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AN ANALYSIS OF
THE SHEFFIELD DAM FAILURE

by

H. Bo]ton”Seed,] Kenneth L. Lea® and I. M. Idriss®

Intreduction

The failure of the Sheffield Dam in Santa Barbara, California during
an earthquake on June 29, 1925 marks one of the very few recorded cdses in
which a catastrophic slide failure of an earth dam has resulted from earth-
quake effects. Accordingly it merits a detailed study of the circumstances
involved for the purpose of:

(1) assessing the factors which led to the failure.

(2) evdluating the ability of current design methods to predict a

failure of this type
and (3) determining whether recent advances in analytical and labora-
tory test procedures. fotr evaluating embankment stability during

earthquakes could throw -any light on the observed behavior.

lProfessor_of Civil Engineering., University of California, Berkeley.
2Assi$tant Professor of Engineering, University of Califotrnia, Los Angeles.
3Lecturer, Department of Civil Engineering, amd Asgistant Research Engineer,

Instituté of Transportation and Traffic Engineering, University of
Califernia, Berkeley.




In view of the fact that it i$ now some forty years since the failure
pccurred it might well be questioned whether the circumstances dnvolved
could be established with sufficient dccuracy to merit a detailed .appraisal.
Fortunatély with the.aid of information provided by engineers and seismolo-—
gists who were in theé area at thHe time, records of the failure made soon
after the earthquake, a study of the soil conditions at the site conducted
by the U. 5. Army Corps of Engineers in'lgﬁgq and the fact that samples of
the same type of soil as that used for construction of the dam can still
be obtained -at the gite, it has been possible to recomstruct reasonably
well the conditions existing at the time failure occurred. A description
of theseé conditions &nd analyses of the embankment stability using pseudo-

static and dynamic response approaches are presented in the following pages.,

Degcription of Dam

The Sheffield Dam was constructed in the winter of 1917 in a ravime
north of the city of Santa Barbard. A representative sectioen tlhirough the
dam at its maximum height is shown in Fig. 1. The embankment, 720 ft
long and with a maximum height of about 25 ft, was constructed of soil
from the reservoir &xcavation and compacted by frouting the ednstruction
equipnent over the fill. The body of the dam was composed of silty sand
and sandy silt containing some cobbles and boulders but the upstream slope
was faced with a 4 ft thick clay blanket which was extended up to 10 ft
into the foundation to serve as a cut-off wail. The clay bLanket was

overlain with a 5-inch concrete facing. No record of the degree of

QU. S. Army Corps of Engineers, "Report omn Investigation of Failure of

‘Sheffield Dam, Santa Barbara,' June, 1949.
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compaction of the embankment is available. A view of the dam with the
reservoly empty is shown in Fig. 2.

The foundation soil consists of a layer of terrace alluvium, four to
10 ft thick, overlying sandstone bedrock. Drill holes made in 1949 by the
Corps of Engineers showed the alluvium to consist mainly of'silty sand and
sandy.silt containing ¢obbles vVarying from 3 to 6 inches in diadeter and
with some thin layers of clayeéy sand and graveélly sandy clay. The upper 1
to 1—1/2 ft of the foundation_spil isﬁsomewhat looser than the undérlying
deposits and it has been fairly well established that there was no formal
stripping of the upper soil layers prior t6 construction of the embankment.

It is reported that seépage had been noted near the toe of the down-
stream slope and in the area beyond the toe before the earthquake cccurred,
Notes in the files of the Sarta Barbara Water Department state that examina-
tion after the failure indicated that there was no leakage of water through
the upstream core but that seepage around and underneath the cut-off had
saturated the lower part of the main structure. Willis5 also expressed
the opinion that "the foundation of the dam had become saturated by percola-
tion." Thus it appears that the water level in the embankment was probably
somewhat similar to that shown in Fig. 1. At the time of the garthquake

the depth of water in the reser¥voir was about 15 to 18 f£.

Santa Barbara Earthgugke, 1925

The main stock of the earthquake occirred at 6:42 A.M. in the morning

of June 29, 1925, There were no strong motion imstruments in existence at

Millis, Bailey, "A Study of the Santa Barbara Earthquake of June 29, 1925,
Bulletin of the Seismcological Society of America, Vel. 15, No. 4, Dec, 1925,
Pp. 255-278. '
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‘the time but on the bBasis of records obtained at distant stations, the
earthquake has been assigned a magnitude rating of 6.3 with an epicentér
_locatea.sqme seven miles northwest of the damasite,a

The fact that the earthguake occurréd so near to 'a populated area
resulted in considerable loss of life and property. Twelve people were
killed and damage to semi-public and public structures was. estimated at
6.25 million dollars. The shock was Felt over an area of at least
50,000 square miles.

Early reports attributed thé earthquake to movement along one of the
many faults in the vicinity of Santa Barbara, some of which are quite
close to the dam-site. However there was no evidence of horizental or
vertical displacement of the ground surface during the éarthquakes.and
more recent studiés fail to confirm the existence of a known active fault
in the area which could have formed the source. of the energy release,

The intensity of ground shaking in and around Santa Barbara was
estimated din the usval manner, based on observed damage. Bailey Willis,
Stanford University professor and President of the Seismolagical Society
of America was lying awake in the Hotel Miramar, 4-1/2 milés east of
Santa Barbara at the time of thé earthquake. He observed that the initial
jolt came from the west, and he was thrown sideways in that directien. He
immediately began to count seconds., By his count the principal vibrations
of the earthquake lasted 15 seconds. The initial shock was quickly
followed by numerous after-shocks of lesser intensity, a total of 6 being
counted within the first 20 minutes following the earthquake. He inspected

the city; and assigned a maximum intensity of X on the Rossi-Forell s.c'ale..5

6Eppl€y, R. A., "Earthquake History of the United States, Part 11," U. 8.
Government Printing Office, Washington, D. €., No. 41-1, Revised 1960.




Tt should be noted however that the main business .district where the
buildings, and hence the damage, were concentrated was on low filled land
which probably contributed to the earthquake damage. The Sheffield Dam
was situated on firmer and higher-grﬁund where a somewhat lower dinterdsity
rating would be anticipated. For example, Willis stdtes that the San ¥sidro
Hotel, which was also on high ground someé 4 miles east of the dam suffered
only minor cracks, and did not even lose its chimney,

Early in November, some 4 months after the earthquake, Professor
Perry Byerley of the University of California made an inspection trip
through the entire area affected by the earthquake and assigned a Rossi
Forell intensity rating to each town which h_e.-visite;d._-7 From these data
the inteénsity at the dam-site can be interpolated to be betweén Rossi-
Forell VIII and TX.

Accepting these figures as providing a reliable assessment of the
intensity of ground shaking, empirical correlations between maximum ground
acceleraticns and Ressi-Forell intensity ratings indicate a maximum -ground
acceleration in the vicinity of the Sheffield Dam of about 0.15g. Maximum
ground accelerations of a similar order of magnitude would also be indi-
cated by computaticns based on magnitude and epicentral distance, and they
are also in accord with valueés which might be deduced from a compatrison
with somewhat similar eapthquakes, such as the San Francisco earthguake of
1957, These comparisons would aisorindica:e.a predominant frequency in

the motions at the ground surfacde of about 3 cycles per second.

7Byerly, Perry, "Notes on the Intensity of the Santa Barbara Earthquake
betweeén Santa Barbara and San Luis Obispo," Bulletin of the Seismological
Society of America, Vél, 15, No., 4, December 1955, pp. 279-28L,



Thus it would appear that the earthquake ground motions at the Sheffield
Dam site might be approximated as follows:

Maximum ground acceleration 0.15g

Duration of significant shaking 15 to 18 seconds

Predeminant frequency of accelerations 3 cycles per second
The time history of such a ground motioh might be approximated by appro-
priate scaling of the accelerograph record of the 1940 El Centro earthquake;
this record was obtained abeut 7 miles from the epicenter of an. earthquake
of magnitude 7.0 at a site underlain by about 100 feet of stiff elagy. The
gr0und'motions-at the. Sheffield Dam site might be expécted to be somewhat
similar in form, but with smaller amplitudes, a slightly higher predominant
frequency and a smaller duration of shaking. Thus they might be represented
by scaling the ordinates of the El Centrs record to a maximum acceleration.
of 0.15g, scaling the abscissa to a predominant frequency of about 3 cycles
per second, and continuing the record for only about 15 seconds. Such a
time-history of ground accelerations is shown in Fig. 4. It is believed
that a ground motion of thié type provides a reasonable basis -for analyzing

the behavior of the Sheffield Dam.

Field Data Concerning the Pam Failure

The Sheffield Reservoir formed by the dam was about 800 ft square and
was cdpable of impounding a maximum of about 45 million gallons of water,
The reservoir was not essential to the city of Santa Barbdra; it could be
by-passed by a water-main leading from a larger and more distant storage
arez behind the Gibralter Dam. At the time of the earthquake, the depth
of water in the reservoir was only about 15 to 18 ft, so that the failure

released about 30 million gdllens of water which temporarily flooded the
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lower part of the city to a depth of about 1 or 2 ft before discharging
into the sea.

Unfortunatély thére were no eye-witnesses when the failure occcurred.
However after inspecting the damage M. M, 0'Shaughnessy, City Engineer of
San Francisce, reportedS that "a great mass of thé center, about 300 ft
in length, slid downstream perhaps 100 ft." Herbert Nunn, City Manager
of the City of Santa Barbara, wrote:g "After examination by several
prominent engineers, the conclusion has been reached that the base of the
dam had become saturated, and that the shock of. the earthquake....had
opened vertical fissures from base to top; thé water rushing through
these fissures simply floated the dam out in sections." Willis-reported5
"The foundations of the dam had become saturated and the rise of the
‘water as the ground was shaken formed & liquid layer of sand under the
dam, on which it floated out, swinging about as if on a hinge." A view
of the embankmept after failure is shown in Fig. 3.

From these accounts it would seem reasonable to conclude that sliding
occurred on a surface near the base of the embankmenﬁ, causing a large
portion of the dam to move a considerable distance downstrean, breaking up
as it did so to give the general appearance shéwn in Fig. 3. DUndoubtedly
this slidihg was relatéd in some manneér to a severe reduction in seil.
strength resulting from increases in pore-water pressure induced by the

earthquake shaking.

8O'Shaughne§sy, M. M., Letter to the Editor of the Engineering News Record,
July 9, 1925.

