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Synopsis 

EAR'rHQUAKE INDUCED PERMANENT DEFORMATIONS 

OF EMBANKMENTS 

by Kenneth L. Lee 

Analytical methods of seism:i.c stability analysis of earth embank­

ments currently in use (1974) are based on a limiting equilibrium concept 

that if the calculated stresses are less than the strength the dam is 

safe and if the stresses exceed the strength the embankment is unsafe. 

Observed performance of many embankments during earthquakes suggest that 

a more appropriate analysis should lead to an estimate of the amount 

of permanent deformation likely to occur in an embankment as a result 

of an earthquake. Large deformations would suggest an unsatisfactory 

structure whereas small calculated deformations may be tolerable. 

A method is proposed herein for calculating the permanent deformations 

at all points within an earth dam due to the effect of an earthquake. 

The method uses a seismic response analysis to calculate seismic stresses 

caused by a given time history of base accelerations. Data from laboratory 

cyclic triaxial tests are used to estimate the permanent strains caused 

by the induced cyclic stresses o These permanent strains are combined 

~nth the cyclic stresses to give a pseudo secant modulus. Sufficient 

data are obtained to define this pseudo modulus at all locations in 

the embankment. A finite element computer program is then used to 

calculate the permanent deformation resulting from this seismic disturbance. 

An analogy of the method may be envisioned by assuming that the 

embankment behaves during an earthquake, much as one would expect a 

v 



pile of matel"'ial, containing zones of' -tar to behave on a hot day. Just 

as the earthquake will soften the soil and lead to strains in a test 

specimen or deformation in the embMkment~ so will a temperature 

increase soften the 'tar and cause a test specimen or the pile to 

strain or slump to a new posi'tion which is in equilibrium with the 

overa.l1 static grav:l ty stresseS and the red.uced mdulus of the sample e 

This new method was used to ca.1.cu1.ate the permanent deformations 

in five older dams, for which actual measurements and other data 

was availableo In all cases the calculated results gave reasonable 

comparison with observed movements$ Very good agreement was not 

obtained nor should be expeeted in some cases, especially where the 

actual dam movements involved shearing, cracking or breaking upo 

Such catastrophic behavior is not within the scope of the present 

method of analysis. 

Several parametric studies were performed to investigate the relative 

importance of many of the parameters which enter into the analysis. The 

most important single parameter appeared to be the input base acceleration. 

Within the range of confident knowledge of the input base accelerations 

for a particular case, the calculated pennanent deformations varied 

over wider limits than for any other Single parameter. 

This report is intended to be preliminary, indicating an alternative 

approach to the safe/unsafe concept inherent in the existing limiting 

equilibrium methods. More work is required to ref'ine many of the aspects 

of this proposed method, especially to better account for the zones of 

soil above the water table which are not saturated, and for which very 

little cyclic loading data is presently available. More analytical and 

experimental studies by currently available techniques will be helpful 

vi 



in these areas. There is also a great need for a bettel" defini tiol'! of 

the input base motion for a particular case and this can probably only 

be obtained through continuing recording of strong motion earthquakes. 

Nevertheless, in spite of need for improvement and more data, the results 

of this s"Gud:y' suggest that the met~hod proposed herein, when used with 

currently obtainable input data~ should lead to a usefUJ. supplemental 

or alternative method of' assessing the effects likely to result from a 

strong ear-Ghquake nsax' the site of an earth da.tn, embankment or slope. 
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OF EMBANKMENTS 

by 

Kenneth Lc Lee 

Introduction 

Cu.:i:'l"'ent (19'"'(4) methods of seismic stability analysis for earth 

embankments and slopes are based on a limiting equilibrium concept that 

if the calculated stresses exceed the strength~ the embankment is unsafe 

and vice versaQ There is no rational analytical way of handling the 

inter.mediate problem of measurable but tolerable permanent deformations 

caused by seismic forces a As Hardy Cross defined this for structural 

ansJ..yses, "s, structure breaks if it does not hold together". Observed 

performance of earth dams subjected to earthquake loading indicates 

that this limiting concept in not necessarily always true. A dam or slope 

may suffer permanent deformation which, depending on the magnitude, may 

or may not be considered to constitute failureo 

The objective of this study was to investigate a method for predicting 

the amDunt of per~ent deformation in an earth embankment or dam which 

xrdght be produced by the effect of an earthquake 0 Being a first step in 

this regard, the selected method was rather simple in concept, and clearly 

avoided many known complicationsG The method was used to analyze four 

different dams which had. been subjected to strong earthquaking in the past, 

which lead to varying amounts of permanent deformation. The suggested 

method did predict the correct sense and order of magnitude of movement in 

each case, although agreement between the actual numerical values was 

not particularly gooda 



Several variationa in assumed input oAta were used to illustrate the 

relative importance of many of' JGhe parameters. Unf'ortuns;tely, some of th;::; 

input data had to be based on extra.polations and estimations so that in no 

case was there complete knowledge of aJ.l the necessary input parameters. 

Because there was reasonable agreement between the predicted and 

observed permanent deform.ations considering the limitations in the input 

data, and because the suggested method was a first step in solving this 

complicated problem, it seemed ~ppropriate to summarize the studies 

conducted thus far into a progress report. 

There is much remaining which can be done both in the way of more 

sophisticated analytical formulations, and in obtaining better irrput 

data for soil properties. However, it is hoped that the description of 

the method used, and the s'ImllI'l8.I'y of the results obtained thus far will 

be a useful step toward the goal of obtaining a reliable method for pre­

dicting earthquake induced per.ma.nent deformations in earth dams, embank­

ments, slopes or soil foundations~ 

Brief Review of Seismic Stability Analysis Methods 

Seismic stability analyses of embankments, dams, slopes and retaining 

walls have been performed for many decades. Following the 1923 Tokyo 

earthquake, Japanese engineers Mononabe and Okabe and others proposed a 

pseudo static method of calcuJ.ating earthquake induced earth pressures 

behind retaining wa.lls. After extensive inyestigations by Jacobsen 

and the T:VA, this method has enjoyed considerable popularity in the United 

States. A recent review of the Mononabe-Okabe pseudo static method and 

other related recent data on calculating seismic earth pressures on walls 

has been given by Seed and Whitman (1). 



3 

Essentially the same pseud.o ~rtatic approach may also be used for 

seismic stability analyses of earth embankments and slopes (2,3,4). The 

method foLlows the same procedure as used for static slope stability 

analysis "yhich eqttates the resisting and driving forces along some assumed 

sliding suxfe.ccs However~ in addition to the usual. static forces, the 

e&thq,1.1ak.e effects "rre represented by a single additional static force 

defined b;y' a seismic coei-'i'icient K multiplied by the total weight of the 

pot;ential sliding mass 0 'fhis seismic force is assumed to act in an 

arbitrarily a.ssigned direction, usually horizontalo Some writers suggest 

that the sei:mnic coefficient should be equal to the maximum ground accel­

eJ.~ation/gravi·ty ratio caused by the e~hqua.ke (2,3). However, there is 

no rational basis for thiS, and other than following previous traditional 

trends or intuition, selection of a value for K is completely arbitrary. 

The pseudo static method of slope stability analysis has been critically 

examined by Seed (5) who points out that besides the arbitrary selection 

of direction and magnitude, there are a great many other arbitrary choices 

which must be made in applying this method to an actual problem. There is 

no doubt but tha.t with any of the assum,ptions the method will lead to a 

lower computed factor of safety than for static loading ru_one. However, 

the reliability of the method to adequate1y predict the actual performance 

of a slope during an earthquake has been shown in recent analyses to be 

unsatisf&coor-y (6,7)~ This was realized many years ago by Terzaghi who 

wrote in his cla.ssical paper on mechanism of landslides " ••• the (pseudo 

static) equation is based on the simplifying assumptions that the horizontal 

acceleration acts permanently on the slope material and in one direction 

only. Therefore, the concept it conveys of earthquake affects on slopes 

is very inaccurate to say the least. Theoretically, a factor of safety 



FS '" 1..0 would mean a slide$ but in reality a slope may remain stable in 

spite of FS being smaller than unity and it may fail at a value of FS 

greater than 1, depending on the character of the slope forming material" 0 

As mentioned above, one of the seriou.s problems with the pseudo static 

approach is the arbitrary method of aSsigning a va..lue for seismic coefficient" 

Based on analY'cical. response analyses work by Ambraseys (8) l) Seed and 

Martin have suggested a method by which the seismic coefficient can be 

calcula.ted for a given earthquake motion (lO)e An additional problem with 

using a pS'fMd.o sta.tic approach is the definition of the soil strength 

under seismic loading conditions. However, much progress has been made in 

this regard in recent years, and cyclic loading test methods have been 

developed from which appropriate strength values can be obtained (12,13,14,15) .. 

Several years ago, Seed (9) proposed a slip surfa.ce method of seismic 

stability analysis similar to the Lowe-Karafiath method(ll) but using 

a value of seismic coefficient calculated from a seismic response analysis 

and soil strength measured from cyclic loading tests. This method was 

applied with some satisfaction in a back figuring stability analysis of the 

Dry Canyon Dam (16,17) which suffered some damage during the 1952 Kern 

County Earthquake. 

Recent studies of the behavior of soil under simulated earthquake loading 

have shown that the strength of soil under cyclic loading depends on the 

denSity and on the effective static normal and shear stresses acting on 

the potential failure plane. For loose, saturated, sandy soils carrying 

~ry low static shear stresses, several pulses of cyclic can be applied 

with only little resulting deformation. Then, after reaching a critical 

number of stress cycles, the sample suddenly loses much of its strength 

or liquefies, and will undergo large deformations if the cyclic loading 
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is conJcinu~d (13). On the other hands dense soils and soils subjected 

to a significant static shear stress on the potential failure plane, will 

typically undergo a. s1na~l amount of permanent deformation under each cyclic 

load pulse s and. never lose strength to the point of collapse or liquefaction 

(13:;11:·)15). It is t.herefore, difficult to define failure in these cases 

and SOID!':: arbitrary definition must 'be selec-i:;ed. The Dry Canyon Dam studies 

(16 317) indicated that failure in cyclic loading triaxial tests defined by 

5 percent axial strain would lead to a computed factor of safety of about 

100 for field conditions of apparent near instability. It has also been 

observed that for isotropically consolidated triaxial samples (no shear 

stress on the failure plane) usually undergo less than 5 percent axial 

strain prior to liquefaction. 

One of the serious problems with the slip surface type of analyses 

described above is that they do not correctly predict the pOSition of the 

failure surface. In fact, all the soil is assumed to remain uneffected 

by the earthquake except along the thin assumed position of sliding. 

Finite element analyses methods have made possible the calculation of 

stresses at all locations within an embankment and thus greatly enlarged 

the scope of seismic stability analyses. 

Finite element methods currently in use proceed similar to the seismic 

slip surface method previously mentioned except that the stability of each 

element in the embankment is evaluated separately rather than to obtain 

a single factor of safety for one potential sliding surface which cuts 

through the entire embankment. A static finite element analysis is performed 

to evaluate the pre-earthquake static consolidation stresses in each element. 

Sufficient cyclic load tests are performed in the laboratory to permit 

the pulsating loading strength of the soil to be evaluated for each element. 
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Failure in the laboratory test is defined by some arbitrarily selected 

strain, commonly 5 percent axial strain in a cyclic triaxial test. A seism:tc 

response analysis is also performed by a finite element method to obtain 

the seismic shear stresses induced in each element due to the input base 

motion. Comparison is then made between the calculated seismic stresses 

and the laboratory measured cyclic loading strength to determine a factor 

oi~ safety for each element. The stability of the entire embankment is 

evaluated on the basis of the relative number of elements which are over­

stressed during the earthquake. 

This method has been successfully used to back. figure the stability of 

the Sheffield and Upper and Lower San Fernando dams which were seriously 

damaged or failed during earthquakes (6,7). 

A major limitation of this finite element method and the previously 

described slip surface methods is that they are all based on limiting 

equilibrium theory. That is, the element or the slip surface is either 

understressed (safe) or overstressed (failed). There is no indication of 

the consequences of an overstress condition in terms of the deformation 

which may result therefrom. There is at present no rational way of 

analytically relating the failure criterion of say 5 percent permanent 

axial strain in a cyclic load triaxial test with permanent deformations of 

the entire embankment. 

Use of limiting equilibrium theory is justified for static loading 

conditions because the applied loads remain constant for a long time, 

provided the deformations are not so large as to change the geometry 

significantly. However, under seismic conditions each load pulse is 

transiently applied for only a fraction of a second. Even if the soil at a 

particular element were temporarily overstressed during this instant, the 
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seismic stress would have changed and probably revised several times before 

the affected mass of soil could undergo a large permanent deformation. 

Newmark recognized this problem some years ago and proposed a method 

of seismic slope stability analysis which would take this into account (18). 

He proposed a progressive type of analysis whereby the soil strength and 

the seismic stress were compared on a continuing time basis. By a double 

integration method over intervals of time when the seismic stress exceeded 

the soil strength it is theoretically possible to keep a running tally of 

-the per:ma.nent deformations which develop throughout the entire time history 

of the earthquake. For simplicity, Newmark suggested at that time (1965) 

that the soil strength would remain constant and equal to the static 

strength throughout the earthquake. Later, Seed and Goodman (19) applied 

the method in analyzing permanent deformations on a slope of un:if' ormly 

graded dry sand on a laboratory shaking table. They found that even with 

dry sand the strength varied with the strain developed, and only by including 

this variation in strength were they able to successfully reproduce analy­

tically the permanent deformations induced from the shaking table tests. 

Unfortunately, the strength of saturated soils under cyclic loading 

conditions is considerably more complicated than the strength of dry sands. 

Cuxrent knowledge on this subject is not yet sufficiently refined to 

permit a step by step progressive eValuation of the strength of saturated 

soils under earthquake loading conditions. The best that can be found at 

present (1973) is the number of cycles of stress required to cause failure 

as defined by any preselected strain. 

Furthermore, the storage and computation time required for a step 

by step seismic finite element analysis in which both the stress and the 

strength vary with each time step of say 0.01 to 0.05 seconds throughout 
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a 20 to 40 second long earthquake would be economically unacceptable on 

todays computers. Thus, although it is conceptically possible to perform 

a Newmark type of permanent deformation analysis, practically speaking, 

this must wait until new advances are made both in soil testing and 

computer capacity. 

In the meantime, however, it is possible to use current technology 

and build on presently used methods to improve the procedures for stability 

analyses of embankments and slopes to include an estimation of the permanent 

defo~tions resulting from an earthquake loading condition. Such a method 

is described in the following section. 

Equilibrium Method of Seismic Stabilit~alysis of ~rth Embankments 

The suggested method of calculating permanent deformations in earth 

embankments due to earthquakes utilizes many of the principles of the 

currently used method of' se ismic stab Hi ty analys is of' earth dams (6,7), 

including static and dynamic stress analyses and cyclic loading triaxial 

tests to f'ind the response of representative samples of' soil to pulsating 

loads. For this reason it is useful to reviel" briefly the essential concepts 

involved in the current methods of seismic stability analysis of' earth 

embankments. Some of these essential features are illustrated schematically 

for a typical dam cross section shown on Fig. lao 

The static stresses on a typical element before the earthquake are 

indicated by o and 
fc 

T 
fc' These are respectively the equilibrium 

ef'fective normal and the shear stress on a horizontal plane after complete 

consolidation under the static gravity and steady state seepage conditions 

during normal operation conditions. At the time of the earthquake the base 

of the dam is subjected to shaking f'rom upward propogating shear waves caused 
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(Il) Fi sid Element 

, , 
\ 
\ 
\ 

~~=---=---~-=~---+----------~=--------U Die 

(b) Mohr Diagram 

FIG.I CYCLIC LOADING SIMULATION BY SIMPLE SHEAR TEST. 
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by cyclic ground accelerations ! a, which cause cyclic or pulsating shear 

stress changes! T p on horizontal planes. I~ these pulsating stresses 

are large enough, then large permanent shear deformations or shear failure 

may occur on the horizonta.l planes, hence the subscript f is used as a. 

reminder that the stresses are acting on the plane of potential shear failure. 

The strength of the soil element w'1der these conditions may be 

determined directly in a cyclic loading simple shear test which closely 

reproduces the complete stress history o~ the field element on a small 

sample of soil in the laboratory. ~~e stress conditions on the field element 

and in the ideal laboratory simple shear test are described by the Mohr 

diagram on Fig. lb. For ease in interpreting the results of laboratory 

tests, it is convenient to perform a number of tests on identical samples, 

each consolidated to the same normal stress (J fc' and shear stress ratio 

T fc • 
8-

(J fc 
The results of a series of such tests will define a strength 

envelope T f max vs (J fc as indicated in Fig. lb. Repeating these 

tests for different a consolidation conditions provides data from which 

the pulsating loading strength at any element wi thin the embankment may be 

readily determined. 

Unfortunately, the laboratory equipment and procedures required for 

perfOrming cyclic loading simple shear tests are somewhat complicated, and 

at the present time (1973) the equipment is only available in a few labora-

tories. However, because of the relatively simple and long tradition of 

using triaxial tests, many laboratories are presently equipped to perform 

cyclic load triaxial tests. The relationship between the laboratory triaxial 

test and the field element is illustrated in Fig. 2. Since the potential 

failure plane is horizontal in the field, the element representing a 
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l' 

I Kc" Ojc 

1f max L __ ~3C ~= ~ _ 

(b) Mohr Diagram 

FIG.2 CYCLIC LOADING SIMULATION BY TRIAXIAL TEST. 



triaxial. test specimen must 'oe considered or::i.ented at 45""" 4>/2 to principa:L 

stress axes. 

A triaxial testis limited :in that the only stresses which can be 

controlled directly are the axial stress and the confining pressure. Changes 

in shear stress along the potential failure plane must therefore 3< be produced 

by changing these principle stresses. Thus, to produce the desired pre-earth" 

quake static shear stress on the potential failure plane li the triaxial 

specimen must be anisotropical1y consolidated to the appropriate principal 

stresses 0lc and a 3c. 

In earlier studies (12) it was shown that for undrained cyclic loading 

tests on saturated samples the cyclic shear stresses on the failure plane could 

be appropriately changed by cycling only the axial or deviator stress by 

an amount :t a dp' '''hile holding the chamber pressure in the triaxial cell 

constant. 

