluation of Embankment Dams," Procs., ASCE Symp. on Seismic Design of
Embankments and Caverns, Philadelphia, PA, May 16-20, 1983, pp. 96-112.

Bieganousky, Wavne A. and Marcuson, William F., III (1976) "Liquefaction
Potential of Dams and Foundations--Report 1: Laboratory Standard Penetration
Test on Reid Bedford Model and Ottawa Sands,'” Report $-76-2, Waterways
Experiment Station, Oct., 1976.

Bureau, Gilles, Volpe, Richard L., Roth, Wolfgang H. and Udaka, Takekazu
11985) "Seismic Analysis of Concrete Face Rockfill Dams," Procs., Symp. on
Concrete Face Rockfill Dams--Design, Construction, and Performance, sponsored
bv the Geot. Div., ASCE in conjuncticn with the ASCE Convention in Detroit,
MI, Oct. 21, 1985, edited by J. Barry Cooke and James L. Sherard, pp. 4/9-508.

Casagrande, A. (1984) '"Retlections on Some Unfinished Tasks,'" First Nalcors
Carrillo Lecture of the Mexican Society for Soi: Mechanics presented at the
6th National Meeting of the Society in November, 1972 and published in 198a4.

Castro, G. and Keller, T. (1987) "Re-Evaluation of the Lower San Fernando
Dam," Geotechnical Engineers Inc. Report to U.S. Army Corps of Engineers,
w.E.S.

Castro, G., and Poulos, S. J. (1977) "Factors Affecting Liquefaction and
Cvelic Mobility," Journal of the Geotechnical Engineering Division, ASCE,
Vel. 103, No. GT6, 1977, pp. 501-516.

Castrc, G., Poules, S. J., France, J. W., and Enos, J. L. (1982) "Liquefaction
Induced tv Cyclic Loading,'" Report by Geotechnical Engineers, Inc. tco *hco
National Science roundation, Washington, D.C., Macch, 1982, pp. 1-80.

e Alba, P., Seed, H. Bolton, Retamal, E., and Seed, R. B. (1387) "Residual
Strength of Sand from Dam Failures in the Chilean Earthquake of March 3,
1985," FEarthquake Engineering Research Center, Report No. UCB/EERC-87-11,
University of California, Berkeley, September, 38 pp.

Franklin, A. G. (1G87) Personal communication.

Givhert, t. AL (1984) "Investigation of Density Variation in Triaxial Test
Sspecimens of Cohesioniess Soil Subjected to Cyclic and Mouotonic Leading,”
ecnnical HEeport No.o GL-84-10, U.S. Army Corps of Engineers, waterwavs

T

Leoeriment Station, Vicksburg, MS, September.




[

Lee, Kenneth L., Seed, H. Bolton, Idriss, [zzat M. and Makdisi, Faiz I. (1975)
"Properties of Soil in the San Fernando Hydraulic Fill Dams,'" Journal of the
Geotechnical Engineering Division, ASCE, Vol. 101, No. GT8, August, 1975,

pp. 801-821.

Marcuscen, W. F., 111, and Bieganousky, W. A. (1970) "Laboratcrs; Slandard
Penetrationu lests on Fine sands,’ Journal ot the Geotechnical Engineering
Division, ASCE, Vol. 103, No. GT6, June, 1976, pp. 565-588.

Marcuson, W. F., 111, and Franklin, A. G. (1983) "Seismic Design, Analysis,
and Remedial Measures to Improve Stability of Existing Earth Dams--Corps of
Engineers Approach,” Procs., ASCE Symp. on Seismic Design of Embankments and
Caverns, Philadelphia, PA, Mayv 16-20, 1983, pp. 65-78.

Foulos, Steve J., Castrc, Gonzalo and France, Jonn W. (1985) 'Liquefaction
Fvaluation Procedure,' Journal of the Geotechnical Engineering Division, ASCE,
Vol. 111, No. 6, June, 1985, pp. 772-792.

Schmertman, J. H. (1978) "Statics of the SPT,' Journal of the Geotechnical
Engineering Division, American Society of Civil Engineers, Voi. 105, No. GT5,
Mav, pp. 655-670.

Seed, H. Bolton (1979) "Scil Liguefaction and Cyclic Mobility Evaluation for
level Ground During Earthquakes,'” Journal of the Geotechnical Engineering
Division, ASCE, Vol. 105, No. GT2, February, 1979, pp. 201-255.