9ﬁunn, Herbert, "Municipal Problems of Santa Barbara,” Bulletin of the Seis-
mological Soc¢iety of America, Vol. 15, No. 4, December 1925, pp. 308-319,




Properties of Foundation and Embankment Soils

In 1949, the U. S. Army Corps of Engineers ronducted a field investi-
gation to detérmine the nature of the soils forming the foundation and
embankment for the Sheffield D_am.4 Since it appeared that the major
portion of the original .dam and its foundation had been removed during
réconstruction OPerationS} the exploratory work was conducted in areas
impediately adjacent to and downstream of the site to obtain, as far as
'Pﬁssibla, gamples of material similar to that which composed the original
foundation and embankment. TFive holes, each 16 ioches in dismeter were
d¥illed and samples were taken at frequent ittervals.

The foundation conditions adjacent to the old dam-site consisted
mainly of & silty sand and sandy silt containing cobbles varying from 3 to
6 inches in diameter. Grain size analyses of the =ilty sand and sandy sils
samples showed the percent coarser than 0.02 wmm varying frem about 40 to
60 percent. Samples containing the higher portions of sand sizes were non-
plastic; for safiples containing the higher proportions of silt sizes, the
liquid limit was typically about 24 and thé plasticity index about 4, Near
the center section of the dam the thickness of ‘the foundation material was
only 5 or 6 ft. However the upper 1 to 1.5 ft .of this soil was substantially
looser than the deeper material. Near the surface the soil had an average
dry density of about 90 1b pet cu ft whereas below this the dry density
was about 101 1b per ecu ft. _The'maximum dry density of the soil in a
Standard AASHO Compaction Test is about. 118 1b per cu ft. Thus it would
appear that prior to construction, the upper layer of foundation material
had .a degree of compaction of about 76 percent based on the Standard AASHO
test procedure. This density also corresponds to a relative demsity of

‘about 35 to 40 percemt for this soil.



(1) A series of isotropically consolidated~undrained (IC-U) tests,

(23

with pore-pressuré measurements, on samples saturated prior to
testing. These tests were performed at confining pressures
ranging from 0.2 to 2.0 kg per sq om. In general the stress—
strain relationships showed peak values of the deviator stress
and effective principal stress ratio at strains of about 4 to
5 percent with slight reductions in these strength characteris—
tics oceurring at higher strains. Values of the pore pressure
coefficient A at failure varied from about 0.5 for tests
conducted using a confining pressure of 0.5 kg per sg om to
dbout 1.25 for tests with confining pressures between 1 and

2 kg per sq cm.

The effective stress conditions at failure, plotted in the
form of half the principal stress difference versus half the
sum of the major and minor principal stresses at failure, are
shown in Fig. 5. From this plot the strength parameters of the
soil in terms of effective stresses are found to be ¢' = 0 and
¢' = 34.5°,

The total stress conditions at failure in this test series
are plotted im Fig. 6a, from which it may be seen that the
envelope of fallure is characterized by the parameters c = 0.1 kg

per sq c¢m and ¢ = 13°,

A geries of LC~U tests on samples having a degree of saturation
of about 83%. The total stress conditions at failure in thig
test series are shown in Fig. 6b. It is of interest to nofe
that this is essentially the same conditiom as that of seme of

the undisturbed samples of foundation seil tested by the Corps

10
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of Engineers and the data obtained from these tests are plotted
in Fig. 6b together with that fromﬁthe_pregentiinvestigation;

The reasonably gdod agreement between the two sets of data gives
added confidence in the data cobtained from compacted samples in
the present investigation. For samples having a degree of sat-
uration of about 85 percent, the Mohr envelope of failure was

found to be répresented by the parameters ¢ = 0.13 kg per sq on

and ¢ = 15.5°%.

(3) A geries of IC-U tésts on samples having a degree of saturation
of about 20 percent, The total stress conditions at failure in
this test series are shown in Fig, 6v, giving a Mohr envelope
defined by the strength parameters ¢ = (.34 kg pér sq em and
G = 34°,

The Strength parameters in terms of total stresses for the tests at the

various degrees of saturation are summarized in Table 1.

Table 1

Total Stress Strength Parameters Determined by

Isotropically Congolidated-Undrained Triaxial Compression Tests

Under Statric Loading Conditidns

Degree of Saturation & ¢
(percent) (kg per sq cm) (degrees)
20 0.34 34
85 0.13 15.5

100 0.16 13
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The preceding data and the known facts concerning the conditions at
failure provide a basis for analyzing the stability o6f the Sheffield DPam
using conventional design procediures. A cross-section through the embank-
ment béfore the earthquake oceurred is shown in Fig. 1. The soil below
the ground water level in the dam can be presumed to be saturated with
strength characteristics as listed above. If this soil had an initial
dry density of about 90 1b pér cu ft and some allowance is made for
compression under the weight of overlying material, the saturated unit
weight would be of the order of 120 1b per cu ft. To simplify the analyses
it will be. assumed that these soil characteristics are applicable down to
the rock surface though in fact the soil is gomewhat denser and stronger
in the bottem 4 fr.

Measurements in the existipng embankment indicate that the sodl in
-the main body of the dam has an average degree of saturation of about
50 percent and it has therefore been considered reasonable to assume that
the soil above the water level in the original embankment wds +in a sdinilar
condition. By interpolation in the data listed in Table 1, the total
stress strength parameters for a dégree of saturation of 50 percent would
be ¢ = 0.25 kg per sq cm and ¢ = 26°. The uaitgweight-corresponding:to
the initial conditions discussed above would be about 107 1b Per cu ft.

Stability analyses based on these so0il charactéristies are presented

in the foilowing pages.

Stability of Downstresm Slope Before Earthquake

An analysis of the stability of the downstream slope (the dam failed
by a slide in the downstream ‘direction) for the conditions existing hefore

the earthquake would appropriately be madé on an effective stress basis.
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Sueh an dnalysis would typically be made for a slip surface repr&sented'by
the arc of a citcle using the conventioral wethod of slices. Following
this procedure for the crogs-section shown in Fig. 1 and using effective
stress strength parameters c¢' = § and ¢' = 34.5° leads to a position for
the most critical sliding surface as shown in Fig. 7, and a computed factor
of gsafety of 1.68. On this basis it would appear that the slope was amply
stable for the conditions existing befoke the earthyguake occurred.

Conventional Pseudo-Static Procedures for Analyzing the Seismic Stability
of Embankments

Past practice and most ecurrent practice in the analysis of embankment
stability against earthquake forces involves the computation of the minimum
factor of safety against sliding when a static horizontal force, intended
to représeént the disturbing effect of the earthquake, is included in the
analysis, The analysis is treated as a static problem and the horizontal
force is expressed as the product of a seismic coefficient, k, and the
welight, W, of the potential sliding mass. If the féctor Of'safety.approaches
unity the section is generally considered unsafe, thoiigh there is no
generally recognized limit for the minimum acceptable factor of safety.

In using a conventional pseudo-static approach of this type, the
geismic coefficient adopted is often i the rarge 0.05 to 0.15. For many
earth dams a value of 0.1 has been used. Since the earthquake at Santa
Barbara was by no means as strong as the largest recorded or anticipated in
the Western United States, .its equivalent effects would presumably
correspond to some intermeédiate value in the range of seismic coefficients
used for design, such as; say, 0.1. This value might therefore be con-
sidered a reasonable value to use for evaluating the stability of the
Sheffield Dam ﬂuringjthealQQS Santa Barbara earthquake using conventional

analysis proceédures.
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Unfortunately, even in using this conventional procedure with a given

value of the seismiec coefficient, wide variationms exist among design

engineers regarding the choice of analytical details, which can have a

gignificant effect on the computed value of -the factor of saféety. For

example in incerporating a given seismic coefficient into an analysis made

by the method of slices, it has been found that different engineers make

different choices cencerning the following:

(1)

(2)

(3

The use offstrength values for the soil determiined by drained
tests or consolidated-undrained tests. In fact for many dams,
there is virtually no possibility of drainage during the
application. of disturbing forces due to earthquakes and. the
soil is therefore Toaded under essentially undrained: conditions.
Never-the~less some engineers use drained strengths for analysis
even under conditions where no drainage could contedivably occut.
Where drainage ean readily occur, even in the shott loading
peried of an earthquake, the use of drained strengths is

clearly appropriate.

The use of Strength characteristics detétmined by triaxial
compression tests or plane strain tests. Most engineers have
used triaxial test data for analysis in the past but in recent
years plane strain data has been used on several projects,

The use of goll strength parameters determined:by Mohr enveldpes
of failure or a modified form of the comsolidated-undrained
compression test data expressed by the relationship between the
shear.strESS'Qn_the failure plane at failure and the normal

vs

stress on the failure plane at the time of consolidatiom, Tee

14



ch, as proposed by Lowe and Karafiath,lo The difference between

the Mohr envelope and the T.. Vs Tfe relationship for the con-

£f
solidated-undrained tests perfdrmed on saturated samples of the
Sheffield Dam silty sand is illustrated in Fig. 8. While the
difference between the two relationships in this case is small
it tends to becomeziarger with increasing steepnesgs of the Mohr
envelopes -ahd can often reach very significant properties,

Most designers have used the strength parameters defining
the Mohr envelope for analysis purposes. However since present
technology does not providé &4 medns for determining the pore
water pressures in the embankment during the eartliquake and an
effective stress analysis is thereby prohibited, the only known
values of'effective stresses are theose existing befdre the earth-
quake force was applied, Thus it is mere logical to relaté the
measured strengths (Tff) to the normal stresses on the failure
plane at the time of comsolidation for design purposes.

(4) The use of test data obtained by consolidated-undrained tests
on samples which have been initiaglly consolidated under isotropic
stress conditions (IC-U tests) or under anisotropic stress condi-
‘tiong, (AC-U tests). Most designers have used the more conven-
tional IC-U tests for analysis. However soil elements in the
field are -invariably subjected to major and minor principal
stresses having different magnitudes and the use of anisotropic

stress conditions during congsolidation provides a more accurate

0 owe, J. and Karafiath, L., "Stability of Earth Dams Upon Drawdowi,"
Proceedings, lst Pan-American Conference on Soll Mechanics and Founda-
tion Engineering, Mexico City, Mexice, 1959.
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represéntation of field conditions. In consequence some engineers
have adopted this procedure in recent years.

(5) The direction of the contact forces between slices in the
-analytical procedure. Most engineers using a circular arc
representation of the sliding surface use the conventional
method of slices and ignore the effects of forces on the sides
of slices in the computations. However more fundamental_analySes
have shown that appropridte tonsideration of thésé forces can
have a significant influénce on the computed factor of safety.ll

(6) The point of application of the seismic forces. In using the
nethod of slices it would be logical to apply the -seismic forcas
‘at the céntroid of each slice., However this introduces some
difficulty in resolving the forces at the base of the slice to
determine the normal pressure. In consequénce it 1§ offen
‘assuméd, ‘in ordér to simplify the computations, that the .geismic
force on each slice slso acts at the base of the slice.