A Mohr diagram of both static and cyclic loading stresses is shown on 

Fig. 2b. The Mohr circle shown by the solid line represents the stress 

conditions caused by anisotropic consolidation under the principal stress 

(J lc and a 3c 0 If the potential failure plane is inclined at 45 + ¢/2 

from the major principal plane then the static normal and shearing stresses 

on this potential failure plane are readily determined. Furthermore, from 

geometric conSiderations, there will be a direct definable relation between 

the major principle consolidation stress ratio Kc = a lcl a 3c' which 

is conveniently used for handling triaxial test data, and the normal to 

shear consolidation stress ratio a = T fcl a fc which is convenient for 

use with simple shear data and for field applications. 

The dashed line Mohr diagrams represent the stress conditions at each 

extreme_of the pulsating axial stress, on a total stress basis. It is 
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convenient, ~GO cons:ideL' fai,lure 1i1f.; d'.;l:fix;u{2:d by the lllaxirrrum axial stress 

C5 de + C5 dp $ which correspol1C!S to the larger of the two dashed Mohr 

circles 0 'i'hutJ ~ as shown on Fig a 2h» potential failure is readily defined 

and. carl be p:i.ot;?~,'Xl '\jeJ:~ur,; th.e pre-earthquake static normal consoli,dation 

C5 3c , H is possible to define 

C5 fc & Other series of tests are performed 

a:t d.ifferent Kc ratios to cover the range encountered in the embankment. 

The strengt;h envelopes for constant Kc are conver-'ced to envelopes for 

constan:t a 9 and used in a stability analysis. 

Because the triaxial test does not correctly reproduce some of the 

aspects of cyclic loading on field elements, it is necessary to correct 

the triaxial test data for these discrepancies. Seed and Peacock (20) 

h.ave reported a comprehensive study to determine correction factors for 

cyclic loading triaxial tests on samples consolidated isotropic ally (Kc 1.0) 

which correspon.d to a field or simple shear condition of a = O. Thb 

condition is encountered in the central part of an embankment or at any 

location in the ground under a near level surface. A suggested factor er 

is applied to reduce cyclic loading triaxial test data to field conditions 

according to the £ollowing equationo 

( : :c) field 
ex = 0 

= 
lab triax 
Kc = 1.0. 

(1) 
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Values of Cr vary with relative density of granular soil as shown 

in Table 1. 

Table 1 

Cr Values Suggested for Kc :::;; 1, ex:::; 0 Conditions For 

Granular Soil 

DJ." - % c r 

!,·O 0,,55 

60 0&60 

70 0.65 

80 0868 

90 0 .. 73 

Values of Cr given in TaUe 1 are only valid for Kc = l, a = 0 

conditions, and for saturated granular soils$ In another study, Seed, Lee 

and Idriss (6) found that as Kc increased, the difference between cyclic 

triaxial and cyclic simple shear decreased. These stUdies were made on 

a slightly plastic silty sand, and led to the suggested that for Kc l&5, 

no correction need be applied to convert cyclic triaxial test data for use 

directly in field stability analysis. Within the range l.O 3..5, 

it seems appropriate to use a linear interpolation between Cr :::;; 1.0 and 

the appropriate Cr value given in Table l. 

The results obtained directly from a pulsating load test performed on 

an anisotropically consolidated sampJ.e eKc = 2.0) are shown on Fig. 3. 

At the end of the anisotropic consolidation stage the axial or deviator 

stress was 19 psi. The cyclic axial stress was o d = + 12 psi. As is p -

typical with these tests, the excess pore pressure increased somewhat as the 

cyclic loading continued but did not increase sufficiently to cause liquefaction 
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or sudden loss in strength. The axia~ strains increased with each cycle 

in the direction of the major principle stress, and there was an insigni-

ficant recovery when the cyclic stress was reduced.. Thus, -there was no 

well defined failure point ~ yet a;t'ter seven cycl~s, the triaxial specimen 

had suffered a compressive strain of about 25 percent, which most engineers 

would take to be less than satisf'actoljr perfor.oo.ance under this applied 

loading. Other samples tested in a. similar manner behave similarly, the 

amount of accumulative strain increasing with each pulsa.ting load cycle 

depending on the stress conditions. With the special exception of loose 

saturated sands a.t Kc ~ 1.0, there is no ;well defined point of failure (12). 

Thus, the point of failure has been arbitrarily selected as the stress 

conditions and number of cycles which produce a specified axial strain, with 

5 percent strain being commonly accepted for many deSign purposes (7,14,16,17). 

Having thus selected the failure criteria, it is a straight forward 

matter to obtain by interpolating from the results of a n~ber of tests, the 

pulsating loading strength of any element of soil within the embankment. 

Comparison of the earthquake induced stress to the pulsating loading strength 

leads to an assessment of the relative seismic stability of each element, 

and finally of the entire embankment. 

To summarize, a seismic stability analyses of an earth embankment using 

current (1973) methods with finite elements involves the following steps, 

in addition to the considerations given for non-earthquake analyses procedures. 

1. Select a design earthquake base motion. 

20 Perform a seismic response analyses on the embankment to find the 
maximum horizontal seismic shear stress L max at each elemento 

30 Determine the equilz'alent number of uniform cycles of shear stress 
Neq , and the corresponding ratio of average to peak shear stress 
R.ro = L av/ L max-
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40 li'l"om:2 a!lU 3 above!> calculate the average horizontal cyclic 
shear Sti.'G8S T av induced by the design earthquakeo 

50 Perform a stn,tj.c stress a:ualysis to dete:rmine the equ:i.librium, 
p~\."e-ea! ... t;hqua1\:e normal a.'1d sheax stress (effective stress basis) 
on h01>h;ontal planes at eve!';! element ~ 

60 Perfom. cy·cl:J.c! load triax:'t.a.1 1,ests 011 representative samples of 
soil j:'l~o:m thG .;.:mibanltment lSd; anisota"'Opic consoliG.a;t;ion stress 
J:"8D:E'€8Glltat:Lcm of the Ilre,,,e8rthquP_'lte stress conditions. 

'1 ~ Convert t;he 1.ao "/:;:l'ia.JdaJ. tes·t strength data to equivalent field 
strengt;h COl:Ad:!.1:.ions T f for N _ cycles and a predetermined 

~q 

:f~;lJ:U1'e c:ci"/:;erion ot say 5 percent strain in the cyclic triaxiaJ. 
testo 

8. COill;pare the measured cyclic loading strength T f to the calculated 
se5_.Gl:nic st:l"t";!SS T av at each element and note the rela.tive stability 
OJ:" factor of safety of ea.ch separate element. 

9® Consider the entire embankment, note the relative stability or 
factor of safety in each element, and make an assessment of the 
pl~bable performance of the entire embankment~ 

From a deSigners point of view, one of the most questionnable aspects 

of the abov~ method has to do with the arbitrary selection of the failttre 

criterion and its use in assessing the stability of the embankment. In 

general~ the samples do not suddenly collapse unless the soil is loose and 

Kc = 1 0 0. Thus~ the selection of any failure criterion, say 5 percent in 

the laboratory <Gest • .\) irs rather aroitrary and does not follow from a well 

defineo. CM,.l1ge -j n floil behavIor" Furthermore, there is no anal.yticaJ. 

correlation between soil strain in the laboratory cyclic load test and 

defol'11lat;ion of the element, or of the entire embankment in the fieldo 

Qualitatively, it seems reasonable that larger strains in the laboratory would 

correlate ~rlth larger field deformations, but there is as yet no method by 

which these can be correlated on a q~antative basis. Justification for 

using 5 or 10 percent axial strain as a failure criterion is based on 

the results of anaJ.yses made of dams which performed less than satisfactory 

in the field during earthquakes (7,9,16,17). 
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Like the static equilibrium. slip StLt.""":face anal.yses, the a.bove described 

seismic stability analyses method allows an evaJ..u.ation of only failure or 

non-failure of each element based on the arbitrary selected laboratory 

failure criterion,. For static analyses, this equilibrium method is satis­

factory for many cases because the loads are permanent and the only changes 

which occur are due to changes in geometry and perhaps soil strength as the 

slope deforms. For seismic conditions, the earthquake loads are tranSient, 

each acting fo:!' only a fraction of a second. If as suggested by Newmark (18) 

and as used by Seed and Goodman (19) tor some model tests on clean sand 

embankments, it would be possible to consider each pulse separately and 

integrate twice under the acceleration and velocity curves to calculate 

the transient dispJ.a.cements, these could then be summed to calculate the 

total accumulative deformation at the end of the seismic disturbance o However, 

difficulties in defining the strength changes at each element with each 

cyclic of loading, and the large amount of computation time involved to 

include these strength changes, does not encourage the practical use of 

this method at the present time. However, in an attempt to offer the 

tEsigner an aJ.ternative to the present equilibrium method and provide a way 

of estimating the nature of permanent post-earthquake deformations which 

may be induced in an earth embankment, the following described method is 

presented. 

Permanent Deformation Method 

Reference is again made to the recorded results of a typical pulsating 

load triaxial test shown on Fig. 3, and it is again noted that the axial 

strains accumulate with each successive cycle. It is further noted 

that the strains occur when the maximum compressive portion of the load cycle 
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is applied, and that when the pulsating load is reduced the strain remains 

approximately constant. This is typical of a.ll tests for which the a.xie.l 

stress (or principal stress) is al~s in the same direction (compression) 

during the maximum and minimum stages of the pulsating loading. For other 

stress conditions which lead to a reversal of the direction of the principal 

stress changes during each~e, a reversal in stress will al.so lead to a 

reduction or reversal of the axial strain on the unloaded cycle, followed 

by an increased strain on each succeeding cycle (14). Reversal. occurs 

for Kc = 1.0 and reduction occurs for Kc slightly greater than 1.0 However, 

in all cases, the accumulative axial strain increases with each suceee41Bg 

cycle. On the unloading portion of the cycle, the strain reduction does 

not begin to occur until the direction of the applied stress has changed to 

force the strain to reduce. Thus, the accumulative maxi.mwn axial strain which 

develops at the loading portion of each cycle can be t&ken as the permanent 

axial strain which would remain at the end of the pulsating loading ( * ) . 
In analyzing the test results, it is convenient to plot this accumulative 

maximum axial strain versus the accumulative number of cycles as shown on 

Fig. 480. These data are for a series of typical tests on the same soil, at 

the same density and consolidated to the same anisotropic stress coaditions. 

The only difference is in the amount of pulsating deviator stress ~ cr dp 

applied to each sample. The data points for strain at each cycle are shown 

for Test No. 45, but for clarity are omitted from the other curves on Fig. 480. 

If for example, failure was to be defined as the cyclic stresses causing 

10 percent axial strain, then the number of cycles to failure could be readily 

determined for each test as shown. Tt is then convenient to plot the 

magnitude of the pulsating deviator stress ~ cr dp versus the number of 

cycles to failure (by the prescribed criterion) as shown on Fig. 4b. 

(*) In this study cyclic strains 8re defined as follows: For Kc = 1.0 CI It< ~ 
peak to peak strain amplitude; For Kc 1.0 c,= compressive stain amplitude. 
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Data points for the failure criterion of € 1 ;: l()O~ are shOl'm. Other 

failure criterion may also be used and similar a dp - N curves drawn. 

These are also shown on Fig. 4b but for clarity the data points used to 

obtain these curves have been omitted. 

It vrill be noted that the puJ.sa·i:;ing loading strength curves shown on 

Fig. 4b are plotted on semi-log paper, and the curves are not straight lines. 

The shapes are similar to curves from marlY tests on many other soils, and 

the semi~log presentation is convenient and clear for many purposes. 

As will be discussed later, these data define straight lines when plotted 

on log-log axes~ and for this reason it is useful to plot the data on log-log 

paper in order to quantifY it for later use in computer analyses. However, 

this brings the strength lines of Fig. 4b closer together and for convenience 

in explaining the procedure the semi-log plot will be used. Da.ta. plotted 

on log-log scales are presented in the appendices. 

Suppose the data on ·'Fig. 4 represent the conditions applicable to the 

element shown in the dam cross section of Fig. lao The equilibrium static 

consolidation stress conditions of the samples Kc = alcl 

valent to those on the horizontal plane in the dam a;: 

a 3c are equi­

T fcl T fc. 

The cyclic deviator stresses ~ a dp applied to the sample correspond to 

pulsating shear stresses ~ Tp which may act on the element during an 

earthquake. The intensity of these equivalent uniform pulsating load cycles 

and the number of such cycles depends on the input earthquake motion, and 

on the characteristics of the embankment, but they can be readily determined 

by an appropriate seismic response analysis. 

Let it be assumed that the field and the laboratory pulsating loads are 

related by a correlation factor Cr similar to that described by Eq. 1: 
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( 
cr dp ) 

2 cr 3c 
(2) 

field lab 

For Kc :::: 1. 0 , a = 0.0 condi tioas, Cr values given in Table 1. For 

a ~ 0.0 , Cr increases linearly with Kc to a maximum 

of 1.0 at Kc ~ 1.5. 

It is important to emphasize that the lines shown on Fig. lb are not 

failure conditions in the sense of a sudden loss of strength, but merely 

indicate the 0dp - N conditions which cause a certain amount of axial 

strain. The closer the lines are to each other, the more rapid will be the 

strains for each succeeding stress pulse, but unless the lines are over top 

of each other, the sample do~s not collapse once the failure condition is met. 

Suppose that for the conditions depicted for the element shown on 

Fig. la, the earthquake induced stresses corresponded to Neq = 8 cycles (21) 

and the corresponding pulsating deviator stress in a cyclic load triaxial 

test was cr dp = ! 0.55 kg/cmF. Plottting these conditions on Fig. 4 

indicates that these cyclic load conditions will produce an accumulative 

compressive axial strain in a triaxial test of about s 1 = 0.7 percent. 

This same information could also be conveyed by considering that a laboratory 

had been subjected to a static load equal to cr dp' proVided the sample 

had a secant modulus. 

cr dp 

For this case, Ep = 0.55/0.007 = 78.6 kg/CmF and this refers only to the 

end point deformations between the beginning and the end of the pulsating 

load following consolidation to equilibrium under the static stresses. 
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If the element III the field was truly represented by the triaxial 

test specimen, and if like the triaxial test specimen there were no other 

soil elements attached to it, then it would be reasonable to assume that the 

deformation of the single field element under the earthquake load could be 

calculated by a sinrple pseudo-elastic analyses using a Young 0 s modulus Ep 

defined by Eqo 3, and an appropraite value fOl" Poisson' s ratio 1). Since 

the soil element is saturated and undrained during the short duration of the 

cyclic loading, it would Seem appropriate to assume 1) ~ 0.5 for this load 

step. For partially saturated elements, or cases involving some compaction 

as a result of cyclic loading ( 36 ), a value for Poisson I s ratio less than 

0.5 would be appropriate. 

However, the soil element in the field is not isolated from the surrounding 

soil, and its deformation will depend to a large extent on the deformation 

behavior of the surrounding soil. As an illustrative example, a metal bucket 

may contain saturated sand. When placed on a shaking table the sand may 

completely liquefy and lose virtually all of its shear strength. Simulated 

laboratory tests on samples of this sand would show very large strains after 

a certain number of cycles, and by Eq. 3 this would indicate a value of ~ ~ o. 

But, as long as the walls of the bucket did not fail, the liquefied sand 

within the bucket would not suffer any permanent deformation, even though 

it possessed no shear strength, or in other woras, a high potential for 

undergoing large shear deformations such as a fluid. 

Therefore, the strains indicated by single tests as shown on Fig. 4 

must be considered only as strain potentials, and the permanent deformation 

must include all connected elements taken together. This reasoning leads 

to the suggestion that the finite element method (FEM) may be a useful tool 

in a permanent deformation analysis. 
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The basic finite element MMysis is a. solution for the following 

matrix equation:. 

P=KU (4) 

In this equation, U represents the matrix of all nodal point displacements~ 

which are the quanti ties sought in the solution. P is the matrix of all 

loads acting to cause the displacement, and K is the stiffness matrix which 

is made up of the elastic parameters of the system. 

For the permanent deformation problem, the loads come from two sources: 

the gravity or dead weight loads of the soil, and the transient loads induced 

by the seismic accelerations. The elastic parameters may be defined by either 

Young's modulus E and Poisson t s ratio 1/, or by bulk and shear modulus B 

and G, or some other combination of elastic parameters. 

The results from cyclic load laboratory tests on soil are interpreted 

by reducing them to a single strength value. However, because the seismic 

forces which act on the elements are not only transient in nature, but vary 

differently with time from nodal point to nodal point, it is difficult to 

represent each seismic nodal point force by a single constant value. There­

fore in the permanent deformation analysis, it was decided not to represent 

the seismic forces themselves, but rather the effect of the seismic forces, 

by the change which they would produce in the stiffness of the structure as 

calculated from the changes caused in the soil modulus. This reasoning 

followed from consideration that only the end point deformation was desired 

and not the transient time dependent cyclic deformations. 

Based on this reasoning, it follows that there. is really no change in 

the load matrix P between the two end points; immediately before and immediately 

after the earthquake. Therefore, the earthquake induced changes in deformations 

~ U as defined by Eqo 4 result from a change in stiffness K rather than 
( 
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for the usual FEM analysis where 6 U results from a change in P. 

Schematically, this concept is expressed by: 

f., U = p( f., K)-l 

where P is constant. Solution of Eq. 5 for f., U gives the earthquake 

L~duced permanent displacements at each nodal point. Direct solution of 

the equation as stated is not convenient) and therefore, an indirect two 

step method is suggested .. 

Step 1 In Solution of PermanentDefo~matios Equation: In the first step a 

simple gravity-turn-on analysis is performed and Eq. 4 solved in the usual 

direct manner to give values for nodal point displacements ul' UIlder the 

loading and soil conditions which exist just primr to the earthquake. 

These loads include the dead weight gravity forces plus any forces on the 

boundaries due to the reservoir water. Boundary water forces are used rather 

than seepage forces because the cyclic loading soil strengths are based on 

total stress and internal excess pore pressures are neglected. Also, it is 

reasoned that during the few seconds duration of the earthquake, the internal 

seepage force system may be disturbed to an unknown extent and the resulting 

permanent deformations will be· due to the total stress system including 

the reservoir pressure acting on the relatively impeEvious boundaries of 

the dam. The elastic parameters El and 1.1 used for this first step 

gravity-tum-on analyses are selected somewhat arbitrarily, with attention 

to obtaining realistic numbers, especially with respect to relative values 

in different major zones of the dam. 