Seed, H. Belton (1979) "Considerations in the Earthquake-Resistant Design of
Farth and Rockfill Dams,” 19th Rankine Lecture of the British Geotechnical
Societv, Geotechnique, Vol. XXIX, No. 3, September, 1679.

Seed, H. Bolton (1983) "Earthquake-Resistant Design of Earth Dams,'" Faper
presented at the Annual ASCE Convention, Philadelphia, PA, May 16-16G.

Seed, H. Boliton (1986} "Design Problems in Soil Liquefaction,' Report No.
UCR/FERC-86/02, Earthquake Engineering Research Center, Universityv of
California, Berkelev, February, 1986, 33 pp.

Seed, H. Bolton (1987) '"Design Problems in Soil Liguefaction,' Journal ot
the Geotechnical Engineering Division, ASCE, Vol. 113, No. 8, August, 1987.

Seed, H. Bolton, Idriss, I. M. and Arango, lgnacio (1983) "Evaluation of
lLiquefaction Potential Using Field Performance Data," Journal of the
Gectechnical Engineering Division, ASCE, Vol. 109, No. 3, March, 1983,
pp. A58-482.

Seed, H. Bolten, tdriss, Izzat M., Lee, Kenreth L. and Makdisi, Faiz 1.
(1975b) "Dvnamic Analysis of the Slide in the Lower San Fernando Dam during
the tarthquake of Februarv 9, 1971," Journal of the Geotechnical Engineering
Division, ASCE, Vol. 101, No. GTY9, September, 1975, pp. 889-911.

Seed, H. Beiton, Lee, K. L., Idriss, 1.M. and Makdisi, F. (1973) "Analvsis of
Siides in the 5San Fernando Dams during the Earthquake of Februarv 9, 18971,"
Keport Noo BRERC-73-7, Farthquake Engineering Research Center, Iniversity of
Catifornia, Rerketew, June, 19773,




Seed, H. Bolton, Lee, Kenneth L.,

Idriss, lzzat M. and Makdisi, Faiz 1.

(1975a) "The Slides in the San Fernando Dams During the Earthquake of Februaryv
9, 1971," Journal of the Geotechnical Engineering Division, ASCE, Vol. 101,

Ne. GT7, July, 1975, pp. 651-688.

Seed, H. Belton., Lee, Kenneth L.
(1975b) "Dynamic Analyses of the

T
4.

, Idriss, Izzat M. and Makdisi, Faiz
Slide in the Lower San trernando Dam During

the Earthquake of February 9, 1971," Journal of the Geotechnical Engineering
Division, ASCE, Vol. 101, No. GT9, pp. 889-011.

Seed, H. Bolton, Singh, Sukhmander, Chan, C. K. and Vilela, F. F.
"Considerations in Undisturbed Samplingof Sands,"

Engineering Division, ASCE, Vol.

Seed, H. Bolton, Tokimatsu, K., Harder, L. F. and Chung, R. M.

(1982)
Journal of the Geotechnical

108, No. GT2, February, 1982, pp. 26>-2§&3.

(1985)

"Influence of SPT Procedures in Soil Liquefaction Resistance Evalvations,'
Journal of the Geotechnical Engineering Division, ASCE, Vol. 3, No. 12,

December, 1985.

Seed, Ravmond B., Jong, Hsing-Lian and Nicholson, Peter G. (1987) "Laboratcry
Evaluation of Undrained Cyclic and Residual Strengths of Lower San Fernando

Dam Soils,"

Department of Civil Engineering,

Skempton, A. W. (1986) "Standard
of Overburden Pressure, Relative
consolidation, Geotechnique, 36,

Smart, J. D. and Von Thun, J. L.
Embankment Dams Recent Bureau of
on Seismic Design of Embankments
1985, pp. 79-95.

Von Thun, J.
Treatment Requirements, Stage I,

Geotechnical Engineering Research Report No. SU/GT/87-01,

Stanford University, June, 1987, 168 pp.
Penetration Test Procedures and the Effects
Density, Particle Size, Ageing and Over-

No. 3, pp. 425-447.

{1983) "Se.smic Design and Analysis of
Reclamation Experience,'" Procs., ASCE Svmp.
and Caverns, Philadelphia, PA, Mav 16-20,

Lawrence (1986) "Analysis of Dynamic Compaction Foundation

Jackson Lake Dam,'" Technical Memorandum

No. TM-JL-230-26, Bureau of Reclamation, Engineering and Research Center,
Division of Dam and Waterway Design, Embankment Dams Branch.

wWhitman, K. V.
International Conference on Soil
San Francisco, Vol. 4, pp.