(7) The effect of the seismic force on. the resisting forces.

While the main purpose of the inclusion of a seismic force is
to increase the sliding tendency of a potential slide mdss, the
application of this force alse affects the pressures on the
potential sliding sur¥face and thus the forces acting to resist
sliding, Some engineers prefer to ignore the effect of the
seismic force on the resisting forces, while others take this

effect irnto account,

Mpishop, A.W., "The Use of the S1ip Circle in the Stability Analyses of
Slopes,' Geotechnique, Vol. 5, Ne. 1, March, 1854,
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(8) The position of the critical sliding surface. The purpose of a
stability analysis is to determine the minimum factor of safety
corresponding to the most critical position of the potential
gliding surface. This involves a number of trials to determine
the critical position of the potential gliding surface when the
inertia force is applied. Te simplify the computations some
éngineers asgume that the critical sliding surface during the
earthquake will be in the same position as the critical sliding
surface for the conditions acting before the earthquake. By
this means it is only necessary to ﬁompute'the factor of safety
for one potential slide mass when the sefsmic force is included.

The fact that all of these possibilities exist and are subscribed to by

some enginders means that, in fact, there are 28 or 256 possible ways of
analyzing the seismic stability of an embankment by a pseudo-static analysis
incorporating a given seismic coefficient.

With regard to gome of the factors 1isted.above, such as theé gquestion
of using drained or undrained strengths, the appropriate. choice will depend
on the permeability of the soils and the geometry of the section., However
with regard to many of the factors there is a clear choice of the slterna-
tives involved which leads to improved accuracy in the computatienal
procedure, The preferred choices with regard to each of the computational
alternatives; in order to improve the accuracy of the analysis, are shown
in Table 2. Also shown in this table, in the column headed "Most
.Conventinnal_chpice' are the computational details which appear to be most
widely used in engineering practice at the present time. It is interesting

to note ‘that for five of the factors listed in Table 2, the conventional
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deviations from the preferred procedures all tend to introduce increased
conservatism inte the analysis,

Thus if the seismic coefficient were correctly evaluated for a pseudo~
static analysis, the appropriate type of static strength tests were
performed and the critical sliding surface for seismic conditions were
determined, & typical conventional analysis would give a conservative
result (tod low a value for the factor of safety) for one or more of the
fellowing reasons:

(1) Strength parameters determined by a Mohr envelope of failure 4are
used for thé analysis rather than thé more appropriate strength
relationship Tes Vs Ufc'

(Z) The infiuence of forces on the sides of slices is not considetred
in the computations.

(3) 8oil strengths are based on the results of tests on isotropically-
consolidated samples,

(4) ©Soil strengths are determingd by triaxial compression tests
rather than plane strain tests.

(5) The seismic force is assumed to act at the base of each slice
rather than at the centroid.

Thus if a design were based on a criferion that the computed factor of
safety should be 1.1 for -a seismic coefficient k = 0.1, the actual factor
of safety, assuming that other conditions (such as the selection of the
value of k and the test conditioms for strength evaluation) are corréct,
would probably be considerably higher.

One of the main difficulties with this gituation is that if an
engineér uses the same design criterion but incorporates -the more computa-
tionally accurate cheices of analytical details in the study, the resulting

embankment could, in fact, be in a more vulnerable condition.
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In:f&ét,'hbweﬁér, the results of the computations may still shed littlé
light on the preobable behavior of the embankment during a major earthquake.
Although the analysis would be conservative in some respacts, it might well
be unconservative in various other regpects, for the following reasodns:

(1) Durirdg a major earthquake the $oils are subjected to eyclic
loading conditions rather than static loading and the soil
strenegth under these conditions may be-substantially lower than
fhat-measured under any type of static loading c-'on'eli'ta'_'ons_-e1'.2

(2) The seismic force developéd during a major earthquake may well
be substantially.greatefiB.than-that corresponding to a seigmic
coefficient in the range 0,05 to 0.15.

{(3) The critical SIidiﬂg surface during an earthquake may be quite
different from that showing the lowest computed factor of safety
before the earthquake; the factors of safety against sliding on
these gurfdces when the geismic force 1s included in the computa-
tions may also be quite different.

Although it is possible to make qualitative evaluations of the effects of
these computational details on the results of an analysis, there are
invariably toc many devidtions from realistic comditiens im a conventional
pseudo~static analysis of seiswmic stability t6 enable the engineer to make

a realistic assessment of whether the final result ig likely to be conserva-

tive or not—-except by a comparisen of the cemputed factor of safety, using

lzLee, Kenneth L. and Seed, H. Bolton, "Dynamic Strength of Aniscotropically

‘Consolidated Sand," Journal of the Soil Mechanies and Foundations Division,
American Society of Civil Engineers, Vol. 93, No. SM5, September 1967.

13Séed, H: Bolton and Martim, G. R., "The Seismic Coefficient in Earth Dam
Design,'" Journal of the Soil Mechanics and Foundations Division, American
Society of Civil Engineers, Vol,:92, No. SM3, May, 1966.
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a preseribed procedure, with the observed performance of embankments which
fail when subjectad to major earthquake ground shaking. It would, of
course, be necessary to make the analytical computations fotr the conditions
exlsting in the embgnkment at the time of the earthquake and alse take into
account the nature of the ground movements. It is unfortunate that there
have not been more studies of this type conducted to provide a basis for
evaluating the merits of pseudo-static analytical appreaches.

Analysis of the Stabllity of the Downstream Slope of the Sheffield Dam
During the Farthquakeé Using Pseudo-Static Adalysis Procedures

To. determine the applicability of pseudo-static approaches for pre-
dicting the performance of the Sheffield Dam in 1925, analyses were made
using ‘the more conventicnal choices of analytical details, where such a
choice existed, and using ‘the most conservative cholce with regard to
other details. Thus the analysis was based on the following assumptions:

(1) The sliding surface may be represented by thé arc of a circle.

(2) 8oil strengths correspond to those determined by isotropically
consolidated-undrained triaxial compression tests in. the
laboratory.

CB) Soil strengths. in the émbankment may be determined from the
strength parameters representing the Mohr envelopes of failure
for the laboratary tests.

(4) The factor of safety is determined by a comparison of over-
turning moments and resisting noments and no congideration
need be given to the effects of side forces on slices in making
the computations.

{5) The seismic force increases the overturning moment but has no

influence on the resisting moment.
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(6) 'The critical sliding surface is that for which the ‘computed
factor of safety is a minimum when the seismlic force is included
in the analysisg.

Computations were made both for the seismic force acting &t the base of
gach slice and 4t the centroid of gach slice. Within the framework of
conventional procedures, this combination of computational details should
lead to about the lowest computed values of the factor of safety for a
given value of the seismic coefficient, k.

For convenience, aird ds an added elément of conservatism, it was. also
assumed that the foundation soil to a depth of 6 £t below ‘the original
ground surface in the section shown in Fig. 1, had the same strength as
that in the upper 1.5 ft, Thus, in accordance with the data presented in
the section on Propérties of Foundation and Embankment Soils, the unit

weights and strength parameters used in the analyses were as follows:

Strength Parameters.

Unit Weight
lb/cu. ft.  c~kg per sq cm  ¢—degrees

411 soil above water table 107 0.25 26

All soil below water table 120 0.1 13

The results of analyses made using a seismic coefficient of 0.1 are
summarized in Fig. 9. The eritical surface of sliding was found to be the
arc of a citclé having a center at B and targent to the base of the founda-
tion s0il layer. For this circle the computed factor of safety was 1.21
1f the seismic force was assumed to act at the base of each slice or 1.32
if the seismic force was assumed to act at the centroid of sach slicé.

It is inteéresting to note (see Fig. 10) the difference in computed

factor of safety if the analysis is made for the surface of sliding
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ekxhibiting the lowest factor of safety for the conditions existing before
the earthquake (center at peoint A in Figs. 7 and 10). For this surface,
the computed factor of safety before the earthquake was 1.68 and the
inclusion of the seismic force, represented by a seismic coefficient of
0.1, reduced the value to 1.3%. For the critical circle with seismic
forces included (center at B in Figs. 9 and 10) the factor of safety
before the earthquake was about 1.9 but this value dropped to 1.21 for a
seismic coefficient of 0.1. Thus it would appear to be important, in this
case at least, to determine the eritiecal surface of sliding for the
assumad seismie conditions.

Clearly by using a somewhat higher value of the seismic cbefficient,

22

the computed factor of safety could have been reduced to 1.0. As indicated

in Figr 11, a seismic ccefficient of 0.17 would have led to this result.
It sbould also be recognized however that although the strength para-
meters and water level conditions for which the preceding analyses were
made are beliéved to represent reasonable average values for the embank-
ment, their evaluation never-the-less involves some degree of judgment,
and relatively small changes in these factors could also reduce consider—
ably the computed factors of safety. For example, if cthe strength test
data in Fig., 6 werée interpreteéed somewhat consetrvatively teo give strength
parameters ¢ = .0.075 kg}cm? and ¢ = 13.5°, the computed factor of safety
for the critical sliding surface would have been 1,14, If, in additiom,
the water table elevation .in the embankment had been considéred to he
several feet higher than that shown in Fig. 9, the computed factor of
safety could have been only 1.05. The assumption of a rather high but
not impossible water table elevation in the ambankment would have reduced

the factor of safety to'unity. In view of these results it would appear
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reasonable to conclude that the pseudo-static analysis leads to a computed
factor of safety for the critical circle in the range of 1.0 to 1.2 with
the more probable value near the upper end of this range.

The computed position of the éritical sliding surface shown in
Fig. 9 bears ldittle resemblance to that on which failure was adjudged to
have taken place, In fact, if failure had occcurred on the critical
siiding surface shown in Fig. 9, the configuration of the embankiment
after failure would presumably have been similar to that shown in Fig., 12.
It is apparent, since thére was only about 15 ft of water in the reservoir
at the time of the earthquake, that this would not have led to loss of
water from the reservoir or even a léss of freeboard., In fact, the entire
gection of the embankment and foundation to the right of the leower dashed
line shown in Fig. 12 could presumably have slid away and still have left
a sufficient quantity of embankment staﬂding to form an adequatée dam for
the water in the reservoir. Thus it Is clear that this method of analysis
givés an erronéous pilcture of the positien of the critical sliding sur-
face, regardiess of the numerical value of the factor of safety associated
with it,

Computations can readily be made to investigate the factor of safety
for a seismic coefficient of 0.1 or alternatively, the seismic coefficient
for which the computed factor of safety would be unity, for a surface of
sliding corresponding to tﬁe approximate position of that which apparently
developed in the Sheffield Dam. In drder for water to escape from the
reservoir the surface of sliding must presumably have intersected the
upstream fice below the level of the water in the reservoir. Certainly
this was the impression of the engineers who visited the site after the

fallure ocdcurred. For the water level conditions shown in Fig. 1 and the
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strength parameters listed on page 21, values of the seismic coefficient,

k regquired to indicate a factor of safety of unity for a mumber of

£

differént surfices are shown in Fig. 11. As may be seen from this figure,

the minimum value of the seismic coefficient which would predict failure
along a sliding surface in the likely failure zone is. about 6.21; the
computed factér of safety against sliding ou this surface for a seismic

coefficient of 0.1 is about 1.45:

For the somewhat lower strength parameters and higher water levels
in the embankment discussed above, the value. of k. would be reduced to
about 0.15, a value appréximately equal to the-maximum'gIOUnd.accelera;
tion developed during the earthquake, and the factor of safety for a
seismic coefficient of 0.1 would be about 1.14.