Step 2 In Solution of Permanent Deformation Equation: Between Step 1 and 

Step 2, the dam will be effected by an earthquake, and this effect is 

included in the new stiffness matrix K of the finite element formation. 
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Evaluation of the new value of K is done as follows 6 The stiffness 

matrix k of each element is a function of the geometry, and of the 

elastic parameters E and 1/ or B and G. For reasons described later, 

the stress-strain mtrix C is formula.ted in the computer in terms of Band. 

G which are ca.lcula.ted from specified values of E and V • 

1 
3B. -:- 4G 3B -00 o 

:3 3 

c '" 
( s;pnnetrical ) 3B+4G 

3 
(6) 

o 

B = 
E 

3(1 - 2V) 

G = E 
(8) 

2 (1 +1.1) 

The formulation used for analyses thus far is strictly applicable only for the 

the case of saturated, zero volume change soils, thus the values of Poisson's 

ratio and the Bulk modulus B are assumed to be the sarne for both Step 2 

and Step 1. The only change is in the shear modulus G as compared from 

the secant modulus E by Eq. 8. This change in the value ofE from Step 1 

to Step 2 for each element is illustrated as follows. 

The seismic induced deformation can be formulated by considering a 

simple analogy of an axially loaded specimen with lrodulus Ei acted on by an 

initial axial stress a g and then su.bjected to some disturbance which softens 

the specimen to allow more deformation without changing the applied load. 

This concept is illustrated on Fig. 5'*. The initial axia.t strain. be:>~r:c 

* An alternative line of deductive reasoning leading to Eq .. 13 is presented 
in Appendix V. 

(, 
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disturbance is: 

= 
€ i 

The value of Ei represents the initial assumed modulus for the soil element, 

and Cf g represents the gravity stress. Now consider tha.t due to some 

disturbance the B~ple softens and deforms with no net change in applied 

stress. The incremental deformation due to this softening can be expressed 

in terms of a. pseudo moduJ.us Ep as defined by Eq. 3. Considering for the 

moment only the softened sample, if it were to be subjected to a load incre-

ment Cf the corresponding strain E: wouJ.d be: g p 

€ = 
P 

Cfg 
(10) 

Since Cf is the same before and after softening, it follows that the g 

total accumuJ.ati ve strain wouJ.d be: 

E: ip = € i + 

Stated another way, the accumulative strain 

€ ip = 

where 

1 

Et 

+ (11) 

Eip couJ.d be calcu.1.ated from: 

(12) 

1 

+ 1 (13) 

This same procedure is used in the finite element calculations where the 

modulus is replaced by an element stiffness which is a function of the 

appropriate modulus. In Step 1 the initial reference deformations U1 are 

calculated using initial values of Young's modulus Ei and Poissonls ratio. 
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Then in step 2 of the finite element calculations, the value for Young's 

modulus is changed to E1p computed from Eq. 13 where ~ is determined from 

an interpolation of the pulsating load triaxial test data for the appropriate 

element and Eq. 3. Using the ~ame gravity loads, the accumulative defor­

mations U2 are caJ.culated~ thus the earthquake induced permanent deformations 

are obtained by subtraction. 

(14) 

Steps 1 and 2 are readily incorporated into the same computer program. 

which automatically calculates the permanent deformations U at each nodal 

point. 

It is seen from Eq. 13 that Eip will always be less than Ei. For the 

case where cyclic loading causes very large strains, E:P will be very small, 

but as long as it is greater than zero, a value for Eip can be determined. 

For the analyses made thus far the stress-strain matrix shown by Eq. 6 

uses the same bulk modulus for step 2 a.s for Step 1 computed for 1) ~ 0.5 

to insure that near zero volume changes will be calculated in the saturated 

und.rained soil. The shear modulus is computed from Eqo 8 using E :a Eip. 

A more refined analysis would include volwne changes caused by cyclic 

loading by allowing V to cha.t1,ge. However the available data (36 ) 

suggests that this component of strain is likely to be small. 

Soil Parameters For Analysis 

The soil parameters for the permanent deformation analysis are E 

and "'V for both the pre-earthquake and the post-earthquake conditions. 

A simple linear elastic gravity-tum-on analysis is performed for both cases. 

For the pre-earthquake condition Ei and 1) i are rather arbitrarily selected. 

Since the pre-earthquake deformations resulting from Ei and 1) i are sub-
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tracted from the final results, an elaborate method for selecting these 

parameters is not justified. Suggested values of Ei are within the range 

of about 300 to 1000 kg/cm2 with values of -Vi "'" 0.3 to 0.4 for partially 

saturated soils and 1/ i ::: 0.45 to Qs49 for saturated soils which will 

not drain during the few seconds duration of the earthqp.a.k.e. 

Pest-earthquake values of' 11 are kept the same as the pre-earthquake 

values, and the bulk. modulus is computed within the computer for Eq. 7 using 

the pre-earthquake value of Ei. The post-earthquake value of E is taken as 

Eip calculated from Ep from Eqo 12 where Ep is calculated as described, 

from the results of pulsating loading triaxial tests. This latter cal­

culation is done automatically in the computer for each element, from the 

test data for the appropriate consolidation stress conditions such as shown 

on Fig. 4b. 

By replotting the curves of Fig. 4b and from other tests on log-log 

paper, it is possible to define the pulsating load strength results in terms 

of 9 parameters. These are described in Appendix I which also presents 

actual test data for the several soils used in this study. 

Comparison of Calculated to Observed Permanent Deformations 

In order to demonstrate the suggested analysis method, and to illustrate 

how well, in its present form, it predicts actual observed cases, five 

different dams were selected for study. Four of these dams have been 

studied previously and their observed behavior compared with predictions 

from an equilibrium stability analysis method. Thus a considerable amount 

of data was already available, which has been used where appropriate in 

these permanent deformation studies. The dams analyzed in this study were 

as follows: 
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Ie Dry Canyon D&m - cracked during the 1952 Kern County, California 
earthquake (16,17). 

2. Shetfiel.d Dam .~ failed during the 1925 Santa Barbara, California 
earthquake (6) 0' 

3. UV~er San Fernando Dam = badly cracked during the 1971 San Fernando, 
CaJ.ifornia earthquake (7). 

4. Lmrel' San li'ernando Dam = failed during the 1971 San Fernando, 
California earthquake (7). 

5. Hebgen Darn - crest settled during the 1959 MOntana Earthquake 
(37, 38, 39). 

The analyses performed on each of these dams are presented in the 

following sections. The studies were performed together, and therefore, not 

all of the parametric studies were performed on each dam. 

Dry Canyon Dam 

The Dry Canyon Dam is an ol.d partial. hydraulic fill structure located 

on the Los Angeles Aqueduct System some eight miles north of the Los Angeles 

6ity limits. The embankment is 63 feet high, and is founded on about 60 

feet of recent sil. ty-sandy-gravelly aJ.l.uvium. During the 1952 Kern County 

earthquake, M 7.7, it was cracked longi tudinal1y and appeared to have 

approached an unstable condition. The dam was taken out of service in 

1966~ and at the time of the 1971 San Fernando earthquake, the reservoir was 

completely dryo 

1!he Dry Canyon Dam was studied by Lee and Walters (16,17) using an 

equilibrium slip circle analyses with a seismic coefficient calculated by 

shear slice seismic response anal.yses, and soil strengths obtained from 

cyclic load triaxial tests. Using strengths defined by 5 percent axial 

strain in cyclic load tests, the analyses showed the seismic factor of 

safety to be close to leO. MUch of the data concerning this dam were taken 

from the Lee and Walters earlier study. 
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The dam was constructed in 1911-1912 using both wagon rolled and 

hydraulic fill procedures. The maximum cross section of the dam is shown 

on Fig. 6. The boundaries between the various zones are only approximate 

as no good records are available. The epicenter was about 46 miles from 

the epicenter of the earthquake. Several strong motion records were obtained 

of this earthquake. Peak accelerations from these records are shown in 

Fig. 7 along with other comparative data. Taken together the data suggest 

that the peak acceleration in rock at the damsite was probably between 

about 0.cY7 and 0.16 g. For many of the parametric analyses the peak 

acceleration was assumed to be 0.1 g. Other parametric analyses were· 

also made using different accelerations for other illustration purposes. 

Several longitudinal cracks were formed in the embankment as a result 

of the earthquake. The most serious was a 2 inch wide crack which ran 

along most of the crest of the dam as shown on Fig. 8a.. Ji ter;t pit "itas 

excavated into the fill to explore the extent of this crack, and it was 

followed to a depth of about 16 feet where it became too small to observe. 

A photograph of this crack as it appeared in one wall of the test pit near 

the surface is also shown on Fig. Sb. For scale, the brace is a 2 inch :pipe. 

Surveys taken before and after the earthquake showed that points along the 

crest of the dam settled about 0.2 to 0.3 feet, and moved upstream by 

equal amounts. 

A finite element representation of the maximum cross section of the 

Dry Canyon Dam is shown on Fig. 9 along with a sketch showing the zones of 

different materials used for the analyses. The same FEM grid and material 

zones were used for the seismic response analyses and for the subsequent 

permanent deformation calculations. 
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Fig. 7 Basic Data Used to Select Design Earthquake, 
Dry Canyon and Hebgen Dams 
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Fig. 8 Longitudinal crack along the crest of 
Dry Canyon Dam produced by the 1952 
Kern County earthquake 
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100 
Scole -ft 

Zone Below WT Above WT Dr - % 

Foundation 77 

Shell 2 5 62 
" 

Wagon Rolled Core 3 6 68 

Hydraulic Fill Core 4 47 

;3tabilizing Berm 7 80 

FIG. 9 FINITE ELEMENT SIMULATION OF DRY CANYON DAM. 
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The earthquake accel.erations used in the seismic response analyses 

were the s690 E horizontal component and the vertical component recorded at 

Taft some 25 miles NW of the epicenter. The maximum horizontal acceleration 

recorded at Ta~c was O.lSg. Therefore, all accelerations on these records 

vlere multiplied by 0.10/0.18 to give a maximum horizontal acceleration of 

O.lg at the bedrock level below the dam. Soil properties used for the 

eta'de analyses are show'll in Appendix I. 

The deformed shape of the Dry Canyon Dam as indicated by the permanent 

dei'ormation of each nodal point computed by the suggested method is shown 

on Fig. 10. The calculated deformations indicate 1.4 to 2.2 feet vertical 

settlement and 0.6 to 0.8 feet upstream movement at the crest. These move­

ments are the result of relative distortions within the embankment as shown. 

For reference it is recalled that the embankment fill was 63 feet high. 

This movement represents 1 to 4 percent of the height of the fill. By 

comparison, the measured crest movements at the actual dam were about 0.3 

feet settlement and 0.3 feet upstream deformation. Thus, for this first 

illustrative calculation the suggested method over estimated the actual 

movements. 

Parametric Studies-Dry Canyon Dam 

Other analyses were also made to study the effects of different pos­

sible input parameters. These are described below. Some of the analyses 

using realistic input data gave calculated movements which were in closer 

agreement to the observed movements than indicated in Fig. 10. 

2-D Versus l-D Seismic Stress Analysis. One of the basic parameters 

investigated was the effect of l-D (horizontal accelerations only) versus 

2-D seismic response analyses in calculating the seismic shear stresses in 

the elements. Actually, the 2-D program only became available near the end 
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of the study, so all of the analyses were first made with a I-D seismic 

finite element program. However, because the 2-D analyses may be more 

realistic, it was desirable to investigate the effect of 2-D versus l-D 

seismic response calculations. 

The first step was to perform a I-D and a 2-D seismic response analysis 

on the same dam, with the same propercies to see the effect of the vertical 

component of acceleration on the calculated seismic shear stresses. This 

effect is shown on Fig. 11 which presents a summary of the ratio of 2-D to 

I-D shear stresses at every element. The ratio varies from 1.0 to a max­

imum of 1.3, with an average of 1.13 for all elements. This suggested that 

approximate or "simulatedfl !-D seismic shear stresses could be obtained by 

multiplying the already calculated I-D stresses by 1.13_ 

The next step was to see how well the permanent deformations using 

these "simulatedtl 2-D seismic shear stresses would cOJ;lpare with permanent 

deformations calculated from the actual 2-D shear stresses. This is illustrated 

on Table 2 for 5 typical nodal points. For all but very small calculated 

movements, there is good agreement between the results from the actual and 

the simulated 2-D method. On this baSis, to save time and computer costs, 

the rest of the 2-D analyses were "simulatedll by the above method from the 

1-D analyses already completed. 

Effect of Peak Acceleration. Another parameter investigated was the 

effect of peak acceleration. As already mentioned, based on tremds from 

available data, the maximum acceleration in rock at the damsite could have 

been as low as about 0.07 g or as high as about 0.16 g. It was of interest 

to investigate the effect of different maximum base accelerations on the 

calculated permanent deformations. 



LtV 

. 
0 -

0 . -

C\I 
-
0 -
-. 

o -
C\I 

l!... 
o 

o 
~ 
0::: 



I 

41 

Table 2 

Comparison of Displac~ments at Typical Nodal Points 

for Actual and Simulated 20 Base Motion 

Dry Canyon Dam - 20 Analysis 

Amax - 0.10g horiz. J 0.065g vert. 

i 

Nodal Po i i1 t 1 2 21 

Vert. movement - ft 20 Actual 0.08 -2.40 
(+ up) 

20 Simulated 0.03 -2.22 

Hor i z. movement - ft 20 Actual -0.70 -0.10 
(+ downstream) 

2D Simulated -0.56 -0.03 

19 47 

I , ",--
I 

_~_ "0 

I L{·2 19 I 1+ 
-- J ___ 

-0.97 -2.17 ! - i . 

-0.83 -1.97 -J. 

-.- -~-, .. ~ ~.-

0.02 -0.57 -0. 
! 

O. Ol+ -0.52 I -0. 
t 

1 __ 

( +-) 

L->(+l 

-, " jL 
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It was fairly clear that smaller accelerations would lead to smaller 

calculated permanent deformations. It was not so clear, however, that 

larger accelerations would lead to large enough deformations to give a 

postiive indication of failure. For this reason, calculations were made 

for peak horizontal base accelerations of O.l3g and O.20g respectively as 

well as for a low peak acceleration of O.075g. The peak seismic shear 

stress to static normal stress ratios calculated for several elements along 

the center line of the dam are shown on Fig. 12. For comparison, the 

calculated 2-D stresses are also shown for ~ = O.lg and O.075g. 

The finite element program used to compute the seismic shear stresses 

used non-linear soil modulus and damping which varied with strain. Thus, 

it is not surpriSing that at high accelerations the calculated shear stresses 

also show a non-linear increase with acceleration. 

The permanent deformations of the crest of the dam is shown on Fig. 13. 

for the 4 different base accelerations, and for I-D and 2-D analyses. From 

the trend in the data it is clear that a peak base acceleration of O.2g 

would have been sufficient to cause excessively large crest deformations of 

the order of 5 feet vertically and 12 feet horizontally. Such large 

deformations in a 63 foot high dam, with a loose silty sand hydraulic fill 

clay core would probably have led to the outer shell breaking up and result 

in even larger flow slide type of movements such as have been observed at 

other dams. The finite element analysis used for these studies cannot 

handle such problems of cracking and disintegration of the various parts. 

It is based on small strain theory, and on the assumption that all elements 

maintain their integrity and their connections to each other. 

On the low acceleration side, the trend suggests that a maximum hori­

zontal base acceleration of about 0.07 to 0.08, would have led to crest 
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deformations of the order of 0.3 feet, which were actually measured. 

Considering the wide variation in maximum ground accelerations recorded at 

similar epicenter distances for the San Fernando 1971 earthquake (22,23) 

it is not unreasonable to suppose that the peak accelerations in rock at 

the Dry Canyon Dam in 1952 may have been as low as 0.07 to o.oS g instead 

of the O.lOg assumed for the first analysis. 

Equivalent Number of' Cycles. Lee and Chan (21) have described the 

method employed in seismic stability analyses of earth structures for com-

puting the equivalent number of uniform cycles of stress from the irregular 

time history which results from a seismic response analysise A summary of 

the method is presented in Appendix III. The basis of the method equates 

the effect of an actual irregular stress time history to the effect of an 

equivalent number N of cycles of uniform stress intensity , eq av 

which is some specified ratio R, of the maximum peak of the irregular stress. 

R = 
, av 

(15) 
'max 

The evaluation is made on a single element basis. For each element 

there is no unique number Neq and R, but rather a whole family of possible 

values, each combination of which will affect the soil in the same way as the 

actual irregular stress history. Thus a small number of large stress cycles 

will be equivalent to a large number of small stress cycles. Each appropriate 

combination will cause the element or sample of soil to strain the same amount. 

The computer program developed by Lee and Chan computes Neq for values 

of R = 0.65, 0.75, and 0.S5 for each desired time history. From these data 

it is straight forward matter to select any appropriate combination of Neq 

and R to represent the actual time history of stresses. 
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Calculations made for several elements in a dam show similar, but 

not exactly the same Neq - R relation~ Also, calculations based only on 

the input base a.cceleration show a simi1.ar Neq - R relation to that of the 

time history response at any other location. The Neq - R relations cal­

culated for base, crest, and two center elements in the dam are shown on 

Fig. 14. From this data the val.ues Neq ::: 10 and R ::: 0.72 were selected for 

all of the analyses described thus far and unless specifically mentioned, for 

all other analyses. These values correspond to the central zone of the 

experimental data. 

Because the Neg - R data do show some scatter, it is of interest to 

investigate what effects may be involved by choosing other possible values 

of Neq - R combinations. The results of several analyses using different 

combinations are summarized on Table 3. All data on this table refer to the 

calculated crest displacement, at Nodal Point 19. All other data were 

similar and, therefore, are not shown. 

The first three sets of data correspond to Neq - R combinations 

selected along the mean curve of Fig. 14. Cal. No. 17 corresponds to Neq = 10 

and R ::: 0.72 which has been discussed previously. The displacement pattern 

for this entire dam for this case is shown on Fig. 10, and the horizontal 

and vertical crest displacements are listed on Table 3. According to the 

reasoning behind the calculations of Neq - R values, any combination along 

the same curve shown on Fig. 14 should produce the same effect on the soil. 