(1985) "On Liquefaction,"

Proceedings of the Eleventh
Mechanics and rounuation engi.eering,

1923-1926.




Appendix I: LABORATORY TESTING PROCEDURES AND TEST RESULTS

I-1 General:

This Appendix describes the sampling and testing procedures used in
rhese studies, and presents individual plots of the results of each test
performed. All tests reported herein were performed at the Stanford
Iniversity Ceotechnical Laboratory. Testing procedures employed are
deseribed in Sections 1-2 and I-B.

Bulk samples as well as high quality "undisturbed" samples for this
program were obtained and delivered to the Stanford Geotechnical
Lahoratory by Geotechnical Engineers, Inc. Bulk samples of hydraulic
fill were obtained by hand from within a large-diameter exploratory shaft
Lored thirough the intact downstream portion of the hydraulic fill at
ppvoxlrately station 6400, Figure 2-2 shows the location of this
plordatory shafo. A total of seven different bulk samples from this
et shart were forwarded for possible investigation.

Two sampling methods were used to obtain high quality "undisturbed”
[ & &3 b,

cnples  of hvdraulie 111, "Undisturbed"” 2.8-inch diameter piston
e owere  retrieved  from conventional boreholes, and hand-carved
e aloo ot JUB-inch nominal diameter) were obtained at various

vt iens within the exploratory shaft., A brief description of sampling
ared o sanple handling procedures is  included in Appendix 1 -

Clonow Fievire /-2 shows the locations of the sample borings and test
R Fiovire 11 shiown o rhie Jocations of  each "undisturbed:  sample

) il el prayram, projected onto the exiating
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Section I-A presents the results of 1C-U triaxial tests performed
on reconstituted bulk samples and Section 1-C  presents the results of
[¢-U triaxiil tests performed on "undisturbed" samples to provide a basis
for evaluation of in-situ steady state strengths of the hydraulic fill
zones. Undisturbed samples for these tests were selected so that only
silty sand and sandy silt samples of low plasticity obtained from within
the elevation ranges of between +1008 to +1023 feet and between +1039 to
+1056 feet (NGVD) were subjected to residual strength testing, as
Standard Penetration Test (SPT) data suggests that these types of samples
within these two elevation ranges are likely to represent the lowest in-
situ steadv-state strengths witnhin the hydraulic fill zones.

Section 1-D presents the results of undrained cyclic triaxial tests
pertormed on undisturbed samples. Isotropically consolidated undrained
cvelic tests were performed on "undisturbed” silty =and and sandy silt
hvdraulic fill samples obrained from elevations of between +1010 to 1054
feet (NCVD). Anisotropically consolidated undrained cyclic triaxial
tests were performed on silty sand hydraulic fill samples obtained from
within the same range of elevations to investigate the influence of
inirial static stress anisotropy on undrained cyclic pore pressure. In
addition, a series of isotroplcally consolidated wundrained cyclic
triaxial  tests were performed on “undisturbed" silty clay samples
ohtatned from the hydraulic fill "core" zone at approximately elevation

p1o2l teen NGVD) to investipate the cyclic loading vehavior of this core

1 2 Steady State Line Evaluation:
e eradat lon characteriscics of the dntact downstream portion of

o Do S Fertondda Do besdeanlie £ vary considerably, vanging from




fairly clean medium silty sands to clayey silts of low plasticity. It
wias judged that the "undisturbed" samples subjected to undrained steady-
state strength testing could be divided into two general classes:
tay medium to fine silty sands (SM to SM-ML) and (b) finer sandy clayey
silts (SM-ML to ML). The c¢riterion for separating these two classes of
hviraulic fill material was the samples’ fines contents: samples with
more than 40 percent by dry weight passing a No. 200 =<sieve were
considered to represent "silty" matecials and will be referred to as
"sandv silrs. " Soils with less than 25 percent by dry weight passing a
No. 200 sieve wore considered to represent "sandy" materials, and will be
referred to as "silty sands.” Steady state lines were developed by
testing reconstituted specimens from two bulk samples, one a medium to
fine silty sand and the other a sandy clayey silt, in order to provide a
vasis for the void-ratio-based correction of S for samples of both soil

tYpes.