In the light of the sbove discussion it would appear that the use
of a pseudo-static approach for analysis of the Sheffield Dam failure
Jeads 6 the following conclusions:

(1} For the more likeély conditions of water table elevatiénm in the
embankment, the use of the average measured shear strength
chara¢teristics and a seismic coefficient of 0.1 leads to a
éomputed minimum factor of safety of about 1.l; such a value
is often accepted as an indication of adequate stability
against earthquake effects.

(2) 1f the strength test data is interpreted conservatively, the
water table elevation is taken at a conservatively high eleva-
tion in the section and the ahalysis is made using the con-
servative choices of analytical details listed on page 20,
the use of a seismic coefficient of 0.1 leads to a computed

failure condition (factor of safety = 1.0) on a surface of



(3)
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sliding such as that shown in Fig. 9. However sliding did ot -
oceur on such a surface and its development would not - appear

te lead to & catastrophic. slide movement of the embankment
gsection such as that described by engineers who inspected the
failed embankment.

If analyses are made for conditions inducing sliding along

the approximate failure surface, even thé use of conservative
strength data, a conservatively high water table elevation in
the embankment and conservative analytieal details leads to a
computed factor of safety of at least 1.1, and a seismic
coefficient of 0.15 would be required to give a computed factor
of safety of unity; for average strength test data and the
probable water level conditions, the seismic coefficient required

to give a computed factor of safety of 1.0 would be about 0.2,

Thus, depending on the strength values and water level elevatriopns

congidered in the computations, ‘the analysis indicates either:

Qr

(1

(2)

That the embankment would be adequately stable for earthquake
effects represented by seismic cdefficients in the range of
0,1 to 0,15,

That the embankment would be brought to a tondition of incipient
failure by dn earthquake force represented by a seismic coeffi-
ciént of 0.1 to 0.17. Howéver if seismic coefficients in this
range are required to indicate failure for earthquake motions of
moderate intensity {(maximum ground acceleration about O.ng) it
would appear to be necessary to use substantially hiéher-seismic
coefficients, of the order of 0.3 or more, in conjunction with

conservative choices of computational details to analyze embankment
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stability against earthquake ground motions with a maximum
acceleration of 0.4 to 0.5g such as might bé ekpected .in
California and other regions adjacent to major active faults,
Io the light of these results, the pseudo-static approach dees not
appear to provide a very satisfactory basis for analyzing the cbserved

failure of the Sheffield Dam.

Analysis of the Seismic Stability of the Downgtream Slope of the

Sheffield Dam Using Dynamic Analyses and Cyclic Loading Ttiaxial

Compresgion Test Data

In view of the limitations of pseude-static approaches for analyzing
the Bheffield Dam failure; it is of interest to determine whether a
dynamic analysis, such as that previously proposed by See_d_,'l4 would
adequately predict the observed performance., Thisg type of analysis con-
siders the cyclic nature of the stresses induced in the embankment by an
earthquake and invelves thé following sequence of operations:

(1) A dynamic response analysis of the embankment for the given
base motigns is conducted to evaluatE'the.time.history of the
inertia forces developed in the dam by the earthquake.

{2} The time history of the inmertia forces is represented by an
equivalent number of cycles, N, of an equivalent uniform
seismic coefficient.

£3) Analyses ate made, for varicus potentdial SIiding_suffaces, to
determine the values of the confining pressures and principal
stress ratios, before the earthquake; for elements of soil along

thege surfidces.

laSeed, H. Bolton, "A Method for Earthquake Resistant Design of Earth Dams,"

Journal of the Scoil Mechanics and Founddtions Division, American Society
of Civil Engineers, Vol, 92, No. SML, January 1966,




27

{(4) Cyclic loading triaxial compression tests are performed on
samples ‘initially consolidated under the range cof confining
pressures and principal stress ratio conditions to determine
the cyclic stresses causing failure in the expected number, N,
of stress applications. These results are expressed as relation-
ships, for different values of the Initial prineipal stress ratio,
between the peak shear stresg on the failure plane causing
failure in N cycles and the effective normal stress acting on
the failure plane before the earthquake.

(5) From the relationships developed in step (4), the peak shear
stresses required to cause failure in N coycles at points along
each potential sliding sutrface are detefmined and compared with
the peak shear stresses induced by the earthquake on these
surfaces. The factor by which cthe shear stresses required fo
cause failutre must bBe divided in order to bring the slope To. an
incipient failure condition (facter of safety equal to unity)
may be used as an evaluation of the factor of safeby against
complete failure. Alternatively the analysis can be conducted
to determine the factor of safety against development of a
given shear strain dnd this inférmation used as a basis for
assessing the probable deformation of the embankment during
the earthguake,

Details of the computational procedures invelved have been discussed
previously.

As a first step in applying this procedure to the Sheffield Dam a

response analysis was made to determine the time histery of seismic coeffi-

cients expressing the inertia forces developed by the Santa Barbara



éarthquake on potential slide masses extending td the base of the dam, The
dam was considered to havée a variable shear modulus expressed by the relation~
ship G = Eve:_"ix_l_(_)'4 x_6b1f3_psf where ¢ is the averageé overburden pressure along
_a:plane at any depth below the crest, and a damping ratio of 15 percent.

These values are typical of those measured for silty sands at strains corres~
ponding to those induced by the earthquake base motions. Thée results of a
computation of the dynamic seismic coefficients developed on. a slide mass
extending to the base of the dam if i were subjected to thé base motions
shown. in Fig. 4 are shown in Fig. 13. The maximum value of the seismic
zoefficient developed was 0.21 and for about 6 cycles the seismic coefficient
reached values @xceeding 0.10. By appropriate weighting of the amplitudes of
the varipus cycles shown in Pig. 13 it was copcluded that the effects of such
an earthquake wouid be zssentially equivalént to 10 cycles of a uniform cyclie
geismic csefficient of sbout 0.15.

It might be noted that if the dam responded as a rigid body the time-
history of imertia forceg would be represented by seismic coefiicients
identical to the base motion accelerations shown in Fig. 13; the slightly
higher values shown in the-upper part of Fig. 13 are due to a small amplifi-
cation of the ground motion effects resulting from the deformation char-
acteristics 6f the embankment soil.

Similar analyses were made for several other base motions having
characteristics similar to those likely to have been developed by the
Santa Barbatra earthquake {see page 5). In general these analyses adlso
showed thdt the seismic forces induced in the full body of the embankment
by the base morieons would be equivalent to about 10 cycles of a uniform
cycle coefficient in the range 0.13 to 0.15g. Accordingly a seismic effeet
represented by 10 cycles of a cyclic seismic coefficient of 0.l5g was

adopted for analysis purposes.
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A comprehensive: series of triaxial compression tests was conducted to
evaluate the strength and deformation characteristics of saturdted speci-
mens of the silty sand under cyclic loading cgnditiOnS.g The results of a
number of tests conducted on specimens initially comsolidated to a princi—
pal stress ratio of 1.2 with confining pressures of 0.5, 1.0 and 2.0 kg
per sq cm are shown in Fig. 14. By using different values of'tHE'cyclic
deviator stress and noting the number of cycles required to cause failurs
(characterized By & sudden liguefaction of the test specimens and the
development of large strains), the eycliec deviator stresses required to
cause failure in 10 cycles could readily be determined by interpolation.

Thus for eéxample, from the data preseénted in Fig. 14 the following

combinations of initial stress conditions and failure conditions were

determined:
Initial Stress Conditions N Failure Conditions
Test
Condition Peak deviator
No. _ _ o . - stresg causing
G3C QIC '1Gf03c 03 failure im
10 cycles
1 0.5 kg/em® | 0.6 kg/em® | 1.20 |0.5 kg/em® | 0.41 kg/cn?
2 l,O_kg}gm? 1.2 kg/em? 1.2 1.0 kg/em® 0.64 kg/cm?
3 2.0 kg/em? | 2.4 kg/om® 1.2 2.0 kg/em? 1.35 kg/em?®

If it is assumed that the failure plane is inclined at an angle of

5 f : .
&5 + %r te the direction of the minor prineipsal stress, the values of the

normal stress on the failure plane during comsolidation, Op .o and the peak

shear stress on the failure plane causing failure in 10 cycles, T can

ff




Peak Deviator Stress During Cyclic |oading kg per sqcm

‘08

08,
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0z .

Sheffield Dam "Silty Sand
‘Cyclic Triaxial Compression Tests
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Fig.14-RESULTS OF CYCLIC LOADING TRIAXIAL COMPRESSION TESTS.
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readily be determined from these data for each of the three test condi-
tions., These determinations are shown graphically in Fig. 15, thereby
estéﬁlishing; for samples dnitially consolidatéd to a principal stress
ratio of 1.2, the relationship between Tff and_Ufc for use in ‘stability
analyses.