This is confirmed quite well by the results shown for the other two 

compinations along the mean curve. The slight differences in computed 

displacements (2.14, 2.17 and 2.48 feet horizontally) are not considered to 

be significant. 
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Table 3 

Effect of Different Neq. & R 

Dry Canyon Dam, 20, horlz. Amax = 0.10g 

Calc. Ne'l. • R Cres t De forma t ions Remarks I 
No. (NP No 19 ) (Refer to data I 

I -- Fig 12) ! 
! ! Hor i z. (Us)1 Ver t. (doVJn) I a i I ft ft 

- =~ 
19 14.5 0.65 I 0.57 2. 14 Mean Curve ! 
17 10.0 0.72 0.57 I 2.17 f"iean Curve 

20 6.0 0.85 0.67 2.48 I Mean Curve' 

29 10.0. 0.68 0.38 1. 56 Lower Limi t Curve 

17 10.0 0.72 0.57 2. 17 Mean Curve 

30 10.0 0.76 0.82 2.90 Upper Lim it Curve 

J 

(-t) 
19 

i -=- :>-(t-) 0 I 



The second assunption inherent in the use of an Neq - R combination 

for seismic stability analyses is that the same combination applies every­

where in the structure. The band width of curves shown on Fig. 14 illustrates 

the extent to which this actual data deviate from this basic assumption. 

The effect of this variation on the computed permanent deformations is 

shown by the lower three items on Table 3. These cal.culations we1"e each 

made for Neq = 10 but with R = 0.68, 0.72 and 0.76 corresponding to the 

lower mean and upper limit curves of Fig. 14. The corresponding vertical. 

llI)vements of 1.56, 2.17 and 2.90 illustrate the var-iation that can be .. 
expected-tromselecting different plausible combinations of Neq and R. 

Effect of Pre-Earthgpake Static MOdulus. The description of the 

suggested method of permanent deformation: . calculations stated that the values 

of pre-earthquake modulus Ii for each material could be chosen rather 

arbitrarily, with some caution in selecting relative values from one soil 

zone to another. To investiga.te this assumption, three calculations were 

made using identica.l data except tor the values otEi. The results of 

these calcrula.tions are SUJDJllB,l'ized on Table 4, which show calculated 

permanent displacements for 5 typical nodal points from the three cal.culations. 

The basic calculation used Ei • Eo , where Eo represents the values of 

Young • s modulus used in the several zones of the dam, for all other 

cal.culations. These values are shown in Table 1-7 of Appendix I, along with 

other data used in the ca.lcu1ations. The two other calculations used 

Ei = 0.5 Eo and 2.0 Eo respectively. As shown in T'&ble 4, the calculated 

nodal. point displacements for each case are quite similar, and the variations 

do not appear to be significant. 'lhus it would appear that values at Ei 

used for the various materials in the embankment may be selected rather 

arbitrarily. 
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Table L} 

Comparison of Displacements at Typical Nodal Points 

For Different Static Modulus Values 

Dry Canyon Dam - 20 Analysis 

Amax = 0.19 horiz., 0.0659 vert. 

.. , 
Nodal Point j 1 2 

- . . .~ -
Vertical Movement - ft Ei'=0. 5Eo 0.09 
(+ up) 

E·-E 1- 0 0.08 

E . --2 E 1- 0 0.01 

Hor izontal Movement - ft Ej=0.5Eo ! -0.68 

(+ Downstream) F·=f:" I -0.70 -I '-0 

E j'==2 Eo 
I 

0.71 

~"--~~-"-~~-'- .. -'--. 

21 ! Lt' , 

't= '·2.82 '-1. 

-2.1+0 -0. 

~--, r 19l 471" 
--r=:'-' ---=t 

08 I -2,52 I = 1 .59 ! 

q 'j' - 2 • 1 7 I 1 2' :1 ~ -1.,)91 
I 

·-2. 15 ·~OJ .19 - 1 • gLt ' - 1 ,26 : 
~ 

0.02 O. ' 

-0, J 0 O. ( j2 -0.57 -0.Ci2 

-0, 15 '"' . I _fI 02 - O. 54 i -L1. 7 (:; 



51 

Effect of P.re*~Ghquake Equilibrium Static stresses. One of the 

important calculations in this method of analysis as well as in the equilibrium 

methods is to determine the static equilibrium stresses in the dam prior to 

the seismic disturbance. This is important because the response of soil 

to pulsating loading is quite dependent on the static consolidation stresses 

to which it has been subjected prior to the cyclic load applications. In 

many analyses, these static stresses are computed by means of a static loading 

finite element method which uses incremental loading to simulate construction' 

of the embankment and non-linear stress-stradn properties. A popular program 

is one developed at Berkeley (24) which uses stress dependent hyperbolic 

stress-strain Poisson's ratio parameters. 

On the other hand, Clough and Woodward (25) found in early studies 

that if stresses alone were the only properties desired, a simple gravity­

turn-on analysis using a linear elastic finite element computer program 

would give reasonably accurate values. Subsequent investigations by the 

writer and others have tended to confirm this early finding. In a major design 

problem it is probably best to use a non-linear program. The costs in time 

and computer charges are not prohibitivee The major cost involved is in 

obtaining the necessary non-linear static soil properties from laboratory 

tests. 

However, for a research oriented parametric study such as described 

herein, it is relatively costly, time conSuming and inconvenient to use a 

non-linear program because to do it correctly would require extensive labora­

tory testing to get the necessary non-linear soil parameters. If a Simple 

gravity-turn-on analysis will give similar results, and if they will be 

consistent from case to case, then it would seem to be acceptable to use the 

simpler linear elastic gravity-tum-on method for calculating the static 

stress distributions within the embankments. 
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A comparison of the static stresses computed by a simple gravity­

turn-on analysis and by two different non-linear incremental loading 

analyses is shown on Figo 15. 

The Non-linear Method A is the hyperbolic stress dependent method 

developed by Duncan and his colleagues at Berkeley and modified to include 

seepage forces. The Non-linear Method B is a new method currently under 

development by the writer us1Ug strain dependent formulations. Properties 

for the programs were estimated from published data, and selected to be as 

similar as possible from one program to another. 

Each of the programs c81culated the static stresses due to loads from 

the appropriate total or buoyant weight of elements plus seepage forces 

under fUl1 reservoir steady state conditions. The distribution of normal 

and shearing stresses on horizontal planes through the center of the lowest 

row of elements in the embankment is shown. 

The two non-linear methods give similar results. The gravity-turn-on 

method gave slightly higher normal stresses than either of the non-linear 

methods, but the shearing stresses were similar. Considering the limitations 

of all of the methods to accurately simulate all aspects of the problem 

there is little to suggest that the stresses computed by anyone method 

are more appropriate to use in the subsequent seismic stability analyses 

than another. 

Permanent deformation calculations were made for one seismic stress 

condition, using the static stresses computed by the three different methods 

described above. The deformations at 4 representative nodal points are 

summarized in Table 5. There appears to be an almost random variation with 

one method computing slightly larger movements at one point, and slightly 

smaller movements at another. However, for all three methods, the calculated 
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FIG.15 STATIC STRESSES AT CENTER OF LOWEST ELEMENTS IN EMBANKMENT, 

DRY CANYON DAM. 
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Comparison of Displacements at Typical NOMI .Po:! nrC$; 

For Different Pre-Earthquake Static Stress Analyses M~thod~. 

-~ 

Nodal Point 
' ........ ~:<>"'''~ ... ~..,.>,-

Direction 

Linear elastic 
gra.vity-turn-on 

Non-linear 
incremental 
Method A 

Non-linear 
incremental 
Method. B 

Dry Canyon Dam. 2D Motion 
O.lg Horb. 
O.065g Vert. 

! 
..,----------,-------

19 
1 

4~r 
I _ I ... 

I . 21 I ~ 

I 
--------------+-----_ ... _--

Ii V H V H V 
I 

H I j 
- -

! 
-0.82 -2J~1 -0.57 -2.11 1 -1.39 -OtflO -0.10 I 

-0.49 -3.06 -0.98 -1.98 -0.23 -2.91 -0.34 

-1.09 -2.97 -1.31 -1.77 -0.13 ~3.83 -0.20 

__ L-_____ 

-0.80 

-0.06 
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movements are of similar ma.gnitud\::l~ Thus, :for the purpose o:f this study 

at least, the simple gravity-turn-on linear elastic method of analysis 

seems to be sufficient for determining the pre-earthquake static stresses. 

Therefore, this method was used for all other cases studied. 

Sheffield Dam 

A detailed equi.lihrium method of seismic sta.bility analysis of the 

Sheffield Dam along with a description of the dam and its observed behavior 

has been published by Seed, Lee and Idriss (6) 0 Only a brief summary will 

be presented here for background and continuityo 

The Sheffield Dam was constructed in 1917 in a ravine north of the 

city of Santa Barbara, California. The embankment was only 720 feet long 

and 25 feet high. It was constructed of sandy silty soil excavated from 

the reserwir area. Compaction was probably limited to that obtained by 

routing the construction equipment over the fill. The upstream face was 

designed to include a 4 foot thick clay blanket on the upstream face extending 

into the foundation and covered with a 5 inch thick perforated concrete 

slab. There are few available records of the actual. construction to indicate 

how this upstream iro.pervious clay face and cutoff were actually built, or to 

what extent it functioned as an impervious barrior. Photographs of the 

dam do show the concrete face, but the city engineer at the time wrote that 

there was no downstream. drainage, and that al. though there was no leakage 

through the upstream core, seepage around and under the cutoff had saturated 

the main structure prior to the earthquake. 

A cross section through the dam is shown on Fig. 16 which indicates 

the pOSition of the freatic surface estimated by Seed, Lee and Idriss for 

their analysis. 
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The Santa Barbara earthquake of 1925 had a magnitude of 6.3 and was 

located some 7 miles northwest of the dam site. It completely destroyed the 

dam. The city manager described the fa.ilure as follows. "After exami­

nation by se'vera!. prominent engineers II the conelusion has been reached that 

the base ot the dam had become saturated, and that the shock of the earth­

qu~~e==~had opened vertical fissures from the base to the top; the water 

rushing through these fissures silnply floated the dam out in sections.1i (26). 

Photographs looking along the upstream face of the dam with the 

reservoir empty, before am after the earthquake) are shown on Fig. 170 

The studies described by Seed, Lee and Idriss (6) found that the 

upper layers of natural soil near the old dam site 'tti"B.S loose silty sand 

and sandy silt with an average dry density of about 90 pounds per cubic 

foot, corresponding to about 76 percent of the maximum standard AASHO 

density. It was estimated tha.t this corresponded to about 40 percent 

relative density. The material in the embankment was the same as the foun­

dation, and because of the minimal amount of compaction provided by the 

hauling equipment of that time, was probably about the same density as the 

uppel' part of the foundation$ Only a few cyclic triaxial tests had been 

performed for the earlier seismic stability study. MOst of the tests 

were cyclic simple shear. Unfortunately, most of the original. test data 

had been misplaced, therefore~ cyclic loading parameters required for this 

study were estimated from the compilation of data from the other soils for 

'tihlch large amounts of data are available. (See Appendix I). 

No strong motion recording equipment was in use at the time of the 

earthquake so that the input motion at the base of the dam had to be 

estimated from other r~cords obtained from other earthquakes at later dates. 

The Seed et al. (6) study suggested that the strong motion at the dam site 



Fig. 17 Views of the Sheffield Dam before and 
after the Santa Barbara earthquake, 1925 
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might be defined approximately as follows: maxi~ acceleration = O.15g, 

duration of shaking = 15 seconds, predominant frequency of accelerations = 

3 cycles per second~ and the time history might be approximated by appropriate 

scaling of the 1940 El Centro NS record. This same modified El Centro time 

history was used in theBe permanent deformation anal.yses. All accelerations 

were multiplied by the same constant required to reduce the maximum peak 

acceleration to 0.15g. The time scaJ.e of the recorded El Centl'o accelogram 

was multiplied by 1.50 to provide a predominant period in the acceleration 

response spectra of 3 Hzo 

The finite element simulation used for the Sheffield Dam is shown on 

Fig. 18. The soil properties used in the anaJ.yses are summarized in Table I-8 

of Appendix I. Although provision was made for different materials in the 

embankment as in the foundation, the available information was not suf­

ficient to justify use of different properties in the analyses. The only 

difference in material properties which were used corresponded to differences 

between saturated material below the water table and moist material above 

the water table. Because of uncertainty of the position of the freatic 

surface and saturation zones prior to the earthquake, two different analyses 

were made with different assumed water table posttions. These are desig­

nated by RUN 1 and RUN 2 on Figc 18. 

As discussed in connection with the Dry Canyon Dam analyses, the 

seismic response calculations had already been made for L-D horizontal 

accelerations only at the time that the 2-D computer program became available. 

Therefore, a "simulated ll 2-D analyses was made for this dam as well, by 

multiplying the l-D seismic shear stresses by 1.13 as was done for the 

Dry Canyon Dam., An analysis of the time history records at several elements 

indicated that the equivalent uniform cyclic stress conditions could be 
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represented by the combination N"eq :::: 10 a..'1.d R "" 0.72. 

The permanent deformations calculated from RUN 1 with the low position 

of the water table in the embankment were too small as compared with the 

observed performance of the dam. A summary of the calculated crest defor­

mations for RUN 1 is shown on Table 6 for 4 typical nodal points. The 

maximum calculated deformation was only 0.8 to 1.0 feet vertical Settlement 

whereas the actual dam was known to have failed. 

A second calculation RUN 2, was made for the assumed position of the 

water table coincident with the next highest element layer as shown on 

Fig. 18. This led to large calculated deformations. These are also 

summarized on Table 6 for typical nodal points. The calculated settlement 

of the crest ranged from 6.7 to 8.7 feet whereas the height of the dam was 

only 25 feet and the freeboard at the time of the earthquake was only 7 

to 10 feet. 

The caJ.culated deformed shape of the dam from RUN 2 are shown on Fig. 19. 

Clearly such large vertical deformations would be almost enough to cause the 

reservoir water to flow over the dam. On the other hand, the large defor­

mations would probably lead to the formation of cracks through which the 

water could begin to escape, and because of the erosive nature of the 

material, would rapidly destroy the entire embankment. This latter hypothesis 

agrees with the descriptions by engineers who visited the dam following 

the earthquake (26). 

Other analyses could have been made to further bracket the range of 

uncertainties in the basic input data; position of water table, maxinrum 

acceleration, time history, and soil properties. However, considering the 

uncertainty in all of these data, further detailed studies did not appear 

to be justified at this time. The analyses which were performed showed 
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Tnbl e (i 

Cn]cu]ated DispJncements At Sheffield Dam 
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that the calculated permanent deformations were sensitive to the position 

of the water table within the dam, and a reasonable assumption of the 

water table led to calculated deformsxions in good agreement with observed 

field performance& 

!!:ePer and Lower San F~I'nando Da.ms 

A comprehensive description and seismic equili'brium analyses of' the 

behavior of these two dams during the February 9~ 1971 earthquake has been 

presented by Seed, Lee, Idriss and NL~disi (7). Much of 'the data used in 

the following permanent deformation studies came from this earlier report, 

and only a brief summary will be repeated here for background information 

and continuity. 

These dams provided the terminal storage for water from the Los Angeles 

aqueduct systemq They are some 15 miles below the Dry Canyon Dam previously 

described in this reporto The Lower dam was built in the year 1912 with 

additions up to about 19400 The Upper dam was constructed in 1921-22. Early 

construction work on these dams was by hydraulic fill methods with some wagon 

hauled material placed in the outer shells. Later construction used rolled 

compacted fill. 

The Upper and Lower San Fernando dams were located some Ii miles apart 

and about ~ milessouthwest of the epicenter of the February 9, 1971 

earthquake. This was about 7 miles from the energy center as defined by 

Duke et alo (22). The magnitude of the earthquake registered about 6.6 on 

the Richter Scale. Both dams were seriously damaged by the earthquake, the 

Lower dam much more seriously than the Upper. 

Numerous accelerogram records were obtained fram the shock. The 

maximum recorded acceleration was 1.25g at the abutment of the concrete arch 
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Pacoima Dam. However, because of the peculiar topographic and geologic 

features of this site, this large acceleration has been discounted somewhat 

as far as its application to other more level sites. A seismoscope record 

from the abutment of the Lower San Fernando Dam was converted into a time 

history accelerogram by Scott (27). However, it too had some questionable 

peaks. Based on the available data, Seed, et al., (7) assumed that the 

max~ acceleration at the San Fernando dam sites was about 0.55 to o.60g, 

with a time history similar to that recorded at Pacoima Dam, or as calculated 

from the seismoscope record at the Lower San Fernando Dam. The seismic 

stresses calculated in this earlier study from these two records for the 

two dams were used directly in the following described permanent deformation 

analyses. 

Upper San Fernando Dam 

An aerial photograph of the Upper San Fernando Dam taken 12 days after 

the earthquake is shown on Fig. 20. The slide scarps visible on the upstream 

face were below the water level at the time of the earthquake. Two close-up 

photographs along the crest of the dam are shown on Fig. 21 and illustrate 

the surface nature of the permanent deformations. Not shown by these 

photographs was downstream movement and a pressure ridge about 2~ feet high 

at the downstream toe of the embankment. 

A cross section through the dam is presented on Fig. 22 which also 

shows the extent of permanent deformations following the earthquake. Surveys 

made along the crest of the dam indicated. that the abutments moved upstream 

about l~ feet while the center moved downstream about 3~ feet with respect 

to a reference away from the site. The net movement at the center of the 

crest of the dam with respect to the abutment was, therefore, about 5 feet 
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Fig. 21 Two close up views of the Upper 
San Fernando Dam following the 
Feb. 9, 1971 San Fernando earthquake 
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downstream and. a.bout 3 feet settlement. This was accompanied by the 

formation of two well defined shear scarps at the upstream face, compression 

and extension zones along the outlet conduits through the embankment, and a 

2~ foot pressure ridge at the toe. The embankment is about 65 feet high 

and constructed over about 120 feet of alluvial soil fotlmdation. 

The finite element model used in the analyses is shown on Fig. 23 

along with the various soil zones. A description of the soil properties 

used in the permanent deformation analyses is presented in Appendix I. 

The seismic stresses were computed from the response of the dam to a 

modified Pacoima record (8.max = 0.60g) as described in detail elsewhere 

(7), and then used directly in the permanent deformation analysis described 

herein 0 Calculated permanent deformations for three typical nodal points 

on the surface of the dam are shown on Fig. 24, along with other data to 

be described later. The calculated permanent deformation at the crest was 

approximately 1.0 feet vertical settlement and 0.4 feet horizontal movement 

downstreamo The movements were smaller than the 3 and 5 foot movements 

which were actually measured at the crest. 