I-2.1 Steady-State Line for Silty Sands:

Bulk Sample No. 3, obtained from the exploratory test shaft at
Flevarion 2041, 1s a medium to fine silty sand with approximately 10
percent non-plastic silt fines as determined by "wet" hand-sieving

»

Yoo 200 sieve. A gradation curve for this soil is presented :in

“hrough a
A scries ot nine isotropically consolidated-undrained (IC-U)
triazial  tests  with  pore pressure measurements were performed on

e onntitnted samples of Bulk Sample No. 3.

A11 samples tested were 72.8-inches in diameter, with a height vs.

vt io of approximately 20301 All samples were prepared by

i Faehosaeple was prepared in nine even lavers.  Sufficient

aoniee the desired void ratio within cach laver was mixed to a
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water content of approximately 8 to 10 percent and tnen deposited into a
rubber membrane held by vacuum pressure to the sides of a rigid forming
mold. A ctamper with a fixed maximum drop was then used to tamp the new
layer to a pre-determined thickness. The top of the layer was then
scarified lightly to "knit" with the base of the next layer, and the
process was repeated. Experience has shown that it is necessary to vary
the weight of soil used in each layer, using slightly more in upper
layers grading to slightly less in lower layers in order to achieve
uniform final density, as lower layers are densified slightly by tamping
of (upper) overlying lavers.

Samples were saturated by a vacuum/back pressure saturation
process, First an essentially full vacuum was applied internally to
remove as much air as possible from the sample. An external vacuum
"cell" pressure was applied to minimize the applied effective confining
stress during this stage of sample preparation. Following wvacuum
application. the sample was filled with de-aired water flowing from base
to top cap at approximateiy the rate of capillary rise (under slight
positive wertical gradient). Positive internal back pressure was then
applied sufficient to dissolve any remaining air and thus achieve full
saturation. This application of back pressure was accompanied by
sirultancous application of confining pressure in order to maintain
constant  isctropic effective confining stress. An effective confining
stress of approximately 0.5 ksc (one-half atmosphere or 7.4 psi) was
raintained during both the vacuum and back-pressure saturation stages.
AL waciam and back pressures were applicd slowly in increments in order
"o avoid ditferential overconsolidation of the ends of the samples.

Aobiievement ot fal ]l sataration was verified by monitoring the sample’s

1736




B-values (B = Au/Aoj). B-values greater than or equal to approximately
0.98 were taken as acceptably close to full saturation.

Following back pressure saturation, each sample was isotropically
consolidated to the desired density and initial effective confining

¢

stress o, The sample was then sheared to failure under undrained
cenditions at a constant rate of axial strain. Axial strain rates for
loading were on the order of ¢, = 0.5% per minute, in order to provide

representative measurements of internal pore pressures during shearing.

Table 1-1 presents a summary of test conditions for each sample, and

Section I1-A presents individual plots of: (a) applied axial stress vs.
axial strain, (b) oy’ wvs. axial strain, and (c) deviatoric stress
(§)(oy - 03) vs. effective mean volumetric stress (Q)(o'l - 0'3) for

each test performed.

Table I-1 summarizes the results of this IC-U triaxial test series.
Figure 6-4 presents a plot of the results in the form of a plot of the
tog)p of undrained steady-state strength (S4y) vs. void ratic. The solid
line in Figure 6-4 represents the "steady-state line" for Bulk Sample

No. 3 as determined by this test series.

I-2.2 Steady-State Line for Sandy Silts:
Bulk Sample No. 7, obtained from the exploratory test shaft at

Flevation 1013, is a sandy silt of low plasticity with approximately 52

percent fines. A pradation curve for this soil is presented in Figure
-2 The gradation of material passing the No. 200 sieve was evaluated
haogod on hvdrometer analvsis
A series  of  eleven  IC-U  rriaxial  tests  were performed on
corstitured samples of Bulk Sample Noo /0 All samples tested were 2.8-

Dot riareter withoa helight ovel diametor rvatio of  approximatelyw
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2.3:1. All samples were saturated wusing the wvacuum/back pressure
saturation procedures described in Section I-2.1. Two sample preparation
procedures were used. Eight samples were prepared by "moist tamping" as
described in Section I-2.1. Three additional samples were prepared by
"wet pluviation"” ro investigate the influence of sample preparation
method on steady-state strength behavior. The three "wet pluviation”
samples were deposited by pluviation through standing water, and were
then isotropically consolidated to different initial effective confining

stresses (o3 C') in order to achieve different void ratios. All samples

were sheared to failure under undrained conditions at constant axial

strain. Axial strain rates for loading were approximately 0.07% to 0.1%
per minute. Table I-2 presents a summary of test conditions for each
sample, and Section I[-A presents individual plots of: (a) applied axial

stress vs. axial strain, (b) 03' vs. axial strain, and (c) } of the
principal effective stress sum vs. the maximum deviatoric stress (p vs. q
or (ol’ i 03’)/2 vs. (Ul - 03)/2 for each test performed.