Similar series of tests were conducted fpr-samples initially c¢on-
solidated under conditions producing principal stress ratios of 1.0, 1.5
and 2.0. A summary of the test results for these values of the principal
stress ratio during consolidation is presented in Fig. 16 and determina-
tions of the corresponding relationships between Tff and ch in Fig. 17,
A sumtiary of the expervimentally-determined relationship between the normal
stress on the failure plane of a sample at the time of conSOlidatian,-ch,
and the peak shear stress on the failure plape causing failure to oeccur
in 10 cycles, Tff’ for Saturateéd soil samples initially consolidated to
principal stress ratios of 1.0, 1.2, 1.5 and 2.0 is presented in Fig, 18,

It is of interest to note that for any value of ¢ the eyelic loading

Tee?
strength increases considerably with inereasing value of the principal
stress ratic during consolidation. Furthermore for tests at principal
stress ratios of 1.0 and 1.2; failure was characterized by sudden lique-
faction of the soil and the accompanying-deveioment of large strains
vhereas for tests at principdl stress ratios of 1.5 and 2.0, failure and
liquefaction develdpéd more gradually with increasing numbers of stress
cycleées,

It is also interesting to note that for the same initial isotropic
stress conditions during consolidation, the strengths of samples subjected
to eyclic loading wére ‘somewhat less than those of samples subjected to

stati¢ loading. A comparison of the measured strengths for samples
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Peak Shear Stress on Failure Plane

Pagk Shear Stress on Failure Piane
Cuﬁsing_F_aﬂura in 10 C'yclag-kg pér sq cim

Causing Failure in IO Cycles-kg per sq cm

Peok Shear Stress on Failufe .Flans

5
|

Tests conducted _wiih Kp =b0

o5

0= |
0 f 2 3

Normal Stress on Failure Plane During ‘Consolidation, oy, kg. per sq.cm,

-5
i

Tests: conducted with K.=I:5

I'C /

0 [ 2 3
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Fig.!17-RELATIONSHIPS BETWEENT% AND o3 FOR CYCLIC
LOADING TRIAXIAL COMPRESSION TESTS.
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initially conselidated under these ¢onditions is shown in Fig. 19, Unfor-
tunately the static test data presented previously dees not permit a compari-
son for other values of the principal stress ratio during consolidation.

Using the eyclic loading triaxial rest data for soil below the water
table in the dam and statiec strefigth data for soil abdve the water table,
analyses wére made of the seismic stability of the Sheffield Dam using the
dynamic analysis procedure previously described. The use of static test
data was considered justifiable for soil above the water table since (1)
there would be no significant change in pore water pressures, and there-
fore of strength, due to cyclie loading in a soil with a relatively low
degree of saturation and (2} the main zone of interest from a failure sur-
face point of view was d1lmost entirely within the saturated portion of the
embankment.

The results of these analyses are summarized in Figs. 20 asd 21. The
most critical surface was found to bé closé to that shown in Fig. 20, and
the corresponding factor of safety against failure, accompanied by soil
liquefaction, was 1.15. This position of the critical sliding surface and
mode of failure are in good acgord with ﬁheuobserved_perfOrmance-bf the
Sheffield Dam though the computed factor of safety is somewhat higher than
would be desiréd.

As in the case of the pseudo-static analyses, computations were also
made to determine the values of the seismic coefficient, kf, which would
have led to.a computed factor of safety of 1.0 against complete failure, for
various potential sliding surfaces. The results of these computations are
shown in Fig. 21. The principal stress ratios shown in the upper part of
the figure represent uniform average values determined by the apalytical

procedure for the vatrious pdtential sliding surfaces. Soil strength data
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corresponding to rhese values wérée used in comiputing the values of kf'shown
in the lower part of the figure. For slip surfaces intErsectiqg the.upm
stream slope below the water level the seismic coefficient values which
lead to a computed failure condition range only from (.19 to 0.22, compared
with values greatey than 0.21 for analyses of similar conditions using the
pseudo-statie approach. The seismic coefficient. indicating failure might
have been reduced to about 0.17 by considering the water 1&vel to be
several feet higher in the embankment.

In view of the apparently lower strengths. of the soil under cyclic
loading conditions it might at first sight seem surprising that the Seismic
coefficients, kf, leading to.a factor of safety of unity against complete
failure are not substantially lower than those indicated above. However in
comparison with the pseudo-static analysis it should be neoted that. the
dynamic analysis attempts to incorporate gome of the more logical choices
of computational details, which tend to increaseée the computed factors of
safety. Included in this category are the following:

(1) The use of strength characteristics determined by tests on samples

initially conselidated under anisotropic stress conditions.

(2) Consideration of the effects of forces on the sides of slices in

the stability analysis.

(3) Application of the seismic forces at the centroids of slices.

(4) Use of the relationship hetween T.. and o to detérmine soil

£f fe

strengths mobilized in the emBankment.
Incorporation of these same features in the: pseudo-static analysis would
have greatly increased the discrepancy between the computed results and
the observed performance.
At the same time the dynamic analysis utilizes lower values of soil

strength and a more generalized form for the shape of the failure surface
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than those used in the pseudo-static approach, Thé influence of these two
features is apparently just sufficient to offsqt the effects of the factors
tending to increase the computed factor of safety for the most critical
positions of the sliding surfaces in the two analyses., Similarly for slip
surfaces near the actual zone of sliding,-the dynamic analysis indicates
somewhat lower values of the seismic coefficiént required to produce a
failuré conditiomn.

It would thus appear that the merits of the dynamic analysis proce-
dure for this case may be summarized as follows:

(1) The analysis predicts a reasonably correct position for the

failure surface.

(2) The analysis predicts a factor of safety of about 1.15 against

catastrephic faitluré due to soil liguefaction.

At  the same time the computed factor of safety against catastrophic
failure, though close to unity, is perhaps somewhat higher than might have
been anticipated for a dam which failed so completely. Thus an essentially
similar type of analysis was madé using test data obtained from cyelic
loading simple shear tests rather than triaxial compressicn tests in an
effort to explore possible improvements in the analytical procedures. The
results of these studies are described in the following section.

Analyses of the Seismic Stability of the Downstream Slope of the Sheffisld
Dam Using Dynamic Analyses and Cyclic Loading Simple Shear Test Data

A critipal appraisal pf the results presented in the previcus section
indicates that logical diffidulties are encountered in attempting to use
the triaxial compression test procedure to simuldte the. stress conditions
induced by an earthquakeé on relatively flat potential failure surfaces having

high static factors of safety. Major difficulties in this regard are:



(1)

(2)
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For elements of soil on relatively flat surfaces the shear
stresses on the potential failure planes are very low before
the earthiquake yet the noimal strésses on thege surfaces are
high and the principal stress fatiOS,'KC, may well be of the
order of 2, The only manner in which a combination of high
flormdl stress and low shear stress may be induced on a
potential failure surface in ‘a conventional triaxial test is

to consolidate -a sample under approximately equal values of
major and minor principal stress; that is, with a very low
value of thg-principal stress ratio rather than the much higher
field value. For example, for the §¢il element at point B in
Fig. 22, the initial shear stress on the horizontal plane, which
is .a poteptial surface of sliding during an earthquake, is zero
and the triaxial test representation of this condition would
involve censolidation of a sample under isotropic stress condi-
tions, -as shown in Fig. 22, Yet ipn the embankment the soil

element is consolidated under stresses corresponding closely tg

'KU - ¢conditions.

This discrepancy in.consolidation conditions does not arise
to the same extent for-sqil elements on surfaces having initially
high shear strésses; that is,'having reiatively lower values of
the factor of safety under static loading conditions. Thus the

triaxial test can reasonably represent the preé-earthquake stresses

on an element such as A in Fig. 22 but not those on an element

such as B.
During an earthquake the directions of the induced principal

stresses do not coincide with those existing before the eatrthguake.



Element A _

Shear Stress, T
mq

- Tie.
Normal Stréss, o

Element B

Shear Stress , T

IS S Normal Stress, O

Soil'¢lerient. A :K.reasonably correct; little principal stress re-orientation during
earthquake - AC- U triaxial compression test adequate,

Soil element B ‘K, #l;major principal siress re-orientahon during earthquake —
triaxial compression test inadequate.

Fig.22- SIMULATION OF STRESS CONDITIONS ON
SOIL ELEMENTS IN EMBANKMENT.
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Thus for all elements of soil in an embankment there is some
degree of re-drientation of principal stress directions during
the shaking. TFor an &lement such as A in Fig. 22, the degree
of prineipal stress re-orientation when the factor of safety
is reduced is relatively small but for an €lement such as B,
the degree of principal stress re-orientation is SUhstantially
larger.

In a triaxial compression test it is not pessible to effect
any re—orientation of”principal stress directions other than
90 degrees. In most tests thete is no re-oriemtation of princi-
pal stress directions and while this provides & reasonable simula-
tion of the deforming stress conditions on elements such as A, it
does not.correspond'at'all'well with the cyelic re—oriéntation
of principal stress directions which occurs on elements such as
B as the ghaking continues during an earthquake.

Thus while triaxial test procedures may be entirely adequate for
investigating the seismic stability of an embankment along potential slip
surfaces which are subjected to high initial shear stresses due to static
loads, they do not provide a good simulation of field loading conditions
for soil elements located along relatively flat potential slip surfaces
where static shear stresses are low. For this reason ir would appear that
cyclic loading simple shear tests night provide a better basis for analysis.

The test equipment and the mechanicecs of sample deformations in a cyclic

lodding simple shear test have been described-elsewhere.ls Egsentially a

15Peacock, W. H. and Seed, H. Bolton, "Liquefaction of Saturated Sand Under
Cyclic Loading Simple  Shear Conditions,” Research Report, Soil Mechanies
and Bituminous Materials Laboratory, University of Califorhia, July, 1967.
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sample is maintained im a condition of plane strain in one: horizontal
direction but it can be loaded vertically and can undergo shear straids in
the other horizontal direction, Thus it camn be defotrmed to simulaté the
strains developed in soil elements subjected to plane strain loading condi-
tiens in the field. A schematic diagram of the tést equipment is shown in
Fig. 23,

In simple shear tests a soll sample can be brought to initial equili-

brium under any given normal stress Ofc and .any given shear stress, Tf_,
fe. fe

representing the initial stresses on a seoil element on a potential failure sur-
face 1in the field. Cyclic shear stresses can then be superimposed to
represent the effects of the earthquake. By determining the cyelic shear
stresses required to cause failure, the tést data leads directly to a.
relationship between the peak cyclic shear stress causing failure in a
given number of cycles, Tego and the normal stress on a soil element before
the eartliquake effects were applied, chf
Tests can be conducted for any desired ratio of thZOfc but with the
soil sample still being subjected to an effective principal stress ratio
approaching that in the field, and. the major principal stress can be caused
;o underge a cyclic re-orientation during simulated earthquake loading.
Thus the test eliminates some of the disadvantages of the triaxial compres-—
sion test procedure with regard te the simulation of field loading condi-
tions. Its main limitation is that for soils showing a subsgtantial loss
in strength -after failure, stress: concentrations near the edgés of samples
terd to induce failure at average stresses somewhat lower than the peak
strength, Nevertheless if due allowance is made for this effect, the test

offers considerable advantages over. other testing:teﬁhniqUes;




Shearing Chamber Soil Sample

PLAN VIEW

End Plate Rotation Sotl Deformation

ELEVATION

Fig.23-SCHEMATIC DIAGRAM OF SIMPLE SHEAR TEST EQUIPMENT,
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The results of a geries of cyelic leading simple shear tests performed
on samples of silty sand from the Sheffield dam-site are shown in Fig. 24,
For this test series, samples were initially consolidated under Ka—conditions
to a normal stress of 0.70 kg pér sq cm., The samples were then subjected
to gyclic shear stresses of different magnitudes under undrained conditions
to determine the relationship between the magnitude of the cyelic stress
and the number of strESs-cycles reguired to cause fdailure. In all tests,
failure was accompanied by sudden liquefaction of the soil.