It was reasoned that because of the scatter in observed maximum 

accelerations from various records of this earthquake (22,23) it is not 

reasonable that the maximum acceleration at the dam may have been 20 percent 

higher. Assuming that 20 percent increase in accelerations would lead 

to 20 percent increase in seismic shear stresses, a new permanent deformation 

analysis was made using seismic shear stresses which were 20 percent higher 

than for the previous analysis. The results of these calculations for 

the same 3 nodal points are also shown on Fig. 24. For this case, the 

calculated deformations at the crest were about 1.7 feet vertical settlement 

and 1.2 feet horizontal downstream movement. 
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These calculated movements agreed in direction with the observed 

movements, but were only about half as large as those measured o It is 

recalled that the actual dam developed a visible shear scarp at the 

upstream face, and a pressure ridge suggesting a shear scarp at the down­

stream toe, along which much of the total observed movement appeared to 

have taken place in these zones$ ll1 its present form the fillite element 

program used to calculate the permanent deformations could not predict or 

handl.e a shear plane of failure, but rather was based on small strain 

theory and elements which remained intact. On this baSis, c8.lculated 

deformations of about 1 to l~ feet do not seem unreasonable in comparison 

with the observed movements which developed along a well defined shear surface. 

The pattern of calculated permanent deformations at all nodal points 

within the Upper San Fernando Dam, for seismic stresses 2cY/o greater than 

given by o.6g peak acceleration, is shown in Fig. 25. For clarity, 

the deformation pattern is drawn to approximately double the basic drawing 

scale. The general nature of the movements, crest settlement, and sliding 

in a downstream direction is readily apparent. It is noted that like the 

Sheffield Dam, there is considerable calculated distortions in the internal 

elements, but this is not reflected to the same extent at the boundaries. 

Because of the pre-earthquake stress conditions, and the partially 

saturated soil above the freatic surface, the soil elements near the outer 

faces of the dam are stronger than the internal elements 0 The previously 

mentioned water bucket analogy is recalled in which even though the 

internal material is no stronger than a fluid, there can be no overall move­

ment unless the walls fail. 

In the actual dam, the outer "walls II did fail and developed shear 

scarps along which some movement deve10ped. Unfortunate1y, in its pres ent 
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form~ the finite element method used tor these calculations cannot predict 

or handle the formation of cracks and shear zones. If the dam had not 

developed these shear zones in the outer shell the actual deformations would. 

have probably been smaller, and in better agreement with the calculated 

values 0 Further analytical development of permanent deformation analyses 

needs to provide a method of analyzing for shear scarps which may develop 

through the st:bonger shell materiaJ.s of dams e 

As with the Dry Canyon Dam, a limited number of analyses were made on 

the upper San Fernando Dam to investigate the effect of the Neq - R 

combination selected for the analysis. The calculated Neq - R values for 

several locations within the dam, and for both the Scott seismiscope and 

modified Pacoima acceleration records, are shown on Fig. 26. The basic 

analyses which have been discussed thus far used Neq = 5.5 and R = 0.75 as 

obtained from the mean curve. CaJ.culations were also made for two other 

locations along this mean curve. The calculated crest deformations for these 

three cases are shown in the upper part of Table 7. According to the 

theory involved in calculating the Neq and R, any combination of values 

along the same curve should lead to the same final resuJ. ts • Comparison of 

the data on Table 7 indiGate this to be approximately the case. 

CalcuJ.ations were al.so made tor one point on the upper limit curve, 

Neq = 7.0, R = 0,,75 to compare with the same calculations for the mean 

curve. The resulting permanent deformations from these calcuJ.ations are 

shown on the lower part of Table 7. In this case there is not a large 

difference in calculated permanent deformations from using one curve as 

opposed to another. This suggests that one should not look toward improving 

the accuracy of the calculated permanent deformations. 
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Effect of D:U'ferent Neq,. and R. 

Upper San Fernando Dam, Simulated 2D, Horiz. Ama.."I:=O.6g 

------r " I 
-~-.. ---.~----

Ca.1c. Ne~ R Crest Deformation Remarks 
No. (Nfl lio 12!~) (Refer to Dat~ Fig. ) 

! ! 

I K V 
ft. ft. 

-----.~ 

I 
1 
" ~ 

I 

I ---

13 12.5 0.65 0.48 1.26 HeM Curve 

~-! 

I 
! 

12 5.5 0.75 0.42 1.09 Mean Curve I 
11 3.0 0.85 0.42 1.03 Mean Curve I 
12 5.5 0.75 0.42 1.09 Mean Curve 

14 7.0 0.75 0.56 1.29 Upper Limit 
Curve J 

( +) 

Ll+l 
12.4 



DZ'&Ji(;ogloaph of th~ l.,owe:r a~.n Fernando Dam taken 12 days after 

is J1:!tftW. t:i1'! l~ig" 2'7" AI:$ described elsewhere (7) the entire 

C!'OQ;(l 6b~'tion8J. Vi.GiliS 'GL:t'O'tlgh ,th~ central main section of the dam are 

ShOW"Al OL l;ig v 280 'l:hese al'e taken from a previous report by Seed, et al. 

(7) ana 8uC;£I 'lih8 l!/elv.tiva position of the various zones before the earlh­

qtlake OJ Ri"'{:;~x 'Ghe eax~i;hquake and. as Teconstructed to illustrate how the move~· 

ments deve1<C;l};:;d. The outlet tower shown on Fig. 28 was knocked down during 

tha slide!) ;:a!d is lying out of sight below the water in Fig. 27. 

ACCol'd.:lng to the previous s'(;udy ~ a large portion of the hydraulic fill 

shell or! 1~h(j u.pl1rtream si.de liquefied during the earthquake. The resulting 

loss of :st1;oe!lgt;h in this zone allowed re1ati ve movements of the overlying 

ma;!;;e~ia1 $ '?rh.ich Sbon hroke into blocks and &lid down over and into the 

liquei'ied m8,';:;l3!~'i,8], to a tinul :t-e~ting place as shown. Some of the liquefied 

!Shell eZ"UlJ0(;cl 'tr1.roTIgU the ove:dymg material near the toe to form sand 

'thE. n~;.:-,v;::m height, of' -(';hfoJ t'Juba-..'1kment above the aJ.luviaJ. foundation 

b0:J.:b:ee 'i;;h~ c;.;u·thqua!Ci:;i 'l'm,s about 130 f'eet" The surveys after the earthqua:ke 

indi~E;i:;.ad ths/G the crGst had l1lr.rved upstream a.bout 20 feet and settled 

ve:r;'i;ic&L1;r al'lont; 40 i'eet~. O'thex' pax'ts aJ.ong the upstream face suffered 

di:i:"ferent ffiil.ui&1:bs of' m(nrement. .A smal.l structure supporting a walkway to 

the cen:'Gx·e.l, '(;O'WI<2X'11 ru"ad locat,OO, midi/my aJ..ong the upstream face moved upstream 

about 10 :f~6lG 0 
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Fig. 27 Lower San Fernando Dam, February 21, 1973 following the 
February 9, 1971 earthquake 
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According to the previous analysis, some of the hydraulic fill shell 

material. on the downstream side of the dam also liquefied, but no serious 

movements developed, pres~bly becau~e of the large downstream berm of 

stronger compacted materiale 

Two seisMoBcopes were located at the Lower San Fernando Damo One 

instrttttl.ent was located on -the eas·1.; abutrnent !.I.ear the top of Fig.. ';!7. The 

other was located near the center of the d8.rtl, the crest which participated 

in the major slide movements. It slipped below the water level, and came 

to rest badly tilted, but was recovered atter the water level bad subsided. 

Both instruments wrote very good records which are rep-Deduced on Fig. 29. 

As mentioned previously, Scott (27) has converted the abutment record into 

a time history accelerogram which was used in the seismic analyses of these 

dams. The crest record has not yet been analyzed in this fashion. However, 

even without detailed analyses, the two records illustra.te at least one 

important point related to this study. Both records show a considerable 

amount of strong motion, extending over: a. fairly long period of time. It 

appears that the instrument on the crest fUnctioned about as long as that 

on the abutment, during which tIi:.me several major excursions were recorded 

by each. These observations indicate that the dam remained intact throughout 

the strong earthquake motions and it was only after the major shaking had 

subsided that the large permanent sliding deformations occurred to put the 

crest instrument out of service. 

This conclusion is also corroborated by testimony of the caretaker who 

came to the crest of the dam within about 5 minutes following the shaking. 

He observed. no significMt wave a.ction, which wouJ.d indicate that the failed 

portion of the dam must have slipped slowly and steadily into the water 

over a period of time much longer than the 10 to 15 seconds of strong shaking. 
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It will be recalled that the formulation of the permanent deformation 

anaJ.yses method used herein is in good agreement with this observed behavior. 

The effect of the seismic disturbance is to weaken the BOU, and the 

resulting permanent deformations are due to the steady gravity and water 

load forces acting on the weakened structure. 

Unfortunately, as mentioned previously, the finite element method 

used cannot accurately accommodate a structure after it has broken up or 

undergone excessively large strains. Therefore, it cannot be expected that 

the caJ.cula.ted defomations tor this dam would agree well with the final. 

surveyed locations of the many broken. pieces of the actual dam following 

the slide. However, if it is to be u,seful the method should predict large 

enough intact deformations for this dam that a designer would be concerned 

that it might break up. 

The finite element grid used for these analyses is shown on Fig. 30, 

aJ.ong with a sketch showing the various material zones. The properties of 

the different materials used on the analyses of this dam are described in 

Appendix I. 

The first calculations were made using the Scott record converted from 

the seismoscope with a maximum acceleration of 0.56g. The calculated 

permanent deformations at the crest were 5 ~eet vertical settlement and 2 feet 

horizontal movement upstream. This amount of movement in a 130 foot high 

embankment occurring immediately following the earthquake would probabl y 

have been sufficient to signal a warning of possible cracking in the shell 

which would lead to escape of some internal liquefied soil and subsequent 

fUrther deformations. 

As discussed for the Upper dam, it was felt that the earthquake 

accelerations and corresponding seismic stresses could have been 20 percent 
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larger than those corresponding to ~ = OG56go For this reason, a 

second permanent deformation analysis was made using seismic shear stresses 

20 percent larger& In this case, the calculated permanent deformation of 

the crest amow.'):ted to 12 feet vertical ~~ttlement and 5 feet horizontal 

movement upstream.. This 8JrDunt of cMctUated crest movement would have 

e.l1nost certainly signaled potential tx"Ouole hOO the results been a,vailable 

prior to the earthquake. 

A summary of the calculated permAnent movements for the crest as 

described a.bove and for two other t~pieaJ. nodal points is shown on Fig. 31-

The permanent calculated deformation.s a.t all nodal points are shown on Fig. 32 

in relation to their pre-earthquake positthons. The same scaJ.e is used for 

the movements as for the basic drawing. It is noted tha.t the sense of the 

movements is the same a.s the actual displacements which were observed; 

horizontal upstream, settlement at the crest and bulging on the upstream 

face with virtually no movement in the downstream portion of the dam. The 

magnitude of the calculated movements are somewhat less than actually 

observed, but this is to be expected since the finite element program 

cannot handle ca.ses where the soU beeaks up into pieces, flows, or Slides 

along thin shear zones. Nevertheless, the magnitude of the calculated 

movements (12 feet on the surface a.nd 20 feet in the interior) are large 

enough to signal. the probability that some break up and further sliding 

may take place 0 

Hebgen Dam 

The Hebgen dam was damaged dur:i.ng the August 17, 1959 Montana earth­

quake. The general ef'f'ects of this earthquake and the behavior of this 

dam in particular have been,;deseribE!d by $everaJ. investigators, but a 
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Lower San Fernando Dam 

Simulated 20 Analysis 

Calculated Seismic T X'l 

Seismic Txy = 1.2 Calc, Txy 

NP.No 66 

~ 
94 

o=15L-____ L-____ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 
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FIG.31 EFFECT OF BASE ACCELERATION ON PERMANENT HORIZONTAL 

DEFORMATIONS. 
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detailed e~iamic analy~is of the dmm l1as never been made. 

l'he earthqua.k.e vraB located :in a. :mounta.inous area. of South Western 

~~ntana near Yellowstone Na.tional Park~ Early reports give the magnitude 

of the 8a:l"thqllf.ike ail 7 ~1, but later repo:l.'ts ( 37, 39. ) give values 

of 1.5 to 7 @ 8e 8eve:ee f3haking occ'lJi.Xred in the epicentraJ. area. for which 

maxi..m:i;un i'V1M intens:.tties of' 'VII to X w'ere a.ssigned. The earthqnake was 

accompanied by exte:!1sive and major wl"tical faulting. One 6 foot vertical 

fault Se8X1' !,iaa~ed within less than 1000 :eeet of the east abutment of the 

dam. There 't'ffi..S considerable regional and local tectonic: movement in the 

area e Sux-veyg ;L''':uti.cated that the entire dam dropped about 10 feet. The 

bedrock in the area "laS quite severly warped. The north shore of the 

reservoir went dOlm a.bout 19 feet wh:Ue the south shore rose about 9 feet 0 

The earthquake caused numerous landslides in the reservoir and 

mountainous area.s~ The most spectacular was a 3 million cu. yd. rock 

slide which completely blocked the Madison River about 7 miles below the 

dam. The sl.ide debris formed a. 200 ft. natural dam,· which_ after ~ some 

subsequent reshaping by construction equipment,. still.remains.as a. dam across 

the :eiver" 

In addition to the landslides and faulting, a Seich was set up in 

the Hebgen Lcl~e resel~ir. This Beich sent a flow of water over the 

Hebgen dam 4 times at about 1.0 to 15 minute intervals ~ The first and 

maximum wave lW,S about 4 feet above the crest of the dam.. Several. strong 

motion instruments recorded the main shock of the earthquake, but none of 

them were located in the epicentral area. where the dam and other areas of 

majol' damage W'el~e located. The closest instrument was located at Bozeman, 

Montana, some 59 miles from the epicenter, and it recorded a maximum 

horizontal acceler~tion of' only 0.068g. Maximum recorded accelerations 
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-ror this and other more di~tant st,at,ioXls are presented on Fig. 7)) along 

with the 1iml.ts for thismagni tude earthquake suggested by Schnabel and 

Seed ( 23). These limit lines appear to bracket the observed data rather 

well, and auggest that at the dam site~aome 12 miles epicentral distance~ 

the maximum horizontal accele~tion wa3 probably in the range of 0.3 to 

0.5 g. The seiamic response ana1YI~es ~4hich were made of' this (l...am fOI' 

the study reported herein U$i'i."!G; the Taft 1952 earthquake strong lOOtion records 

sealed to give a :maximum horizontal accelsrati,on of' O. 4g. 

The Hebgen dam is &1 old earth and rockfill structure with a central 

concrete core wall, built in the period 1909 to 1914. The dam rises to a 

maximum height:',of about 80 feet above the na.tural soil foundatione A 

photograph and several cross section sketches of the dam are shown in Figs. 33 

and 34. The dam embankment was cons'l;ructed on a gravelly soil foundation 

of variable thickness, but the concrete core wall extends through this 

founda.tion soil and is keyed into the bedrock all across the length of the 

dam. 

The concrete core will was a~rently quite effective in stopping. 

Water level. measurements made over. the years in open stand pipe type 

piezometers wi thin the fill indicateci that the water level in the fill 

downstream was about at the elevation of the top of the loose rock fill shown 

in Fig. 34e 

In addition to the general subsidence and regional warping due to 

tectonic movements, the dam was also damaged on a local basis. Although it 

was overtopped 4 times by waves from the Seich set up in the reservoir, 

the erosion caused by this overtopping llaS surprisingly small. Photographs 

show grass and vegetation still growj~g on this soil over the exposed core 

waJ.l follOwing the wave action. However the embankment fill settled 
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(K. V. Steinbrugge photo) 
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f¥ignif'i~~tly w.d raOlr1e! 113;tiel'l1l bulging also occurred. The core wall. was 

cracked in several places and moved la:!;e:t'a.l.ly at the crest by amounts 

rangLl'llg t');om about 0 to 1. foot dO"l'IDlStream at sta.. 4 + 00 to '"( +- 50, and 

upstream by ~bo~.'i.t 0 too 2 :feet at Sta. 7 + 50 to StaG 9 + 00. As indicated 

:i.n l"ig 0 33" li <che 'ife£·ti(~al settlement at the crest by the core wall was 

gx'eatex' (by 2 to ::5 t:i1lles) ups-'Gream as compared to downstream of' the core 

·';TaD." Sead ( 37 ) tttt'ributes most of the dCl(mstream settlement to 

compaction of the embankment fill whereas he attributes t~e greater upstream 

settlement to a combination of compaction and lateral spreading. The 

amount of' vertical. settlement ranges up to about 6 percent on the downstream 

side and up to 8 percent on the upstream side. Compared with the magnitudes 

of conrpaction due to seismic loading reported by Lee and Albaisa ( 35 ), 

~nd by Silver and Seed ( 36 ) (generally much less than 0.5 percent) it seems 

to this writer that movements on both sides of the core wall are probably 

due more to shear deformations than to compaction. 

An interesting observation is reported by Steinbrugge and Cloud ( 38) 

i,n connection with the observed subsidence of the fill next to the concrete 

core waJ.L On page 216 of' their report they state "Mre George Hungerford, 

who harl observed the event, replied to the authors inquiry (about the 

3ubsidence) by stating~ -When I first arrived at the dam there was very 

little if' any settlement of the eartMill on either side of the core wail,. 

although there was a separation of the eartMill and the spillway'. 

The U060 Forest Service report, 'Hebgen Lake, Madison River, Earthquake 

Diaster'3 which was prepared shortly after the event, concludes that the 

earth settling at the dam occurred more than ~ hour after the principal 

shock II • Howev"t!l' Steinbrugge and Cloud also report that 1I "strong contrary 

opinion holds that the .earth settlement occurred simultaneously, or nearly 



92 

SOl , with the principal earthquake @ Ii To this wt'i t.er, a delayed settlement 

appears to be legical and consistent. If the settlement were associated 

with build up of excess pore presaures~ especially in the upstream portien, 

it would take a. finite amount of time foy: these to disSipate;J and during 

this periea. of pore pressu:re s~abilization$ volume change and shee,x 

defermations could be expected. 