Table 1-2 summaries the results of these IC-U triaxial tests on
Bulk Sample No. 7. Figure 6-5 presents a plot of the results in the form
of a plot of the logyy of und;ained steady-state strength S_  vs. void
ratio. As shown in this figure, there appears to be little significant
difference in steady-state strength behavior between samples of this soil
prepared by molst tamping and samples prepared by wet pluviation. The
solid line in Figure 6-5 represents the "steady-state line" for Bulk

saeple No. 7 as determined by this test series.

I-3 Evaluation of Steady State Strengths In-Situ:

A series of 16 1C-U triaxial tests were performed on "undisturhed”

camples of hydranlic fill from the intact downstream portion of Lower
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San Fernando Dam to provide a basis for estimation of in-situ steady-
state strengths of this hydraulic fill material. Nine of these
"undisturbed" samples were 2.8-inch diameter piston samples retrieved
from conventional boreholes, and the other seven samples were hand-carved
2.8-inch diameter samples retrieved from the exploratory test shaft.
Tahls 7 7 ~rnd Fipgnyece 2.9 and I-1 eurmarize *he lon~tinne from which
these samples were obtained.

Section I-B provides a description of procedures used for sampling,
sample extrusion and test set-up, sample saturation, sample consclidation
and undrained testing. Sampling procedures used for both piston and
hand-carved sampling permitted monitoring of sample void ratio changes
during the sampling process. Subsequent void ratio changes during sample
extrusion, test set-up and consolidation were also continuously
monitored.

Table [-3 lists the wvoid ratiocs of each of the "undisturbed"
samples at various stages: (a) as tested (following consolidation),
(b) after sampling but prior to extrusion and test set-up, (c) in-situ
prior to sampling in 1985, and (d) in-situ prior to the 1971 San Fernando
Earthquake. Pre-earthquake (1971) void ratios are based on an estimated

average ecarthquake-induced void ratio decrease (densification of Ae =

0H.020) .

Table 1-4 presents a summary of test conditions for each IC-U
triaxial test performed on an "undisturbed" sample. All samples tested
were /. 8-inches in diameter. Height vs. diameter ratios varied from
.41 through 2.4:1, and all samples were tested with well-lubricated end
platens, All samples were back pressure saturated, were isotropically
consolidated to the desired initial effective confining stress (03,c'>'
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and were sheared to failure under undrained conditions at a constant rate
of axial strain. Strain rates employed varied from sample to sample as a
function of perceived sample permeability. Tables 6-1, 6-2, I-3 and I-4
present the results of these IC-U tests. Section I-C also presents
{a) soil gradation curves, (b) plots of axial stress vs. axial strain,
{v) plots of effective confining stress (03,) vs. axial strain and

(a) p-y efreccive _icess path plots for each "undisturbed" sample tested.

I-4 Undrained Cyclic Triaxial Testing:

Both 2.8-inch diameter "undisturbed" tube samples as well as 2.8-
inch diameter hand-carved samples were subjected to cyeclic tests. Sample
handling, test set-up ind back pressure saturation procedures used were
the same as described previously in Sections I-2 and 1-B. Upon

completion of back pressure saturation (to a "B-value” of not less than

B - 0.98) most of the samples were isotropically consolidaied Lo
a'y = 2" Vvec. Some of the samples were anisotropically consolidated
at K, - 1./5 by applying an additional axial consolidation stress
concurrent witn the appiied confining stress of o 3.1 " 2.0 ksc

Uniform sinusoidal axial <cyclic loading was appli ' using a

compputer-controlled pneumatic loading system. The rate of cyclic loading
wias (0.5 Hz for all cyclic tests performed. Testing results are evaluated
herein primarily in terms of cyclic strains induced, as it was judged
that many of the samples tested contained sufficient fines content as to
e relatively impervious so that the pore pressure distributions within
came ot the daweples might not have been fully uniform during testing.
Porve pregssnyes were measured at the sample bases.