Fig. 25 shows similar data for samples consolidated initially under

normdl stresges, of 1.08 aiid 2.16. kg per sq cm but with initial shear

e

stresges, Teer equal to 0.09.

From data of the type présented in Figs. 24 and 25, it is possible to

to maintain the ratio of T, /@,
fo' T fe
establish the relationship between. the peak eyclic shear stress required
to cause failure in 10 cycles and the riormal stress on the failure surface
at the end of the conselidation stage of the test. These relationdhips,

for initial conditions of Tf = {0 and chléfc = 0.09 are shown in

clgfc
Fig. 26.

It ig of “interest to compare the cyclic loading simple shear test
data in Fig. 26 with the results obtained from the corresponding cyelic
loading triaxial compression tests in Fig. 18. For ease of comparisoen
the results are reproduced in Fig. 27. It is readily apparent that for
samples with no initial ghear stress, the cyelic shear stresses caﬂsing
fdilure in simplé shear tests are very much lower than those causing
failure in the corresponding type of tyxiaxial compression test. However
as the mapnitude of the initial shear stress on the failure plane
increases, the-difference between simple shear and triaxial compression

test data becomes much smaller. It appears likely that if simple shear
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Fig.27-COMPARISON OF SOIL STRENGTHS INCYCLIC TRIAXIAL
AND CYCLIC SIMPLE SHEAR TESTS.
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tests had been conducted using higher values of T the differences

fc!dfc’
between the test data and that obtdined from corresponding triaxial compres-—
sion tests would have been insignificant. The results thus lend support to
the argument that triaxial compression test data is adequate for analyzing
potential sliding surfaces having high initial shear stresses but is
somewhat .deficient for analysis of surfaces having low initial shear
stresses.,

Previous studies of the cyclic shear stresses causing liquefaction

and failure of saturated sands in simple shear tests in Which_Tf =0

chfc
have led to the conclusion that the recorded stréngths.are possibly 40 to
50 percent too low as a result of stress coicéntrations and difficulties

in testing teehniquesflz Thus it is appropriate to make a correction of
this amount to the simple shear test data shown in Fig. 26 before using it
for analysis PULposSes.,

Similarly a smaller correction would be appropriate for the test data
obtained fdr-Tﬁchfc'= 0.09. From the data shown im Fig. 27 it would
appear that the necessary correction would be of the order of 15 percent
for ch/qfc = 0.09 or Kc = 1.2, decreasing to zero when ch/ch = 0,15 or
K, = 1.4.

Applying corrections of the above magnitudes to the simple shear test
data leads to the corrected values for analysis purposes shown in Fig. 28,

Using the correected cyclic simple shear test data for the strength of
the soils in the Sheffield Dam and its foundaticn and the dynamic analysis
procedure previously described, analyses were made of the seismic stability
of the dam during the Santa Barbara earthquake. The results of these

analyses are shown in Figs. 29 and 30. The most critical sutface of sliding

was found to be along the base of the dam whére the computed. factor ¢f safety
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was ofily 0.75. It should be noted however that in analyzing an embankment
failure during an earthquake there is no reason why the actual factor of
safety should not be less than unity since the embankment might have failed
before the surface ground motions had ceased - a situation comparable to
the existence of a factor of safety of unity under a smaller earthquake or
a factor of safety less than unity for the full earthquaké. Judging from
the extént of sliding of the Sheffield Dam it would appear that failure
occurred hefore the ground motions had subsided.

Ag for the analysis procedures previously described, computations
were also made fer various porential sliding surfaces to determine the
values of the seismic coefficient, kf’ which would have been required to
produce a-computed factor of safety'of-unity. The results of these
computations are shown in Fig. 30,

For slip surfaces intersecting the upstream slope within about 5 ft
of the reservoir level the seismic coefficients which would have led to
a computed failure condition were all about 0.15 compared with the induced
value of about 0.15 indicatéd by the dynamic response analysis. Thus the
analyses would indicate that failure could well have developed in these
zones during the earthquake if it had not previously developed elsewhere,
Since, however, the computed saismic coefficient Tequired to cause failure
by sliding along the base of the dan was only 0.11, the analyses would
indicate that it is along this surface that failure would first occur.
Furthermore, as shown in the cyclic loading tests, the failure would be
accompanied by liquefaction of the soil.

This mode of failure is in ‘excellent agreement with the apparent

behavior of the dam. Thus the dynamic analysis procedure- incorporating.



cyclic Simple_shearztest.data appears go provide 2 reaSonébla and adequate

basis LOY understanding-and evaluating the mechanics of thE'Sheifield Dam

failure.

DireEE_Anal sis_of'Extent of Soil TLi ueiac- f Embankment

£ {on Along Base O

while the.prdceduresjpreviously deSGribed provide means far-aﬁalyzing
the stability of dams during.aarLHQuakes it should be rgcognized that they

necéssarily involve diffgreﬁt'degreés of-simplificatidn-qf the actual

conditvions in a dam both_hefore-and during an eayrthguake. Such prncedures

may be eminently sui;able-for sOme desigﬁ.purposes but it 18 of interest
ra develop @ clpser insight into the prdbable'behaviOr of embankments
during earthquakes jn order to recognize the extent of the aimplifications
involved. New analytical tools provide.a'means=fdr conducting more
rigorous studies of the probable.behavior pf the gheffield Dam during the
ganta Barbara earthquake,as described-below.

1t has_been_shdwn that'the.effeCts of cyclic 1loading on the
behavior of saturated.sands are influeﬁceafto a considerable'extent by
fhe stresses existing in the sand before the cyclic stresses are applied
(see, for exanples rig. 260, Of-particular impOY LARCE, fbr.elementé
along a.poﬁential-fail&re.surﬁace are the initial-normal_stressas Ufc
and the rvatio T fr:;/o_.fc_-’ where Te. is the: spitial shear stress. values of
these jpitial sLTESS conditions may ceadily be determined bY finite
element-analyses, “The stress.cOnditions along the'EaSE'OE the Sheffield
Dan, 4¢ detevmined bY chis dethod, are shown in Figs. 31 and 22. In
cemputing these styesses tha embankment waa-eonsidered to be constructed

of & silty gand with the following charadteristics:

40
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Unit weight, vy = 95 pef

i : . 0.55
Elastic modulus, £ = 800 03 psf
Poissen's ratio, u = .25

Taking into account the warer table elevation, these characteristics repre-
sent reasonable average values for the silty sand in the embankment . and
its foundation.

Fig. 31 shows values of the vertical normal stvess, O, the horizontal
shear stress, 1, and the ratioc of these stresées, T1/¢, along the base of the
embankment with the reservoir empty. AL the time of the Santa Barbara
earthquake the depth of water in the reservoir was about 15 to 18 ft, and
Fig. 32 shows the stress c¢onditions along the base with the préssures
caused by 15 ft of water in the reservoir acting on the impervious upstream
face. It may be seem that the water load causes a substantial change in the
shear stress distribution along the base under the upstream slopé and a
corresponding change in the ratio of 1/0. The reduced values of T/0 in
this zonie of the embankment would tend teo increase the suscepkibility of
the goil to liquefaction during an eartliquake, bhough the effects of
this factor will be offset to some extent by the increase in véertical
normal stress on soil elements in this zone,

From a knowledge of the initial stress conditions on soil elements
along the base of the embankment, the superimposed cyclic stresses which
will cause failure or liguefaction of these élements can be detérmined
from the tést data presented in Fig. 28. In this figure the data are
presented in terms of the peak cyclic shear stresses {initial static stresses
plus superimposed cyclic stresses) causing failure of a soil element in
10 cycles., For present purposes 1t Is convenient to replot the data to
shiow only the superimposed cyclic shear stresses causing failure in 10

cycles; the data in Fig. 28, replotted in this form, are presented in
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Sheffiéid Dom Silty Sand

Normal Stress During Consolidation- psf
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Fig. 33, together with additional data from the cyclic loading triaxial
compression tests. Similar plots, showing theé cyclic shear strésses
causing failure of the Sheffield Dam silty sand after 2 and 4 stress
cycles, for various values of normal stress and T/0 ratics are shown in
Figs. 34 and 35.

Tt should be nmoted, in ¢connection with the test ddta shown in
Figs. 33, 34 and 35, that for tests .in which the initial ratio of TfC/GfC
was 0 or 0.09, failure occurred as a result of a sudden liquefaction of
the soil whereas for tests In which this initfal stress ratio was greater
than 0.19, failure and liquefaction developed gradually with increasing
numbers of stress cycles. Thus it seems reasonable to assume that
failure by sudden liquefaction would oﬁly develqp-in.soil.elements_where
the initial stress ratio ch/afc is below some limiting value, of the order
of say 0.14. For the initial stress conditions along the base of the
embankment shown in Fig. 32, this would mean that sudden liquefaction
could be induced by sufficiently large cyclic stress dpplications anywhere
along the base ekcept within about 20 £t of the downstream toe.

The next step in an analysis of the embankment performance is to
evaluate the cyclic shear stresses which are likely to be induced in sodl
elements dlong the base of the dam'during'the earthquake. These may aiso
be determined by finite element procedures from a knowledge of the base.
motions affecting the dam and the material properties of the dam and its
foundatidn, For the present study the embankment and foundation soils
were represented by the series of élements shown in Fig. 36 and the
response of the system to the hypothesized base rock motions shown in
Fig. 36 was evaluated. It may be noted that the base motions shown in

this figure are somewhat smaller in amplitude than those shown in Fig. 13
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since there is a small amplification of the rock motions by the time they
reach the base of the embankment.
For the dynamic response dnalyses the following seil properties were

used:

Unit weight of soil above water table = 107 1b per cu ft,

120 1b per cu ft,
5 1/3

Unit weight of sgil below water table

Modulus of embankment material, E=1.6 x 10” % Oo psf
Modulus of foundation material, E = 2.0 'x'-lO'5 pd Uolfa psf
Poisson's ratio for all soils, U= 0,25
Damping factor for all soils, A= 0.15

where g, is the overburden pressure at any depth. These characteristies
represent typical values determined for silty sands at the strain levels
developed in the present study.