Little is known about the soils. in the foundation or the embankment 

fill other than the simple descriptions given in Fig. 34: ie. earthfill 

upstream; loose rock fill, and earth and rock fill downstream.. It was 

presumed that because of the era in which the dam was built the soil 

in the embankment was probably not compacted to a particular dense state & 

Furthermore to avoid having to estimate soil properties for the foundation, 

the section with the least foundation 80il was used for analysis, Sta. 5 + 00, 

and the sma.ll thickness of foundation soil at this section was neglected 

in that the properties were assumed to be the same as assumed for the 

overlying embankment soil. 

Because the concrete core was fairly thin, and not particularly 

bonded to the soil, it was treated as if it were a soil in the finite 

element stress analyses. If it had been treated as concrete, the stiffnesses 

of the concrete elements would have been significantly greater than the 

adjacent soil elements. Unless appropriate boundary elements had been 

placed between the soil and the concrete, the soil would have hung upon the 

core. 

Some calculations were attempted with boundary elements in the form of 

very short bars, but even with double precision on the IBM 360-91 computer 

(15 significant figures) the results of the gravity stresses did not appear 

to be correcto Ghabaussi, Wilson and Isenberg ( 34 ) have pointed out 
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p:molems of this natU:N-3< can be eJ<:pliijcted f:cc}J'Il using this type of a boundary 

element, and have suggested another formulation to overcome these numerical 

difficulties. However, for the studies performed ~erein, the concrete 

was treat;ed as aoil throughout the analysis. Then finally, when reporting 

the end result':3 ~ nodal. points in the concrete elements were a.ssumed to have 

suf'!'ered zero vertical displacement. 

A sketch of the He'bgen dam showing the three major soil zones a.ssumed 

fo];' the analysis is presented in }!'ig 0 35, along with an outline of the 

finite element grid that was used. The properties of the soils in the 

different zones are summarized in Table I-ll. These properties were estimated 

from the trends presented in Appendix I, a:fter first estima:ting appropriate 

values for relative density for the different soils. The rockfill was 

assigned a higher relative density than the earthfill. No laboratory test 

data was available for rockfill materiaJ., but it was felt that for equivalent 

method of placement :rockfill material.would probably be somewhat stronger 

and stiffer and resistant to seismic deformations than earthfill. 

The resul.ts of the permanent deformation calculations are shown in 

Fig. 34, where they ruay' be readily' compared with the observed deformations$ 

Compared to the scaJ.e of the dam, the deformations drawn to scale appear 

smal.l ll which of course they were 0 At this section the observed crest 

settlements were 30'{ ft. on the upstream side of the concrete core wall and 

109ft. on the downstream side e The corresponding calculated vertical 

movements at these two locations were each 2.1 ft. Movements at other 

locations al.ong the faces of the dam are shown in Fig.34,. In all cases the 

agreement is remarkably good. If the analysis had included a provision for 

some volume change d.ue to cyclic loading, the calculated vertical settle­

ments might have been slightly greater, but probably still close to the 

observed movements. 
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At this section, Sta. 5 + OO~ the crest was observed to move downstream 

about L9 ft. whereas the calculated horizontal. movement was about 0.7 ft. 

upstreame This is the only case atudied where the direction of the cal­

culated horizontal movement did not agree with the observat;1,on. Recalling 

that the concrete core was neglected in the analysis, and that the analysia 

waS plane strain whereas the actual structure couJ.d have been aI"'f'ccted by 

some lateral forces$ this single alight discrepancy does not seem to be 

Si~1ificant. Calculated hori~ontal movements at other points along the 

face of the dam appear consistent with the observed profile measured after 

the earthq'tll3.ke. 

Su:mma.ry Conment on Results, Assumptions and Limitations 

Currently used methods of seismic stability anaJ.ysis of earth embank­

ments and slopes are based on equilibrium considerations. The shear stresses 

induced during the earthquake are compared to the soil strength under cyclic 

load conditions to obtain a factor of safety. The cyclic loading strength 

of the soil is obtained from the pulsating stress which produces a certain 

preselected amount of strain in a laboratory test specimen. Unfortunately, 

there is no Simple relation between strain in an isolated laboratory sample 

and deformation of an element of soil surrounded by and connected to other 

elements of soil which have different seismic response chara.cteristics. Thus ~ 

although the equilibrium methods of anaJ.yses can indicate which zones of the 

embankment become overstressed from the effect of the earthquake, they 

cannot lead. to more than a qualitative guess at the nature or magnitude of 

the permanent deformations which may result therefromo 

The study presented herein was conceived a.s a step toward filling this 

gap by developing an approach for calculating the permanent deformations which 
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may resUlt in an earth embankment OT slope subjected to a seismic disturbance. 

The method described herein is intended only as a suggested first step 

towards the solution of this very difficult and complicated problem. The 

overall objective in this stage of the development was to obtain a realistic 

and workable method which was sophisticated enough to take into account 

the apparent most important factors related to the problem, usefully accurate 

and yet s:i.mpl.e enough that it couJ.d be used in sol.ving practical problems with 

todays I technology and limitations. 

To meet these objectives simultaneously, it was necessary to make many 

simplifying assumptions, and to use 'theories and techniques which may very 

likely be superseded in the future. To illustrate the method and its ability 

to calculate permanent deformations resulting from earthquakes, five case 

histories were studied where in-service earth dams had been subjected to 

strong seismic shaking and had suf:f'e:red various amounts of permanent defor ... 

mation including settlement, signifilC!ant cracking and complete failure. 

The overall results of these five case studies are summarized in Table 8 along 

with the observed movements and a few explanatory comments. Reference to 
, 

the data in Table 8, and to the complete data presented in the foregoing 

pages, leads to the following general observat~ons concerning the ability 
I 

of the suggested method to predict permanent deformations. 

1. The method correctly predic'lied the direction of movement 0 The only 

exception was the very smal.t horizontal deformation at the crest of 

the core wall. of the Hebgen dam which at the section studied was 

predicted to move slightl.y downstream but measured to move slightly 

upstream. Predicted movements at other points on this dam were 

in good agreement with obse:Y.'V'ed movements. It is especially noted 

that the method correctly predicted that the crest of the upper 
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San Fernando Dam moved downstream and that the crest of the Lower 

San Fernando Dam moved. upstream. 

2. The method overpredicted the movements at the Dry Canyon Dam 

which were very sm.a.ll, and caused mmor ~e compa,red with the 

other dams studied. Although no fie~d measurements were possible 

a.t the Sheffield Damj) which failed, it would appear that the method 

correctly predicted the magnitude of those movements. At the two 

san Fernando Dams the method underpredicted the observed movements, 

but it is noted that much larger movements were predicted for the 

Lower Dam than for the Upper Dam which is in agreement with the 

observation $ Movements a.t 'these two dams involved extensive brea.king 

up and sliding al.ong thin shear zones, which is beyond the ca.paci ty 

of the method to handle. Movements at the Hebgen dam, which invo~ ved 

lOOstly crest settlement and lateral. bulging along the slopes, were 

correctly predicted. 

3. The method requires an intejgral. structure, and cannot handle field 

problems involving brea.k-ilp into pieces and subsequent large flow 

or shearing movements. Some of the discrepancies noted above 

involved this type of field lOOvements. However, in these cases, the 

method did predict movements which were large enough to suggest 

that shearing or brea.k-up might logically develop as a result. 

4. The parametric studies conducted in connection with some of the 

cases demonstrated that reasonable variations in the assumed basic 

input data could lead to significant changes in the computed results 

to narrow the gap between observed and computed movements. This is 

especially significant for the assumed input notion, where reason­

able variations in assumed maximum acceleration for a single earth-
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quake can lead to comparatively very large variations in calculated 

movements. 

Because of the dependency of the method on the basic assumptions, it is 

appropriate at this point to comment somewhat on the important assumptions 

and limitations in this suggested method. The basic assumptions lI1ay be 

classified in two major categor~es; analytical approach and input data. 

Some assumptions in the analytical approach include: 

(i) Pre-earthquake stresses. 

(ii) Solution of load. stiffness equations by double gravity-turn-on 

method. 

(iii) Shear stress distribution on 'horizontal planes. 

(iv) 2-D va. l-D Seismic response calculations. 

Some assumptions in the input data include: 

(v) Input base accelerations. 

(vi) Soil properties - canputer storage of lab test data. 

(vii) Soil properties - stiff and partially saturated soils. 

The effects of these assumptions are discussed below. 

(i) Pre-earthquake Stresses - The pre-earthquake stresses at various 

locations within the embankment were determined by a finite element procedure 

which included dead weight plus steady state seepage forces. For these 

studies a linear elastic gravity-turn-on program was used although it was 

recognized that non-linear incremental programs are available. Conceptually, 

a non-linear incremental method. would seem to be better, but as first pointed 

out by Clough and Woodward. (25) and as shown by one example presented on 

Fig. 15 herein, the calculated distribution of internal stresses does not 

appear to be greatly dependent on whether a linear or a non-linear method was 

used for the calculations. For hydraulic fill structures, which included 
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three of the five da.ms studiedj) there is some question as to whether the 

incremental loading used in the non·linear method is a Significantly more 

realistic approximation to the actual. construction stress paths than the 

simple gra,vity-turn=on,.) It i3 unl,ikely that in the field, each 1e.yer of' 

soil was cOInpletely consol:lda,ted bef'ore the next layer was placed& Judging 

by the example on :i!4igc 15 and by other s:bni1:?x studies) it was felt that 

while some refinement is ~larranted in caJ~culations of pre-esxthquake stresses tJ 

these improvements are not likely to have a m3jor effect on the accuracy of 

the calculated post-earthquake permanent deformations$ 

(ii) Solution of Load-Stiffness Equations by DOUble Gravity-Turn-On Method 

The suggested method for calculating earthquake induced deformations assumes 

that the deformations can be treated. as though they followed immediately 

after the earthquake, as a result of a softening in the materlaJ. 'due to the 

effect of seisw.c Shaking. After the soll has thus been softened by tre 

earthquake, the movements are a.ssumed to be caused by readjustment to equili­

brium under static gravity loading. For the ca.se of loose saturated materials 

such as found in hydraulic fill dams, the a.ctuaJ. behavior may be very close 

to this ideal simulation~ For example, the seismoscope records at the 

Lower San Fernando dam indicate that the major movements there took place 

after the major shaking had subsided. Similarily, an eye witness account at 

the Hebgen dam stated that the mOvenl.ents took place more than one-half hour 

after the earthquake. For well-compacted dams, this analogy may not be quite 

so appropriate and the major movements may take place simultaneous with 

the strong shaking. However, the theory used in converting laboratory test 

data to field predictions assumes no difference whether the movements occur 

during or immediately after the shaking. More data and comparisons are 

required for the behavior of well co.mpacted dams during earthquakes to see 

how well the theory and field experience agrees. 
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J:n the N:ri:i.;ey.'".; ()pinion a far m.ore significant aspect is the fa.ct 

that in its p~esent form the finite element program used to compute the 

post-earthqoo.ke deformations makes use of small strain theory with a smooth 

distribution 'Of ::rGrains across each element, and continuity of deformations 

excessively la:rge deforruations~ or My type of break~up or local failure 

and conc8~xtl'<:~';;ion of' movement along some preV'iously undefined zone of sliding. 

SOllie imy.N)YeJ.I:t'snts could be made. The small strain limitation could 

be gres;tly relaxed by making progressive deformation ca.1culations at the 

end of succ:e~siv€ ~GiYl1e interve.l..s during the strong shaking. The nodal point 

po~it1on~ could then be adjusted along with a change in material properties 

to be compatible with the permanent deformations which developed up to the 

end of that time step, and this process repeated until the end of shaking. 

This would still not aJ.l.ow for a break-up or shearing action as observed in 

the fiel.d with £lome of the dams. The writer feels that this refinement to 

a step by step analysis would not significantly improve the accuracy unless 

it was reasonably certain that the dam would not crack or shear significantly~ 

A method or" analysis which can first predict the time of formation 

and location of a craUk or shear zone, and then follow the shearing sliding 

or flowing type of' dei'ormationa after the cracks have formed would appear 

to be well into the future, requiring major a.dvances both with regard to 

knowledge of :material properties a.s well as new developments in analytical 

formulations. 

(iii) Shear~Stress_Distribution on HoriZontal Planes - Like the 

finite element equilibri~m method from which this displa.cement method was 

derived, the Significant effect of the earthquake is assumed to be in 

causing cyclic shear stress on horizontal planes. Other components of the 
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cycl.ic stress are ignored, and the s,oil def'o::r:'1llation properties ere "ba.sed 

on laboratory tests which attempt to simulate only this cyclic stress effect. 

More work is required both analytieally and experimenta.11y to investigate 

the va.1id.ity of the assumptions inhe:re1'1t in this method. For e:x:a.nu>le, it 

is not yet completely established that for embankments the horizontal 

component of shear stress is the mos't significant, and little work has been 

done to date to investigate the significance of other components. 

(iv) ~-DVersus l-D Seismic ResP2nse Calculations - MOst previous 

seismic stability a.na.lyses have used the results of a l-D (horizontal. base 

acceleration) response analysis to calculate the distribution of seismc 

shear stresses. This study also mainly used the l-D method especially for 

the first calculations. The results of one comparative study asing both 

l-D and 2-D acceleration input indicated that the 2-D method computed shear 

stresses about 13 percent greater than the l-D method. On this basis the 

seismic stresses for the early l-D calculations were increased by 13 

percent for use in the permanent defomnation analyses. More work is 

required to determine the effect of the vertical component of acceleration 

on the seiSmic shear stresses a.nd pe:rmanent deformations. 

( v) Input Base Accelerations ., Mention has already been made of the 

use of 2-D versus l-D input base acc:elerations. Little attention has been 

given thus far to the nature of the vertical component of the accelerations. 

Serious use of the vertical component must also imply serious considerations 

of the basic data to be assured that it is as realistic as the horizontal 

component. 

Data presented by Housner (28) Duke, et ale (22) or Seed and his 

colleagues (29) of maximum recorded acceleration versus distance invariably 

show a wide scatter. Even data for rock accelerations, for the same earth-
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qiw..'ke rsn0'v'; '\';he sartl€! scatt;er" Thus, a selection ot a. base :motion for purposes 

of analysis must recognize a oonsiderable amount of uncertainty as reflected 

by the ~J.ide scatter in the recorded accelerations from strong earthquakeso 

This was partially taken into account in the foregoing analysis, which 

shovred tl.1t:G b€yo:nd. a ce:l'tain va1.ue of accelera.ti,on~ the calculated permanent 

dei'or:ma;/Jion appeared to 'be quite ;sensitive to increases in base acceleration. 

By trueing 'base accelera'tion values w'i thin the range of scatter of the recorded 

datajl it -vras shown that permanent deto:rma.tions could be calculated which was 

reasonabJ:.r close to the observed movements (large flow and shear movements 

excluded). 

Reliable knowledge of the input earthquake motion appears to be the 

single most important fac·tor in 8¥IY seismic stability analysis. The seismic 

stresses and the resulting permanent deformations are significantly sen­

sitive to the input motion, even within the range of scatter of the recorded 

data for a particular case. Furthermore, to this writer, it does not seem 

likely that future recorded data will soon narrow the range of uncertainty 

in the expected ~un base accelerations for a particular site. Therefore, 

it is suggested that :COl' design purposes of important structures such as 

earth dams -in popu1ated areas, the upper limit of possible ground accelerations 

li1Ust be used "(;0 define the input motion. 

(vi) Soil Proper;ties - Computer StorMe of Lab~Test Data - To store 

the soil test data in the computer for calculating the soil properties 

corresponding to the stresses at each element, it was necessary to make some 

simplifying assumptions as to the variation with stress conditions. Plotting 

the data to double log scaJ.es lead to approximate straight lines in many 

cases, which were easy to describe analyticaJ.l.y 0 Unfortunately, small 

variations in the position of data points on a log-log plot may lead. to a 
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large numerical variat:lon when the besi. fit line is extrapolated to a new 

condition beyond the data. Further work wouJ.d appear to be in order in 

checking and improving the method of formulating the lab data for storage 

in the computer. 

( vii) Soil, I::t"opert.i~s :. !~;!iiff ~d Parti!¥J.z.. Saturated Soils - The 

laboratory test data used for these analyses was taken from previous studies 

of the same dams. The previous studies had concentra.ted on evaluating the 

known weaker So ils to see if they co,Uld have liquefied or developed large 

strain potentials due to the particular earthquake. The results of some 

tests on the clay core for the upper San Fernando Dam became available toward 

the end of these studies, but no test da.ta for other clays has been obtained. 

Furthermore, there is no test data for the stiff compacted Soils of the type 

used in the more recently placed zones of the dams studied, and there was 

no data from any tests on a:n.y part1aJ.ly saturated soils above the water 

table. Data for these soils required in the computer analyses were obtained 

by extrapolations from the known tes'!:; data as described in Appendix I. 

This is a rather weak. point in ·the analyses. The elements must remain 

continuous. Therefore, a st~ outer shell of elements can severly limit 

the calculated deformations of the dl3Jll, even though the internaJ. elements 

are composed of liquefied soil. Comliderable more work is required to develop 

appropriate testing methods and obtain representative data for tl\e seismic 

deformation behavior of partially Saiii'll%"&ted and other relatively stiff 

soils which make up a significant pa.J."t of a typical earth dam. 

Conclusions 

A method has been suggested for calculating the permanent deformations 

induced in an earth dam embankment, E!lDbankment or cut slope due to an earth-
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quake ~ The :ru~thod has been \Wed to ea.1.cula.te the def'ol."ll'la.tions of fi va old 

earth da;ms which suf'tered various known amcmnts of deformations during 

earthquakes in the past. In sJ.1 cases the direction of the ca.lculated 

displacements agreed. with the obi:lerved direction of the movements; vertically 

up or timift2 ~..i:;d ho::dzontully 'u::!?~tX'ea;1ll or downstream" The calculated m.agni~ 

tudes of the mo~ents W€~e found to be sensitive to parameters for which 

values could not be specified exactly. At different dams these parameters 

i..."1cluded properties of' strong compacted or partia.l1y saturated materiaJ.s lJ 

maximum base acceleration and position of the freatic surface. However, 

reasonable ass~ions for these parameters led to fair agreement between 

the calculated and the observed post-earthquake permanent deformations. 