Tables 5-1 and 5-7 present a summary of the results of these cyclic

tent Actual reat data for each individual cyclic test performed is
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presented in Section I-D; this includes plots of (a) sample gradation
curves., (b) cyclic axial load vs. time, (c) incremental pore pressure
generation vs. time, and (d) axial strain vs. time.

In addition to the 15 cyclic tests performed on sandy and silty
samples. a series of four additional isotropically consolidated undrained

cyclic triaxial tests were performed on wundisturbed samples of low

plactinrie ~fley ~Taw abtained from the central "core" zone of the
hyvdraulic fill. Table 1-5 lists sample locations, sample characteris-
tics, testing conditions and test results for these cyclic tests. All

four samples tested were silty clays of low plasticity and all censisted
of more than 97% by dry weight finer than a No. 200 sieve.

Figure 1-2 shows the results of these tests on clayey samples,
along with the cyzlic strength curves for sandy and silty samples from
Figures 5-4. Inspection of the individual test records (Figures D-21,
D-31, D-33 and D-35) show that these samples do progressively soften and
develop positive pore pressures under repeated cyclic loading. However,
as shown in Figures 1-2 and Figures D-21, D-31 , D-33 and D-35, they do
so only at relatively high cyclic stress ratios and large numbers of
loading cycles. It may be concluded from these test results that the
clayey  hydraulic fill from the central “"co.e” region of Lower
San Fernando Dam would not develop significant pore pressures and would
not e significantly softened by the cyclic loading likely to have been

indneed by the 1971 San Fernando Earthquake.
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Section 1-A: [C-U TRIAXIAL TESTS ON RECONSTITUTED SAMPLES

Figures A-: through A-9 present plots of (a) applied axial stress vs.
axial strain, (b) effective onfining stress (03') vs. axial strain and (c)
vne-half of the principal effective stress sum (1/2)(o;' + o03') vs. the
maximum deviatoric stress (1/2)(oy - o4) for the isotropically consolidated

undrained (1C-U) triaxial tests of reconstituted <amples of the hydraulic fill
material '3ulk Sample No. 3." A gradation curve for this medium to fine siity
sand is presented in Figure 6-2.

Figures A-10 through A-19 present similar plots of IC-U triaxial tests
of reconstituted samples of the hydraulic fill material "Bulk Sample no. 7."

A eradation curve for this non-plastic sandy silt (M.l.) is presented in Figure
g p Yy P 24

3.
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Section I-B: HANDLING AND TESTING OF UNDISTURBED SAMPLES

"Undisturbed" samples of hydraulic fill from the intact downstream
portion of Lower San Fernando Dam were provided by Geotechnical
Engineers, Inc. Sample void ratio changes during sampling, extrusion,
test set-up and consolidation were continuously monitored so that
steady-state strengths measured in laboratory IC-U triaxial tests could
be 'corrected" for veoid ratio changes in order to derive estimates of
in~situ steadv-state undrained strengths. Sample retrieval, handling
and set-up procedures employed were designed to minimize both sample

disturbance and sample volume (void ratio) changes.

B.1 Sampling

Two different sampling procedures were emploved: (a) 2.8-inch
diameter piston sampling with thinwalled Shelby-type tubes in
conventional boreholes, and (b) 2.8-inch diameter hand-carved sampling
within a large-diameter exploratory test shaft.

Void ratio changes during piston sampling were evaluated based on
consideration of: (a) the ratic of the average diameter inside the
iead cutting edge of the thinwall Shelby tube vs. the internal tube

diameter, and (b) the ratio between the length of sampling tube

penetration vs. the length of the sample inside the tube following

remeval from the borehole.  Tvpical sampling penetration lengths were
arproximarely ! feet, so that 2-foot leng samples were retrieved. Void
cranges e) during sampling were generallv smail; tvpical ‘e
Moot pier on samnpies were siightly densified during sampling,
g tew samy el dicated o slight Iy,
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Hand-carved samples were obtained by carving 2.8-inch diameter
cylindrical block samples ahead of an advancing 2.8-inch diameter
sampling tube. The tube was suspended by a sampling tripod, and was
periodically lowered as hand-trimming progressed. Hand-carved samples
were typically 14 inches in length. Volume changes during hand-carved
sampling were evaluated using measurements similar to those used to
evaluate piston sampling-induced volume changes. Void ratio changes
during hand-carved sampling were generally small, and most samples
densified slightly during sampling through some samples dilated
slightly.