The dynamic respense analysis leads to a varilety of response para-
meters including the time history of horizontal shear stresses developed
in the sgil elements along the base of the embankment. The computed
values of these stregses, for the embankment and base motion .conditioms
shown in Fig. 36 are shown in Fig. 37. It may be seen that the shear

stresses induced by the earthquake at different points along the base

of the embankment vary considerably ih magnitude, decreasing pregressively

from the Iargest wvalues near the centeér-line to relatively small values
near the toes of the embankment.

Furthermore, at any one point, the magnitude of the induced cyclic
stress also.uaries:qgnsidérahly throughout'thE'pEIiod df ground shaking.
The plots in Fig. 37 indicate two large stress cyéles occurring after

about 1.5 seconds with substantially smaller stress cycles occurring
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during the remainder of the earthquaké, By appropriate weighting the
various stress cycles, based on the laboratory test data, it is possible,
to determine, for each of the stress history plots shown in Fig. 37, an
equivalent series of uniform cyclic stress appliecations. Thus, for
example, it may be determined from the test data that the various stress
history plots shown in Fig: 37 are for practical purposes equivalent to

the following sequences of uniform c¢yclic stress applications.

Distance of soil elément from Equivalent uniform cyelip
tenter~line of embankment stress segience

5 ft 10 cycles at 290 psf
15 10 cycles at ‘270 psf
25 10 cycles at 250 psf
35 10 cycles at 210 psf
45 10 ¢ycles at 170 psf
55 10 ecycles at 125 psf
04 10 eycles at 70 psf
69 10 cycles at 50 psf

It should be noted that .although the equivaleént uniform cyclic stress

sequences are all expressed in terms of 10 equivalent stress cycles in the

gbove table, there are in fact a number of equivalent uniform cyeclic
stress sequences for any one stress history plot.

With the aid of the information shown in Figs. 32, 33 and the above
table it  is possible to make a simple evaluation of the extent of soil
liquefaction along the base of the embankment during the 15 second period
of earthquake ground motions., The steps in this prodedure;are shown in

Fig, 38. The initial stress conditions For soil elements along the base

L4
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of the embankment are shows in. parts (a), (b) and (c) of this figure. For
any point along the base, it is readily possible, from a knowledze of the
vertical normal stress shown im Fig. 38(a) and the initial ratio of T/0.
shown in Fig. 38(c), to read off from the test data in Fig. 33, the cyclic
shear stress which would be required to cause. liquefaction or failure of
this element in 10 cyclic applications. By determining such values for

a number of points along the base, the distribution of stresses required
to cause liquefaction in 10 cycles for all elenents along the base of the
embankment can be plotted as shewn in Fig, 38(d). By superimposing on
this sameé plot: the equivalent uniform cyclic stresses, developed for

10 cycles during the 15 second period of ground motions, -as listed in the
table on page 43, thé extent of the zone in which liquefaction. would be
expected to occur ¢an be evaluated. Thus it may be seen that over a zone
EXtending from about 26 ft downstream from the center-line to gbout

48 upstream from the center-line, the induced equivalent stresses deter—
mined by the response analysis exceed those required to cause liquefac-
tion. Presumably, theréfore, liquefaction would occur in this zone as
indicated in the bottom part of Fig. 38. However, in othér seections of
the base of the embankment, liquefaction would apparently not ocecur.

‘Tt may be noted that due to the asymmetry .of the initial stress
conditions,. the liquefied section along the base would exteénd somewhat
further_upstream than downstream. However in spite of the faet that
liquefaction would apparently extend over a subgtantial portion of the
base, the analysis does not indicate that failiire would occur. If
liquefaction develdped as shoéwn in Fig. 38, there would be a tendency
for small upstream and downstream movements of the embankment. However

any significant upstream movement would be resisted by the water pressure

45




46

on the impervious upstream face, and the shearing resistance developed
along the non-liquefied portien of the base near the downstream toe would
be more than sufficient to withstand the lateral forces tending to cause
downstréam sliding. Thus the analysis presented in Fig. 38 does mot
provide a full explanation of the'obServed.mode of failure of the dam.
This deficiency of the analytical procedure can teadily be ovetcome, how-
ever, if consideration is given to the progressive nature of liquefaction

developrent as outlined in the following section.

Progressive Development -of Liguefaction Along Base of Embankment

Tn the preceding section of this report the extent of the zone of
s0il liquefaction along the base of the embankment was determined by
considering, in effect, that all liquefaction developed simultanecusly
after 10 cycles of stress application induced during 15 seconds of
ground motieng. In fact, as is apparent from Fig. 38(4), some sections
liquefy more easily, and thus more quickly, thap others, resulting in a
significant redistribution of both static and dynamic stressées in the
non-liquefied elements during the remainder of the earthquake.

This is readily illustrated by considering the conditions in the
enbankment. after, say, only 2 seconds of earthquake ground motions., The
stress history plots in Fig. 37 would be applicable up to this time and
may be used to analyze the extent of the liquefied zone after Z seconds
of ground shaking, by a procedure similar to that described im Fig. 38.
Tn this case thé soil elements would be subjected to only 2 significant
Stress cycles and it would be necessary to use the test data shown in

Fig. 34 for analysis purposes.
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The results of a study of conditions after 2 seconds of earthquake

ground motions are shown in Fig. 39. Fig. 3%(d) shows a comparisen of

the stresses deveéloped for two cycles alopg the base of the embankment by

the earthquake and the stresses required té cause liquefaction in 2 eycles.

It is readily apparent that eéven after this short period of time, the

analysis indicateés a zoneg of liquefaction extending from ahout 20 Ffr

downstream of the center-line to about 40 ft upstream of the centerline.,

A8 a consequence there would be a series of changes in stress conditions

as follows:

(1)

(2)

There would be a tendency for some spreading of the base of the
embankment with the result that the lateral Streéss transmitted

across the center-line of thé embankment would drop to a level

approaching a minimum active pressure value.

There would be a.redistribu;ion of the static ghesr stresses
along the base of the embankment; in the liquefied section the
shear -stress would drop to zero and in the ngn-liquefied_secpionS,
the stress distributions wéuld accommodate themselves to the new
stress conditions in the embankment. Thus on the downstream

side, for example, the shear stresses would only have to resist

the reduced lateral force reésulting from the tendency for hase-—

spreading. On the upstream side the shear stresses would have

to maintain a balance between the lateral pressuré of the water
in the reservoir and the internal stresses in the embankment.
Taking into account these consideratisns it is considered that
the new distribution of shear stresses would be something
similar to that shown in Fig. 40(b). Since the vertical normal

stresses would be essentially unchanged, the ratio of T/0 for
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dead load stressbes along the base of the embankment would have
values similar to thobe shown in Fig, 40(c).

(3) The development of liquefaction over a substantial portiom of
the base of the ‘embankment would lead also to a re—distribution
of dynamic stresses. This can be studied by dropping thé shéar
moduli close to zerd in the liquefied zone for the ensuing
period of the dynamic response analysis. Under these conditions,
the shear stresses developed in the various elements along the
base of the embankment have the values shown in Fig, 41, It may
be seen that in the liquafied zone, the shear stress remains
essentially at zero for the remainder of the earthquake.

However in elements adjacent to the liquefied zone, very large
shear stressés are develdped in the period from 2 to 4 seconds
of the earthquake motions,

In view of these high stresses it becomes pertinent to investigate
the extent of liquefaction after 4 seconds of ground shaking., This may
readily be accomplished following the proceédures previously described,

The static Stress conditions in Tigs. 40(a) and 40(c) together with the
test data in Fig, 25 provide a means fpr_evaluatiné the eyelic .shear
stresses required to cause liquefaction for elemerits along the base of the
embankment in 4 cycles of stress application. The computed stresses in
Fig. 41 permit an evaluation of the equivalent unifcrm stresseg induced
for 4 c¢ycles in the various elements. Comparison of these values in

Fig. 40(d) indicates that a substantial additional zone of soil will
liquefy in the 2 to 4 second period of the ground shaking.

This procedure. can now be repeated, progressively for other portions

of the total period of éarthquake ground motions. Fig. 42 shows an
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evaluation of the static stress condition aleong. the base of the embank-~
ment after 4'59C0n&s,fand the additional liquefaction likely to occcur in
the ensuing 6 second pericd. The dynamic stresses induced in soil elements
along the base of the embankment during the 4 to 10 second period of earth-
quake ground motioris are shown in Fig. 41.

The progressive devaloment of the extent of the liquefied Zong
along the base of the embankment, corresponding to the analyses shown in
Figs. 39, 40 and 42, is summarized in Fig. 43. It may be noted that by
taking into account the progressive nature of this development, the extent
of this zone after 10 seconds of the earthquake is substantially larger
than that shown by the analysis in Fig. 38, where progressive action was
not considered,

In fact, the inc¢lusion of the progressive nature of liquefaction 4in
the analysis, leads to a potentially improved understanding of the
observed performance of the Sheffield Dam, If the extent of foundation
Jliquefaction after 10 seconds of earthquake ground motions were similar
to that shown in Figs. 42 and 43, the embankment would be expected to
slide downstream for the following ressons:

(1) Lateral movements along. tlie base of the embankment would tend

to reduce the internal horizontal force to a value approaching
the active pressure value; this can be estimated to be lesgs than
about 5000 1bs per ft length of embankment,

{2) The horizontal water préssure due to 15 to 18 ft of water in

the reservoir would be between 6200 and 9400 lbs per ft length

49

of embankment. Since these pressures would act Qn;thé_impérvidus

upstream face of the embankment, they would be more than

sufficient to prevent slidimg in the  upstream direction.
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(3) In fact, since the horizontal water pressure exceeds the
internal horizontal soil pressure and liquefaction extends
virtually all the way to the upstream toe of the émbankment ,
the small section of non~liquefied soil near the downstream
toe would be called uponm to resist the horizomtal water
pressure. Since the undrained shearing resistance of the soil
in the nonliquefied section is only about 7000 Ibs per foot
length.df embankment, & water depth of 16 ft in the reservoir
would produce sufficient pressure to cause a slide movement
of the entire embankment along its base; this depth: of water
is within ‘the range believed to exist at thé timé of the
eartiquake. Sliding would also be facilitated by the
continuing earthquake ground motions, which would help to
maintain the soil in a liquefied tondition and increase poré.
water pressures in non-liguefied sections of the base.

Thus a slide involving thée downstream movement of the entire embank-
ment might be éxpectédd to develop after about 10 gseconds Qf'ground shaking.
As the slide occurred and water was released from the reservoir, the water
‘pressures on the upstream face would progressiveldeecrease”until they
could no longer hold the embankment together, at which stage the embank-
ment would collapse by spreading laterally, leaving the overall appearance
shown in Fig. 3.