The suggested method utilizes finite element analyses which is based 

on sma.ll strain theory and an intact structure • At three of the dams, the 

embankment cracked, sheared or flowed extensively as a resu1t of the earth­

quake ~ These types of movements beyond the., point of break-up, cannot be 

handled by the suggested anal.ytical method and therefore ~ it is not sur­

prising that where shearing or break-up occurred, the observed final positions 

of particular points wel'e larger than were calculated. However, the relative 

order of magnitude of the calcula.ted movements agreed with the observed 

l"elati w diS"'placements from one dam to the next, and were large enough 

to suggeat the possibility of cra.ckt'i.ng and break-up for the. more brittle 

outer shall zones~ 

In conclusion, it must be re-emphasized that the suggested method is 

intended on1.y as a step and expl.oration towards the finaJ. solution to the 

complicated problem of earthquake induced permanent deformations in earth 

structures.. As stated above, the method is limited analytically in its 

present form by not being a.ble to handle cracking, shea.ring or flowing 
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movements. It is limited on a phySical input oasis concerning the exact 

base motion, especially the maximum acceleration, and by insufficient 

knowledge concerning the deforma.td.on behavior of stiff and brittle soils 

and partially sat~ted soil under ~SClic loading as applied to the emban~ent 

problem. 

Looking to the future, there aria '!iWJ.y studies which can be made to 

revise and improve the method. Hm1'EfI,rer, until such time as the input data 

such as knowledge of soil properties in's.1l. parts of the dam, freatic surface 

and ba.se accelerations are known with considerably more precision than at 

present, some discrepancies must ~e expected between the observed and the 

calculated movements from case history studies. However, since only by 

conducting such case histElry studies can the reliability of any proposed 

analytical method be established, more such studies are encouraged. 

In this regard, the five dams which were studied were e.ll old and of 

inferior construction by toda;ys I stallde.rds. Case history studies of more 

modern d..a.ms with stronger soil and better available input data are urgently 

required a.s a. guide to extending pro]tosed \ methods such as the one described 

herein to use in designing modern earth structures. 
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APPENDIX I 

Permanent Deformation Parameters From Cyclic Load Triaxial Tests 

t.1}.ust~'!Iive }';mm,ple -~Di7 C~Dam Soi1$ Derin.tion of the 

pel"mEl.nent defol".lll9.tion pa.re,meters from cyclic load triaxial tests is illus'~ , 

trll.ted for data obtained from remolded samples of hydraulic till from the 

core of the Dl";r Canyon Dam (16)0 Data. perlaining to other soils are 

presented in summary torm hereaiterQ A listing of the soils stUdied along 

with the general classifica.tion data and reference to the original test 

da.ta is shown in Table 1-1.. 

p'ige $ 3 and 4 in the main body ot the text illustrate the nature of 

problem tor which the permanent deformation soil parameters are required. 

Figa 3 illustrates the recorded data. from e. typical triaxial test on a. 

sample of soU, a.nisotropically consolidated and cyclicly loaded und.re.ined 

to simulate the pre-earthquake and earthquake stress conditions a.t a. part­

icular element of soil within au embankment. The recorded a.ccumul.a.ti ve 
,"- - - - - -- --

strains (*) for each cycle are conveniently studied after replotting as shown 

on Fig$ 4. The results ot four tests are shown together in the same figure 

to illustrate the general effect ot different cyclic stress levels. 

The instrument used to reoord the axial deformations shown on rig. 3 

"Irati set to record large strains, but 'WaS not sensitive to small deformations. 

However, it is a simple matter to set the instrument to a. higher sensitivity, 

and thus record the small strains under low cyclic stresses. The results 

ot a. aeries of' sueh teats "in:wb1oJa both small and large strains were recorded 

simultaneously on two d1fierent instruments are presented on Fig. 1-1 and 

Fig 0 1-2. It is noted that the general shape of the curves are similar for 

both sme.ll and large strains, the only dit.ference being the scale used for 

plotting the data. 

(*) In this study cyclic strains a~e defined as follows: For Kc = 1.0 e,= ~ 
peak to peak strain amplitude; For Kc 1.0 c,= compressive strain amplitume. 

. - ~..---) 

(:~~~ 
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From these two sets of" data i ij is a straigh-c forward matter to 

obtain a cross plot as shmTn on Fig. 1-3 which presents the cyclic 

stress conditions required to produce any amount of strain. This figUre 

is similal' to Fig ~ 4 in the main text ~ and in feet was derived from the 

Although it has been found convenient to use semi-log paper to plot 

t.he data tor visual presentation, because the data points do not generally 

form straight lines, "Chj.s form of presentation is not particularly useful 

in formulating parameters for storage in a computer. It has been found, 

however~ that curves such as shovnl on Fig. I-3 will form. straight lines on 

log-log paper. Thus the data of Fig. 1-3 is shown replotted to double 

log scales on Fig. 1-4a. 

Anyone of the data lines on Fig. I-4 can be expressed by an intercept 

C1 and a slope Sl according to the following equation: 

C5 dp (I-l) 

Because most of the test data, and the eventual extrapolation to the field 

will be associated with N in the range about 5 ... 30, it was felt appropriate 

to select the intercept Cl at 10 cycles so as to minimize errors involved in 

extrapolating to other N values in the solution of realistic earthquake 

problems. The intercept Cl has the same dimensions as C5 dp. 

Examination of the several lines on Fig. 1-4 indicate that they all 

have approximately the same slope Sl. This has been found to be approx-

imately true for all other sets of' data exa.mined. In fact, as will be shown 

later on" the same val.ue of Sl appears to be approximately valid for all 

data pertaining to one soil at one density, and not just to a particular 

consolidation condition as shown on Fig. I-4. Thus the slope Sl becomes a 

.. r;;; .... 
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key parameter in the computer storage of the permanent deformation test 

data. It is a dimensionless parameter. 

It is now necessary to find a way of relating the pa.r8Jneter Cl to 

the initial consolidation stress conditions, so that data of th,e foxin shown 

by Fig, 1-4 or 1-3, or Fig. 4 in the main text can be reproduced at will in 

'the computer for any element in the embankmentQ Therefore~ the next step 

is to plot the intercept Cl versus the percent axial strain E: 1 as shown 

on Fig. I-4b. Plotted to double log scales, this data also approximates 

a straight line defined by the equation: 

(1-2) 

where Sl is the slope and Cl is the intercept at E: 1 :::: 10 percent axial. 

strain. The 10 percent val.ue was selected for these studies beca.use it 

was felt that m.a.ny of the calculation.s would involve strains of about this 

magnitude. It would be a simple matter to use another intercept, and for 

design purposes with modern dams where only low strains are to be expected, 

an intercept of say 1 percent may be more appropriate. 

Laboratory test data for other series of tests on samples of this 

same soil consolidated to different stress conditions were also plotted 

as shown on Fig. 1-3 and 1-4, and the corresponding parameters 81' Cl , and S2 

were determined. These are summarized in Table 1-2. 

Exa.miruing the data on Table I-2, as well as similar data from other 

soils, the following trends were obsElrved: 

(i) The val.ues of 61 appeared to have no defined trend with respect 
to consolidation pressure, but with a few exceptional excursions 
they appeared to be similar for all cases. Thus, for these 
studies 81 was taken as the a.verage of a.ll values obta.inedo 
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(ii) The values of C2 appeared ·~o vary systematically with consolida­
tion pressure as will be described hereafter. 

(iii) The values of' 82 appeared to be almost independent of Kc , but 
to vary with a 3c as described hereafter. 

To formulate the w.lues of C2 and 82 in terms of consolidation pressure, 

the data were plotted as follows. VaLues of C2 for all cases are plotted 

on Fig. 1-5. For each Kc condition the w.lue of C2 can be represented 

by the equa.tion: 

The data in Fig. I-5 indicate that the intercept C3 = 0 for all cases, 

but for other soils and other conditions this is not alwa,s the case. 

(I-3) 

The variation of the three parameters C3, 8
3 

and 82, with the con­

solidation stress ratio Kc is shown 0:0 Fig. I-6. The general case of 

C3 versus Kc is sho~m on Fig. I-6a, according to the equation: 

The variations of 6
3 

and 62 with Kc are shown on Figs. 1-'b and 1-60 

respectively, according to the equations: 

83 = C5 + 65(Kc - 1) 

62 = C6 + 66(Kc - 1) 

(I-4) 

(1-5) 

(1-6) 

Thus the permanent deformation da:ta for all anisotropic stress condi-

tions for this soU at one density are represented by seven different 

empirical parameters: 61' C4, 84, C5' 65' C6, 86. When these are used 

in Eqs. 1-1 through 1-6, it is possible to compute the permanent axial 

strain £1 at any element defined by the initial consolidation stresses 

a 3c or a 3c and Kc or a , and subjected to a known pulsating deviator 

stress a dp for a known number of cVCles N Q As described in the main text, 

knowing £ l' the corresponding value of pseudo pulsating Young t s modulus 
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(a) 

---------------- (General Case) 

C 3 = C4 + 54 (Kc - I) 

- Dry Canyon Dam, Dr = 50 % 
: C4 = S4 =0 

1.0 1.5 2.0 
Consolidation Stress Rati 0 I Kc 

- O.S y--------------------, 
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(b) 

• 
S3 = C5 + S5 ( Kc- I ) 

C5 =0.42 

S5 = 0.06 

• 

~ OL-____ ~ ____ ~ ____ ~~ ___ ~ ___ ~ 
1.0 1.5 2.0 

Consolidation Stress Ratio, Kc 

" 6.---------------------, z .. O. 
\II (c) 

en J 0.4 

CD 

8- 0.2 en -C\J 

S2 = C6 + 56 (K - I) 

C6 = 0.06 

S6 = 0.26 

~ 0 L-___ ~ ____ -L ___ ~~ ___ ~ ___ ~ 

1.0 1.5 2.0 
Consolidation Stress Ra t i 0, K c 

FIG.I-6. COMPILATION OF PULSATING LOADING DATA, 

DRY CANYON DAM SOIL, Dr ~50o/o 
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Ep is computed from Eq. 1-7. 

(1-7) 

and used in the finite element program in combination with the assumed 

initial values. 

Calculation of ( 1 is conveniently done after some rearrangement of the 

foregoing equations. Substitution of Cl from Eq. I-2 into Eq. I-l and 

rearranging leads to: 

= ( N)- ~~ 
10 llO 

where (1 is the percent axial strain after N cycles of a uniform pulsating 

deviator stress o dp' The values of Sv S2 and C2 are obtained from 

the laboratory test data by wa:y of the equations described above. 

Data From Other Soils 

Following the same procedures described above, cyclic load triaxial test 

data from other soils was similarly analyzed. Table I-3 summarized the 

data measured from undisturbed samples of soil fran three zones of the 

Upper San Fernando Dam; the alluvium foundation, the silty sandy hydmulic 

fill shell, and the hydraulic fill cla:y core. Data from similar undisturbed 

samples taken from the Lower San Fernando Dam are presented on Table 1-4. 

Unfortunately, the available data from the previous study of the Sheffield 

Dam was not sufficient to determine the parameters for that soil. 

The data. from the Dry Canyon and the two San Fernando Dams were each 

obtained at a limited number of relative densities. In order to provide 

a better baiis for extrapolating to a broader range of relative_densities, 
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1-16 

data from previous tests on Sacramento River sand .. Tare also analyzed. 

These data a.re presented on Table 1-5, and cover a range of relative density 

from 38 to 100 percent. 

A summary of the key parameters for all soils studied is presented in 

Table 1-6. Unfortunately, no data was available for partly saturated 

soils, or ~or well compacted soils other than the clean uniformly grated 

Sacramento River sand. 

Each of the separate parameters from the compilation of data in Table 1-6 

has been plotted versus relative density on Figs. 1-7 through 1-10. This 

compilation summary illustrates What is known of the variation of the 

permanent defor:mation parameters with density. So far as the data extends, 

there appears to be a consistent pattern both in sense and magnitude of 

the values tor the different soils. Some parameters appear to increase, 

same decrease, and some remain approximately constant as the relative 

density increases. 

Using the data and trends as guides, parameters for the Sheffield 

and Hebgen Dam soils were estimated, as well as for the soils in zones of 

the other dams for which data was not available. Data. for the partially 

saturated soils above the water table were obtained by extrapolations 

from Figs. 1-7 through 1-10 assuming the soil behaved as a very dense material. 

The permanent deformation parameters used for the various zones in 

the five dams studied are listed in Tables 1-7 through 1-11. 
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Parnmcters for Vn~lnu~ Soils 
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gpp:l,Y correlation factors to the d.ata before 

:~"j,J cu"l~".iJlatton;L; 'l'hese factors are 0:;; two parts;: 

tal anti Simple Bhe0..r results~ and correlations to 

the 1:'121d ,rl~resB conditions throughout a sample. 

G·' ',:'j(; n:f s1:"md soils and level ground surface where the 

"". 
I ,,::,'~.j t'; ~ 

LC 
::::: 0 

o nt~ 

:(\:.6':;,·::);:'U ])\(,0 2. uingl(j equation to convert pulsating loading 

, ) (II-I) 
lab triax 



1I-2 

The values of 'p or a dp/2 represent the uniform pulsating shear 

stress required to cause failure of an element or sample in the same number 

of cycles. The normal stresses a nc or a 3c represent the effective 

overburden consolidation stress in the field and the effective isotropic 

consolidation stress in the laboratory. The factor Cr is a correlation 

factor; Seed and Peacock have evaluated Cr on a semi-theoretical, semi­

empirical basis for liquefaction of saturated sands. They suggest values of 

Cr with relative density as shown on Table II-l. 

Table II-l 

Cr Values Suggested by Seed and Peacock for Kc = 1.0, a = 0.0 

Dr - percent Cr 

40 0.55 

60 0.60 

70 0065 

80 0.68 

90 0073 

Beyond this information there is little available data on which to 

select, correlation factors for soils such as compacted clays, partially 

saturated soils, or any soils under sloping surfaces which are consolidated 

anisotropically to stress ratios a ~ 000 or Kc .z, 1.0~ '1'hiers and Seed (40 ) 

have presented data which show that for San Francisco Bay mud the cyclic 

simple shear strength is approximately the same as the cyclic triaxial 

strength. 

Seed et ale (6) have presented data for both cyclic simple shear and 

triaxial tests on a silty sand consolidated to similar isotropic and 

slightly anisotropic stress conditions. A summary of the pulsating loading 



II-,3 

'rhe 

8ht~2L' st);a"gthB., In a. 18/r,6r ,rGudy ~ Seed arId Peacock (20) used an improved 

all1lpir.=; ShE!81' ');]JY1'.1Y'atucl an(t also founa, that higher strengths were obtained, 

vlh:tch 1ea6., in palt to the [jelection of the Cr values shown above. 

Returning be.clt to dn:cs. from the early Sheffield Dam study, some tests 

'Vr6};'e also performed on 8.J1:Lsotropi,cally consolidated simple shear and triaxial 

test sl?ecimens using comparable consolidation stress ratios of Kc ::: 1.2 

a =. 0009 for simple shear tests. At this aniso-

tropic consoli<ia,tion stress condition the normal stress on the potential. 

failU:Ce pl,aIl.e (J fC 9 was 8 percent greater than the minor principal stress (J 3c o 

Hesvl:cs oi" ,} iJ8x<tes 0:(" tests at one value of normal. stress for each of 

the': tHO -(:,;Vpea of ';;e;~'(;B d.:n,: shown on J?ig 0 11-20 Again the triaxial. tests 

BIJ;\f3 high;::,:'" ~rt~Bi:lgth8 t.h"Hl the simple shea;c tests. Evaluating these and 

(:~d;ht:n.· (1;;;[,2;, fox' lO cycL,,!$ f1"Om tests at different no:rmal. consolidation 

I3ho'Vrtl on. li'i.go ~C(~'3Q A.lthough the triaxial strengths are greater than the 

stmple ShEd.',,-t' B·Gy.'engtrw~ the dit:rerence is not as great as on Fig. II-l for 

III the orig:Ll1al Sheffield Dam study (6), and in subsequent seismic 

stability' ~i"laJ.;Y13es of dalll~1:;) the comparison of strength to stress under 



0.6 

Sheffield Dam 

E 0.5 
Dr = 40 % 

~ Nf :: I 0 cycles 
0' 

.:JI! 

0. ... 0.4 
!... 
0 

0-

~ C\I 

0.3 
~ 
Q) 
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CJ) 

!... 
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Q) 0.2 .s::. 
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Simple Shear 
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c IX = 0 -0 
(/) 

::J 0.1 a.. 
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tf 
O~ ______ ~ ______ ~ _______ ~ ______ ~ ______ ~ ______ ~ 
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FIG.IT-3.COMPARISON OF PULSATING SHEAR STRESS CAUSING FAILURE 
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It must be recalled that the data on Fig. II-I and Fig. 11-3 were all 

obtained by the early tests on the same liInimpntved simple shear apparatus 

from which Seed and Peacock developed. their Cr factors for Kc = 1.0 con­

ditions. The data on Figs. II-I and 11-3 contain no correction for any 

equipment limitations involved and thus Whatever li.mitations applied to the 

Kc = lo 0 data should also apply to the Kc > 1.0 data as well. 

A summary of this information is presented on Fig. 11-4 showing the 

correlation ratio Cr as a function of Keo The lower curve is defined by 

data from Figs. II-I and 11-3 for three different confining pressures. The 

data are consistent and show an increase in Cr with increasing Kc. The 

upper CUl"V'e passes through the point Cr 0.55 for Kc = 1.0 as defined by 

Seed and. Peacock (20) for the relatiye density of this loose soil. The 

curve then slopes linearly up to a mBlXimum of Cr = 1.0 at Ke = 1.5 which is 

consistent with the Cr values used for the previous equilibrium stability 

analyses using total stresses. The slope of this line is not inconsistent 

wi th the slope of the lower line derj.ved from pulsating stresses only. If 

the intercept at Kc = 1 were moved up to Cr 0.55 to account for limitations 

in laboratory equipment, then it is not inconsistent that the data points at 

KC = 1.2 should also be moved up to t.he vicinity IIlf the upper curve, also 

to account for eq_ipment limitations. 

Unfortunately, this appears to "be the only available comparable data 

between triaxial and simple shear pulsating loading tests on anisotropically 

consolidated samples. Therefore, on the basis of the indications from this 

data, the analyses described in this report used a Cr correlation factor 

which varied with relative density ruld with Kc ratio as follows: 

For Kc = 1.0: Cr versus relative density as given by Seed and Peacock 

(20) and summarized on Table 11 .. 1 0 

:> 'r, \' 1.A~ 
~'. ~ 
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For Kc = 1.5: Cr :: 1.0. 