Following sampling, all samples were trimmed and the length from
the tube ends to the ends of the samples were recorded so that sample
volume changes during transport could be moniteored. After trimming and
measuring, fixed "packers' were inserted in the sample tubes to confine
the samples during transport. Most of the samples arrived at Stanford

University having undergone no volume change during transport.

B.2 Sample Extrusion and Test Set-Up:
Prior to sample extrusion, x-ray photographs of each sample tube
were consuited to identify attractive sample zones. Sample zones

showing striations due to lavering between distinct soil zones of

different gradation were not tested. Attractive sample zones were
marked on the tube, and the end packers were briefly removed so that
campie  ooiune changes  during  transport could be evaluated. Anv
peeponre ochdanges  in sample Jength were assumed to represent  vojume
Vo clistribatel unitformiv over the full length of the sample.
Mg Cranng criation volume chianges were topicallv negligible.

L0




The tubes were next clamped ver:iically in a chain vise for
cutting, with a free-moving packer plate on top of the sample as a
measuring reference and a fixea packer supporting the base of the
sample in the tube. All cuts were made approximately 2 to 3 cm from
the preliminary "desired" final triaxial test sample ends, and the
chain vise was applied approximately one inch from the cutting
lecations. A pair of circumferential ring stiffeners were applied
approximatelv c¢ne and two inches above the cutting location,
respectivelv. Each stiffener consisted of a steel ring with six radial
screws which were lightly hand-tightened to provide radial pressure and
confinement to minimize tube distortion during cutting. The tube was

cut by hand using a rotary pipe cutter. Light cutting contact pressure

was  appiied and the cutter was rotated slowly to minimize tube
distortions. Cutting pressure and rate were further decreased
immediately prior to 'break-through'. Each tube ‘'cut" required
approximately 30 to 60 minutes. A1l ~ytting was performed by two

personnel who weve rigorecusly drilled and practiced on numerous "'dummv"
tubes prior to being allowed to work on actual sample tubes. The care
taren in cutting the sample tubes appears to have been successful, as
sarpie volume changes during tube cutting were typicallv negligible.
(30 Tame changes were evaluated by measuring the distance from the top
Fothe tabe to the free-moving packer plate at the top of tne sample

Foorbohefore and after cutting.) In the few instances that minor volume

craanges were reasdred, these were assumed to be distributed within the

o traaxian warpie dength'™ within  the  tube, as  tube movements

(il rriengt daring cutting were localized at the tube end being cut.
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The cutting process resulted in a slight inward rotation at the
new lip of the cut tube, and some minor ‘'burring'" of this lip. The
sample was next trimmed to approximately one to two centimeters from
the newlv cut tube end, and this lip was reduced and "de-burred" by
hand using a sharp surgical knife and a tungsten machinist's hand
cutting blade. Measurements before and after de-burring consistently
showed that this process caused no sample volume change.

Next the tube was advanced vertically and re-clamped in the chain
vise, and similar procedures were used to make a second tube cut
approximately at the base of the '"desired" triaxial sample. This lower
end cut was not de-burred, as the sample would be subseaquently extruded

through the upper end of the newly produced short tube section. A thin

I
+
t
¢

b}

late with a <harp cutting edge was passed through the lower cut

o separate the new short tube section and sample from the parent tube.
Lower cuts were consistently found to produce no measurable sample
velume change.

This process resulted in production of short tube (and sample)
iens, with sample volume changes and dimensions of known (and
tvpically negligible) magnitude. These short tube sections were then

¢ tamped verticallvy in a chain vise, and a stiff steel loading plate

with a diameter almost equal to the sample diameter was placed beneath

the sanpie, A hand-operated hvdraulic jack was used to extrude the
warpte by oapplving force to this steel base plate. Samples were
cxt et in the direction of sample ingress during initial sampling to
ool shear reversal, and were extruded through the "de-burred” ends of
tow srort wampge tahe sections,  Seme sanples were placed overnight on

Stonendoan a0 snaiiow water bath to draw water by capiliarv rise




prier to extrusion, as this was found to be beneficial in reducing
sample/tube wall interface friction, particularly in 'sandy" samples.

Samples were extruded into a confining membrane held by external
vacuum pressure to the sides of a forming mold with a diameter slightly
larger than the sample diameter so that no sample/membrane contact
occurred during extrusion. A gap between the top of the short sample
tube and the base of the forming mold permitted examination of the
sanple during extrusion so that striated samples with distinct lavers
of variable gradation could be avoided. A number of samples were
discarded because of such striation or lavering at this stage, and
several additional samples had one end trimmed '"short'" resulting in
cccasional testing of "short" triaxial samples with height: diameter
ratios as low as 1.8:1 to optimize sampie homogeneilv.