In addition to throwing light c¢n the manner in which failure might
well Bave developed, the foregoing analysis also indicates that minor
changes in conditions might have led to a totally different pattern of
behavior. For example, if the depth of water in the reservoir had beéen

only 5 or 10 ft rather than 15 to 18 ft, the horizontdl water pressure
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might well have been insufficient to prevent sliding in the upstream direc-

tion while the non-liquefied zone near the downstream toe might have

resisted downstream movement, In this case the direction of sliding

would have been completely the reverse of that whiech actually ocecurred,
‘The reasonable agreement betweéen the performance predicted by this

analytical procedure and the observed behavior of the Sheffield Dam

would seem to indicate its potenmtial value for analyzing problems of this

type, At the same time the complexity of the failure mechanism, as

indicated by tlie progressive changes in stress patterns once failure is

initiated, indicates the potential dangers of placing undue reliance in

over—simplified procedures for analysis purposes.

Summary and Conclusions

In the preceding.pages an attempt has been made to reconstruct the
circumstances leading to the failure of the Sheffield Dam during an
earthquake near Santa Barbara in 1925. Thé dam, with a maximum height of
25 ft and a length of 720 Tt was constructed of silty sand from the
regerveir excavation on a foundation of similar material about 6 ft thick.
The upper 1 to 1.5 ft of the foundation soil was substantially looser
than the deeper material, having a dry density of about 90 1b per cu ft
corresponding_to a degree of compaction, based on the Standard AASHO
compaction test of about 75 percent or a relative density of about
35 percent. The embankment'material,-which was compacted only by the
construction eguipment, probably had similar properties.

The upstream slope of the dam was faced with ap impervicus blanket
which was extended about 10 ft into the foundation material to serve as a

cut-off wall. However both the foundation material and the. lower portiofn
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of the embankment wefre saturated by seepage -around and underneath the cut-
off. The watér in the reservoir was about 15 to 18 ft deep at thé time
of the earthquake,

The earthquake which cduséd the failute was a shock of magnitude
about 6.3 with an epicéenter believed to be located gbout seven miles from
the dam-site. The resulting ground accelerations .at the site probably
had a maximum amplitude of about 0.15g, a predominant fréequency of about
3 cyeles per second and a duration of significant shaking of 15 to 18
seconds.

The dam failed by a central section, about 300 ft in length, sliding
downstream about 100 ft along a slip surface néar the base of the embankment.

To study the failure, a d¢omprehensive series of strength tests were
performed on samples of silty sand obtained from the foundatiod deposits
at the dam-site and recompacted to approximately the same density as the
foundation and embankment material, These tests included conventional
consolidated~undrained static loading tests, consolidatedwundrained
triaxial compression tests under cyclic loading conditidns and consolidated—
undrained simple shear tests under cyclic loading conditions., These data,
togethar with Ehe information concérming conditicons at the time failure
ocecurred, were used as a basis for investigating the applicability of
various procedures for analyzing the seismic stability of the embankment.

It was noted that possible variatiens in choices of computatioenal
details wake it possible to obtain a wide range of computed results using
a conventlonal pseudo-static analyticeal approach.. However using the
most common cholces of analytical details leading to essentially the
lowest values for the computed factor of safety, it was found that thé

incerporation of a static seismie force represented ‘by d seismic coefficient
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of 0.1, led to & computed factor of safety in the range 1.0 to 1.2. How-
ever sliding dlong the critical failure surface indicated by this analysis
would not have led to any loss of freeboard or to a catastrophic failure
of the entire embankment section. The geismic coefficient required to
indicate & condition of marginal stability was found te be in the range
0.1 to 0.17. However if seismic coefficients of this order of magnitude
are appreopriate for the type of earthquake experienced by the Sheffield
Dam, it would appear to be necessary to use much higher values, of the
order of 0.3 or more, to apalyze similar types of failure for the largest
earthqguaked which might be expettéd to eccur in Califernia. Finally, for
the conditions believed to exist 4t the time failure occurred, it was
found that a seismic coefficient of about 0.15 to 0,21 would have been
required In a pseudo-static analysis to predict failure along any sliding
surface approximating the actual failure surface.

Dynamic response analyses indicate that during the earthquake the body
of the dam was probably subjected to a series of cycles of earﬁhquake—
induced inertia forces which might be represented by about 10 uniform force
eyecles with a naximum amplitude correspending te & seismic coefficient of
0.15, A dynamic stability analysis procedure incorporating this result
together with rational choices of computational details and strength
values determined by cyclic loading triaxial compression tests indicated
a factor of safety of 1.15 against catastrophic failure due to $0il lique-
faction and a predicted failure surface in clese proximity tec that on
which the sliding developed during the earthquake., When the results of
cyclic loading simple shear tests ‘were used in the same type of analysis,
the computed factor of safety against a liquefaction failure was 0.75, and
the predicted failure surface was in excellént agreement with that deduced

by engineers who inspected the dam after the failure occurred.



Finally, a finite element analysis of the anticipated behavior of
the embankment was conducted and used in conjunction with the cyelie
loading simple shear test data to investigate the stability of the embank-
ment. This analysis showad that liguefaction of sojl near the base of
the embankment would be likely to develop progreSSively,-starting near
the center line and extending towards the tbes,-prqgressing somewhat
faster upstream than downstiream. However the water pregsure on the
upstream impervious face of theée dam would be sufficient to prevent.sliding,
in rhis direction and would:uitima;ely have te be resisted by the non-
liquefied zone of soil near the downstream toe. This zone would progres-
sively decrease in length until after about 10 seconds, its resistance
would be insufficient to withstand the pressuré due to about 16 ft of
water in the reservoir and the entire embankment would slide dOWnstreami
As ir did so the depth of water pressing on the upsfream face would
decrease and ultimately the water pressure would be-insufficient to hold
tite embankment together leading to a collapse of the embankment due to
lateral spreading. This mode of failure 1is also in excellent accord with
the apparent behavior of the dam during the earthquake.

‘Probably the most convenient method of comparing the results of the.
various stability analysis procedures is to compare the values of the
selsmie coefficients which would have to be incorporated in them to
predict failure along slip surfaces approximating that on which failure
actually occurred. On the basis of the opinions of post-failure chservets
and the consaquentes of failure, this surface must have been near the
base of the dam, intersecting the upstream fdce of .the dam below the
reservoir level. Thus for all praectical purposes it can. be considered to

be located within the zone shown 1in Fig. 44. For surfaces in this zone,
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and for the coriditions believed to exist in the embanKMent at the time of
failure, values of the seismic coefficient, kf, leading to a computed
factor of safety of unity using the vdrious analytical procedures are shown.
in Fig. 44. Using a pseude-static andlysis it was found that the value of
ke would have to be in the range of 0.15 to 0.21; using a dynamic .analysis
with cyclic loading-triaxial compression test data the value of kf'would

be about 0.17 to 0.19; and using a dynamic analysis with cyclic ledding
simple shear tést data the value of kf would be about 0,11,

The signifitance of these values must be judged in the light of the
fact that the earthquake Inducing faillure was of strong but net major
intensity, probably inducing a maximum ground acceleration of about 0,15g
at the dam-site, a duration of shaking of about 15 seconds and effects
comparable to a séries of about 10 cycleg of inertia forces represerted
by a seismic coefiicient of about 0.15. With this framework 1t seems
appropriate to draw the following conclusions:

(1) Conventional pseudo-statie analyses do not. appear to provide a
gatisfactory basis for predicting the type of siidéjwhidh-led to
catastrophic failure of the Sheéffield Dam during the Santa Barbara
earthquake of 1925. Depending on the strength values and water
level elevations considered in the computations, this method of
analysis elther indicates an a&equately stable segctién or it
predicts failure on an incorrect sliding surface if the seismic
coefficient is equal to about (.66 to 1 times the maximum ground
acceleration likely to have developed during the earthquake and
conservative choeices of analytical details are used in the
analyses; to predict failure on & surface approximating that on

which sliding ocecurred it would be necessary to use a seismic
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coefficient equal to about 1 to 1.4 times the maximum ground
acceleration likely to have developed during the earthquake..

(2) The dynamic analysis procedure incorporating test data from
cyclic. loading triaxial compression tests predicts catastrophic
sliding along a surface approximating the failure surface if
the ground motions had been 10 to 20 percent higher than those
which probably developed.

(3) The dynamic analysis procedure incorporating test data from cyclic
loading simple shear tests correctly predicts a catastrophic.
failure by sliding along the base of the embankment as a result
of goil Liquefaction but without the factor of safety dropping
to unreasenably low values. Thus this approach appears to provide
a satisfactory basis for analyzing the Sheffield Dam failure.

(4) The complexity of the probable mechanics of failure and the
most satisfactory analysis of the actual behavier of the
Sheffield Dam is providéd by a dynamic analysis using finite
element techniques in conjunction with cyclic loading simple
shear test data. However thE'computational techniques are
considerably more invelved than the methods discussed above.

It should be noted that failure by sliding along the base of the
embankment might have resulted from the fact that the embankment soil was
somewhat stronger tham the surface laver of foundation material. However
thig condition would not significantly affect the gquantitative results
presented above for sliding along the observed failure surface.

The authors also recognize that somewhat more elaborate analyses of
the progressive development of liquefaction along the base of the dam
could have been made with the aid of recent khowledge concerning relation-

ships between sotl damping factors and strains and techniques for applying
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programmed cyclic stress applications to soil samples. However it was
considered that the dynamic analysis procedure adopted was adequate for
the purposes of the present study,

In the light of the fact that both field observations and dynamic

-analyses indilcate that the sliding of the Sheffield Dam wis due to a

liquefaction failure of the loose saturated silty Sand near the base of

the embankment, it is of interest to .conjecture how the dam would have

behaved if the earthquake ground motions had been smaller in intersity

or the soil near the base of the embankiment had been somewhat denser.

For this purpose it would seem reasonable to assume that the same type

of analysis which predicts the observed performapmce would be adeguate to
gvaluate the affects of minor changés in conditions.

On this basis, the dynamic analysis incorporating cyclic lodding
simple shear test data would indicate that the earthquake would have had
no significant effects on the stability of the embankment if

(lj the earthquake had been-sm&ller‘infmagnitude.Or had ocecurred at

a greater distamce from the dam-site so that the maximum ground
acceleration would have been only about 0.lg rather than the
probable value of 0.15g; or

(2) the relative ﬂensity 6f the foundation and embankment so6ils had
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been about 55 percent rather than the actual value of about 35 to

40 percent; this estimation is based on the experimental observa—

15,16

tion that for samples of saturated sand initially consoli-

dated under KO conditions and with relative densities less than

16
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