Fellowing extrusion, the vacuum pressure holding the membrane to
the sides of the forming mold was released so tha*t *nis membrane
applied a light lateral confining stress to the sides of the extruded
sample. A top cap and base plate were applied to the ends of the
sample, and the membrane was sealed to these with O-rings. A vacuum
pressure of 0.25 ksc was then applied to primarily ''sandy’ samples, but
none to primarily "silty" samples, and the samples were ther placed in
a triaxial cell for testing. The average sample diameter and sample
neight were measured at this stage to evaluate sample volume changes
usion. These were usually found te be small but not
reptpihie, and were tupically compressive though a few sandv samples
el during extrusion,

A ormmber of wanmples were (difticalt to extrude, apparentlv duce to

S tane warl oanterface friction associated with rust accumuaiat jon




on the tube walls. This was observed only with predominantly 'sandy"
samples. Several samples which were difficult to extrude were also
found to suffer significant volume change during extrusion, and these

samples were discarded at this stage.

B.3 C-U Triaxial Testing:

Samples were saturated using the vacuum/back pressure saturation
techniques described in Section 2.2.1. A number of undisturbed samples
with high fines content were found to have high initial degrees of
saturation immediately after extrusion, and the vacuum application
stage of the vacuum/back pressure saturation process was omitted for
these samples. Upon completion of back-pressure saturation, samples
were consolidated to the desired initial effective confining stress

conditions (g and o'z .). Volume changes were measured during
b

I,c
consolidation.
Two tvpes of undrained loading were applied to samples following
initial consolidation: (a) monotonic axial loading to large strain for
undrained residual or steady-state strength evaluation, or (b) cyclic
axial loading for evaluation of undrained <cyclic pore fpressure
generation and cyclic strain behavior. Monotonic loading was strain-

controlled, and axial strain rates for eacn sample were selected to

permit equalization of the internal sample pore pressure field during

test ing. Cyclic loading was computer-controlled/stress-controlled
«ading with uniform sinusoidal loading cycles. Cyclic loading rates
savied from sample to sample, and were between 0.1 Hz and 0.5 Hz.
After commietion of undrained shear testing, the final sample void
vty was determined by measuring and drying the entire sample. Void

ratic est inates hasedl on final dry unit weight and final sanmp Vo Lume




were found to be in close agreement with void ratio estimates based on

final (fully saturated) water content.




A total

rerformed

Lo deviat

284 A0t 1on

On

Lower san

“ihed

Section

of

"undisturbed" sample.

Fernando

in

fable

tests.

strain,

oric

for

stress

cach

16

Section

I-C:  IC-U TRIAXIAL TESTS ON UNDISTURBED SAMPLES

isotropically corsolidated-undrained triax:al tests were

of hydraulic fill from the downstream shell

Dam. Sample extrusion and testing procedures employed

[-B. All samples tested had a nominal diameter cf

-4 summarizes testing conditions as well as the results of

Figures €-1 through C-32 present plots of (a) axial stress

(b) effective confining stress (oq') vs. axial strain,

(1/2)(01 - oy) wvs. (1/2)(01' - 04') and (d) soil

of the samples tested.
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Sectirt 1-D:  UNDRAINED CYCLIC TRIAXIAL TESTS ON
UNDISTURBED SAMPLES

A total of 19 cvclic triaxial tests were performed on undisturbed
samples of hydraulic fill. Figure D-1 through D-48 present plots of
{a) cvclic axial stress vs. time, (b) incremental pore pressure development
vs. time, (c¢) axial strain vs. time, and (d) soil sample gradation for each
cvelic test perforned. On these figures; cyclic stress ratio is defined as
CSR = Od,c/20'3,1 and K. = 0'1’1/0'3,1 at the end of consolidation. The
results of these tests are summarized in Figures 5-1 through 5-6, and 1-2 as

well as in Tables 5-1, 5-2 and I-5.
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Axig!l strain

NORMRLIZED RXIAL STRESS

Test Date : 8/12/86
Material . Tube U102-UF1
Siltv Sand (SM-ML), 357 fines.

Figure D-11: UNDRAINED CYCLIC TRIAXIAL TEST NO.
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