For intermediate Kc ratios: a linear extrapolation between Kc = 1.0 

and Kc :: 1.5. 

Because of the limited data available especially for Kc > 1.0, for 

clays and for stiff or strong soils, and because Cr has a strong influence 

on the final results» it will be important to obtain more data in future 

studies • 

. 1.44 
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i'lb,::/' Gf lu",u\:/:ing in nil.IYal1ce '\'~hat "tfill be the shape of the stress­
hiB'l;(Ji'Y pI'oduc~d b;)r the most critical future EHr.rthquake 0 Even 

:;:'01' 'c;h,Ci; Z8..11K) lWJ,itimum pea};: acce10!"e.tion" the form of the time history 
~ril1 l:1.ke:Ly 'be d:l.fferent from one earthquake to the next. 

V2d2L:,,'UO!l.:j In (Umens:iom~ a.nd properties of the structure and of 
'c):,s L~,J\:<I{.",djnj,(d; lnt::r(;:i.«(U 'Id:U likely V'l.cr.y during successive stages 
,=yI' the dedp),,! 0 1i::::-wh ehange will probably result -in a di,fferent 
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'c "j;;l),if,:u ,; il/uLem of' UI}il'm;;'1n cy'cles is consistent :for both 'the 
c':~;xcc:H?<rLi:':'L'ln ;)\,d, the strength i'ormu.latlons af the problem 0 

;L£dorill.,,(tion i.:: )'wt;ed for each test 0 A fal1dly oi' three to four 

;:;2('lt,~ on. slmllar sempl.e!) defines the pulsa.ting loading 

,:;tl'Emgth of' tbe so:1.1, to!:' any number of uniform cyclic stresses. To apply 

t,heiJe dd;Gc to 'l;.lJ;" :f:teld it is necessary to convert the actual random stres~ 
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time history into an equivalent number of uniform cycles, Neq of an 

average cyclic stress intensity t av' as illustrated schematically on 

Fig. III-I. 

The conversion from random to uniform cyclic stresses is made on the 

basis that either effect produces the srume response in the sample. In 

other words, the random stress-time history shown en Fig. III~l.a;. would cause 

the same amount of strain in a. soil sample as would the uniform stress-time 

history of Fig. III-lb. On this basis, the two effects are equivalent. 

This concept of t av and Neq has been used for all previous seismic 

stability analyses cited herein. A detailed description of the method used 

to calculate the t av - Neq relationships has also been given by Lee and 

Chan (21), and the results of many calculations have also been presented. 

However, for convenient reference, the method will be briefly sUJnl'lRrized in 

this Appendix, and a few summary comments added. 

In addition to defining the concept of t av - N as stated above, eq 

the calculations also assume that the soil response depends only on the 

magnitude of the many stress pulses which it receives, and not on the order 

in which they come. Thus the total effect of a random distribution of 

cyclic stresses can be calculated by calculating the effect of each cycle 

taken separately, and then adding all. the effects together. 

At present, this is only an assumption, which requires further exper­

imental verification. Ishihara and Yasuda (13) have recently published 

the results of a series of cyclic loading tests on loose saturatod sand from 

Niigata, Japan using a stress-time lrl.story proportional to the accelerogram 

recorded at that city during the destructive earthquake of 1964. The record 

is peculiar in that it consists of a long time history of low level motion 

ending with one large asymmetric cycle which is 60 percent greater on one 

_ 1.46 
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:111-4 

direction than the other. They found that the liquefaction response of 

samples was somewhat dependent on whether the largest stress cycle was 

applied in extension or compression of a pulsating loading triaxial test. 

Further studies of the effect of randsom versus linit'orm intensity cyclic 

los.ding are being planned at. UCLA, but for the present it is assumed that 

the response of the soil is not significantly affected by the order in which 

the random stresses are applied. 

On the basis of these assumptions, the following method is used to c&l-

culate the uniform stress, 'av - Neq equivalence from any given random 

cyclic stress-time history. 

Referring to Fig. 1II-1a, the first step is to select some arbitrary 

value T av less than T max" It is convenient to express this &s a ratio: 

R = 
T av 

, max 
(111-1) 

and to use the same ratio for every element of soU within the structure. 

Convenient values for R range from about 0,65 to 0.85. As described here 

and in the main text, the choiee of R has no significant effect on the final 

results and thus the selection can be made on an arbitrary basis. 

T The second step is to note the number of cycles Nref of intensity 

required to cause failure. This is done by reference to a plot of cyclic 

loading strength of the appropriate soU consolidated to the appropriate 

av 

stresses representative of field conditions. This is illustrated on Fig. lII-2. 

+ The third step is to divide the range of stresses 0 - - 'max up into 

a few increments of stress tn i' and note the mean stress level ' i at 

each of these increments. Generally, four to six increments are sufficient, 

and they need not be of the same magnitude. 
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The fourth step is to count the number of cyclic peaks Nci which 

faJ.l within each increment. Note that one positive and one negative peak 

are required to define· 'one complete cycle, so the count is made of both. 

For each increment the value of Nci corresponding to the mean stress 'i 

is tabulated for future reference. 

The fifth step is to determine the effect of applying a series of 

uniform stress cycles , i to a soil.. This is done for each separate 

stress increment as indicated on Fig. 1II-2 by noting the number of uniform 

cycles of stress Ni' of intensity 'i required to cause "failure". 

It is noted that Ni cycles of 'i are equivalent to Nref cycles of 

, av' in that either combination will cause "fa.Uure" of' the sample in 

the sense that the term failure is used. Thus it follows that: 

and 

1 cycle of 'i = 1 

, 
i 

Nref cycles of av (III-2) 

Nref cycles of 'av 
(III-3) 

Applying Eq. 1II-3 f'or all ! increments and summing leads to: 

E 
i (III-4) 

Where Neq is the number of' uniform cycles of stress intensity! , 
av 

that has an equivalent ef'f'ect on the soil to the entire random time history 

stresses. 

Selection of a different initial value of , av would lead. to a 

different corresponding value of' Neq, but the basic equivalence would remain 

the same. Thus it is a simple matter after the first calculations have been 

A 150 
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T ., 1\1 relation. 
av '''eq 

1,('6 ;~ll.(1 Chon (21) coD.ected a large l1mribel' of cyclic. load data from 

eumpaX':t8on l::'lu:':pGSe8 jl; wm3 found convenient to plot the data on a, d.iroension~ 

e.x:pTesosing eVf1"Y othey" st:('ength value as a percentage of the cyclic load 

"'*t.l'ength ~;t N ::: 1. This:l.s also :lllustrated on F'ig. 111-2. 'rhe mean, and 

the :~ 750;; l:iJyd.ts of' the data co:m;p:i.1ed. at that time are shown in Fig. III - 3a. 

'Ehi£) cle,ta Cl.O€:E; not include the re8ul ts of t.ests from the San Fernando Dams, 

'I'he li.m.it; curves shown on Fig. 111-3a to a semi-log scale are closely 

8t:f'::'ij.gh';~ ]jnes on log=log paper a.s shown on Fig. III-3b. The 

G:C ';lle8E' :l:ine~ tw.s the same physical meaning as the slope 81 of 

';:bn PCct ')Y'9nent d~':l:'onrta;\~:1oXl parameters described in Appt"..nd:tx I 0 Reference 

T av - Neq relations, 

I,ee 8J.i.0. Cliti.n (21) 8.J1.aly zed the records for a large number of strong motion 

o'bt&,ined j:rom usi:ag t.be a,ccelerograrn directly as from using the stress 

histo:ry conrpuiJed tl:'t some location within a soil mass being shaken by the 

lS1 
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accelerogram. Furthermore, they found that the T av - Neq rela.tions 

were approximately independent of the locations witfuin the soil where the 

stress histories were calculated. However, they found that for anyone 

earthquake, or for earthquakes of the same magnitude, there was 8. wide 

scatter L~ the con~ted T av - Neg results. Attempts to reduce the 

;::ca;;;;ter by co:rrelating tn'th soil 'type or epicenter distance were not 

successful. 

Nevertheless, from the data which was obtained it was possible to 

define generaJ. trends of increasing Neq with earthquake magnitude for 

each value of R selected. These trends are shown by single lines on 

Fig. 111-4 for three different values; R = 0.65, 0.75 and 0.85. It must 

be emphasized, however, that the single lines shown on Fig. 1II-4 represent 

only the major trend of fairly widely scattered data. For anyone earth­

quake magnitude anyone R value, the extreme range of Neq might be as much 

as +100% or -7fY/o of the value indicated by the curve. 

These relations refer to the mean of the soil strength data shown on 

Fig. 111-30 Surprisingly, because of the wide scatter in the data, the 

major trend cm"VE!S shown on Fig. 111-4 apply Wiost equall.y as well to the 

so:U ob.'Emgth o.a.ta for the .. limits as for the mean curve on Fig. III - 3. 

In conclusion, from the foregoing discussion, and especially from the 

re:i:lUl'!;s of the previous study by Lee and Chan (21), the concept behind 

repl'c,"3enting the actual random stress history with an equivalent number of 

cycles ap]?ear's to be sound, although lacking in direct experimental 

conf'ix-mation. Hot-lever, because of the apparent random variability of 

re(~o:cded earthquake motions, any selected combination of T av and Neq for 

design purposes must be considered to be somewhat approximate. Fortunately, 
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r1X-11 

8,3 cliscussed in the main bod;:,' of the text, the final. calculated permanent 

defo:r"me,tions are not strongly dependent on the number of equi vsl.ent cycles 

selected j 30 that some uncertainty in Neg d.oes not lnva,llda,te the results 

of calculations based thereon" 
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~g_cg'J1ax:iJlHl~..ltecor..ded Ac~e;t.er~.?p..! 

'rhe .main text of this report illustra.tes that the calcula:ted permanent 

dei'O:fImd;:i.ons are quite sensi t:iV'l') to the 171flXirrrum response analySis.. The 

In previous st'udies, Hausner (28) al1d Seed, Iddss and Kiefer (29), 

hg"re ~~epaX'[d:;e1.y presented correlations between. maximum acceleration on firm 

g:;:'OUXJd. and on rock, based on the recorded data available at those tim.es. 

Tl:leiie recorded da.ta show-cd considerable scatter, but there were few records 

fx'o.m the same earthquake, especially at similar close epicentraJ.. distances, 

to J.lll1strate the varlabl,li ty j_n a.ceelerations f-roln just a single event 9 

The San Fernando ea.rthquake of February 9, 1971 provided a wealth of 

:m,,~l:J. .inf'ormation. Schnabel and Seed (23) have used the recorrled motions on 

rock from this earthquake 1;0 revise the previous Seed, Idriss and Kiefer (29) 

~ec:,(;Yf'mp,nd$,tions of ro.ax::1.mum accelerations in rock. Duke, et a1. (22) have 

:;'GuCi.:'l0d aJ.l of the recorded maximum accelerations from some 95 sites where 

th.E': ,:rtrong motion recorders 1Alere located at ground level. Date. from this 

J'C~po:;·t, 8"r'e replotted in Figs. IV ~l through Iv-6 of this appendix along with 

the upper and lower limits given by Schnabel and Seed (23) for accelerations 

In. :t~ock for this ma.gnitude of earthquake. Duke, et al. (22), also studied 

2ei",m6scope records from an even greater number of Sites, but these data 

a:l:e not included herein. 

In an attempt to sort out the possible effect of di~erent ground 

(,onctitions, Duke, et ala (22) classified ea.ch of the recording s1 tes 
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IV-2 

according to the type of ground conditions as follows: 

1. Igneous or metamorphic rock 

2. Sedimentary rock 

3. Shallow alluvium (20 to 60 rt) 

4$ Deep alluvium (greater than 60 ft) 

They further categorized the data in terms of the distance of the 

recording station from the "energy center". This energy center was defined 

as the center of gravity of the released energy of the earthquake based on 

interpretation of data on aftershock locations, and on inferred subsurface 

fault breakage. This inferred energy center was approximately 3 kIn 

southwest of the instrumental epicenter of the main shock. Thus the epi­

center distances and energy center distances to the recording stations are 

the same for most practical purposes. 

The maximum of the two recorded horizontal components of acceleration, 

and the maximum recorded vertical acceleration for each recorded ground 

motion of the San Fernando earthquake are presented on Fig. IV-I and Fig. IV ... 4, 

classified according to the ground conditions. The extremely high recorded 

accelerations at the Pacoima Dam were deliberately not plotted because of 

questions as to whether they represented the general level of acceleration 

in the area, or whether they were due to some very unusual local. conditions. 

Reference to these four figures illustrates that the vertical accelerations 

are generally less than the horizontal accelerations, and that even within 

zones of similar ground conditions there is considerable scatter. 

Referring to the figures in sequence indicated that there are progressively 

more data for the soft sites than for the hard sites, and as the number of 

data points increase, so does the amount of scatter. Unfortunately there 

are only a few recordings on igneous or metamorphic rock, and it is only 
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speculation as to whether more datl:l. on this type of ground would lead 

to more scatter or not. The data presented by Schnabel and Seed (23) 

for recordings on roek r; i tes for this and other earthquakes also shows 

eonsiderable scatter as indicated by the dashed lines on FigsQ IV-I to 

IV -4" for earthquakes of M:: 6.6. 

To compare the efJ'cct of ground conditions directly, the .maximum 

horizontal component of acceleration from the sites on igneous rock, and on 

deep alluvium have been plotted together on Fig. IV-5. The data from 

the rock sites fall more or less in the middle of the data from the deep 

alluvium sites. Data from the other hm types of sites also fall within 

this srune range" Thus: ,,,i thout further studies, it would appear that 

there is no clearly defined difference between maximum accelerations on 

rock and on soil, at least from this earthquake. 

Another interesting comparison is the maximum horiZontal components 

of acceleration in two perpendicular directions. The data for the deep 

alluvium sites is shown on Fig. Iv-6. The solid dots show the largest 

acceleration of the two horizontal components and the open dot shows the 

rnaximum peak of the other horizontal component. Again it is noted that 

there is a wide sca.tter indicating that a.t Some sites there is considerable 

difference in maximum acceleration depending on the direction of motion. 

\ihile it is probably conservative to choose the larger of the two components, 

the great difference at some sites suggests that the largest component may 

not alwa.ys be in the most critical direction with respect to the particular 

dam being consideredo 

Of course, maximum acceleration is only one of the several characteristics 

of strong motion earthquake records. Frequency content, duration, number 

of cycles ~nd general arrangement of the cycles are all important (29), 

and have not been considered in this brief discussion. Nevertheless, as 

1.62 
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:r.v-lO 

illustrated in the main body of the report, maximum acceleration is an 

important factor in determining the seismic stresses developed in an 

earth embankment. The wide range of scatter in the data from this one 

earthquake suggests that caution must be exercised in any conclusions based 

on case history studies of the behavior of structures during other earth­

quakes when an important input parameter is the maximum base acceleration. 

F'or most case histories, the base acclel.eration must be estimated from 

one or two, or often no actual recordl~d motions for that earthquake. 

According to the recorded data from the San Fernando earthquake, the actual 

maximum base acceleration at any particular epicentral distance may range 

over fairly wide limits. The factors which govern this variation are not 

as yet sufficiently well understood to provide a high degree of confidence 

in any single value that might be selected for calculation purposes • 

. 1.65 



AFPENDIX V 

Alternative Deductive Reasoning For Eg,. 1} 

When the first dra:r-t of this report was circulated, several persons 

expressed confusion concerning Eq. 13. As a result the following alternative 

description 'was developed) attempting to describe a rnodel intended by this 

equation. This model. is physically illustrated in Pig. V-I for the ease of a 

single element or a sample of soil Q The total. deformations throughout the 

entire life history up to and after the end of' an earthquake are idealized 

in two separate stages: initial. deformations before the earthquake ui and 

the deformation during t,he seismic disturbance upu 

The spring and dashpot simulations shown in the model are s:bnply figurative 

and used to illustrate a mechanism for separating the pre--earthquake, earthquake 

ruld final post earthquake behavior of an element and a soil sample. The dashpot 

damping A is high so that deformations within element A can only OCClU during 

a long period of sustained static loading. The spring stiffness Ki remains 

constant throughout all stages. 'rhe stiffness Kp is comparathrely large 

before the earthquake, but as the earthquake continues Kp decreases progressively. 

At any time the total stiffness of the soil is made up of two stiffnesses, 

1 (V-I) 

The static, pre-earthquake gravity load. on the sample or elem.ent is 

represented by Fgo The initial. displacement corresponding to this load is ui. 

Because of the relative stiffnesses of the two springs before the earthquake, 

for the initial gravity loading Kp.» Kl, so that Kip Ki. Thus the initial 

displacement is made up almost entirely of compression in Element A. 

The pulsating loadtng induced by the earthquake, or the simulation of 

this loading in a laboratory cyclic load test is shown by ~ fp (t). This is a 
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(constant) 
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Fig. V-I Analogy for Seismic Induced Permanent Deformations 



) 

transient pulsating force v{hich ir:: superimposed on the constant static 

gravity force l"g foX' n. short period of' time only. The corresponding defor­

mations during thi s cyclJ.c loa.ding pertod are indicated by .::. up (t). They are 

due entirely to the spring In Element B~ '['he equivalent average cyclic force 

is denoted by fp:o and the maximurll accumulative displacement af'ter My elapsed 

t:Lme is denoted by Up" Because Kp decreases progressively as the earthquake 

continues$ the values of' up (t) are not necessarily symmetric and. are not 

constant \1i th time. Since it is the permanent and not the cyclic deformation 

""hieh is of interest in this study, the vtllue of up used in the subsequent 

calculations is taken as the maximum accumulative displacement at the end of 

the earthquake, or at a.ny other intermediate time that may be desired. 
, 

Note that in the laboratory test the sample is free to deform unrestrained 

whereas the corresponding element of soil in the field must deform within the 

limi tatioos of the constraints of other elements and boundaries. Thus the 

field deformation of any particular element may be different from the value or 

up measured in a cyclic triaxial test, even though the element stiffness will 

have the potential to develop thIs displacement, if it were free of constraints. 

A pseudo secant spring constant for Element B may be used to define the 

aCCl.IDm.lati"lfe deformation up by comparing it with the causi ti ve loads. One 

d.efinition for such a pseudo spring constant might be: 

Fg + 

up 
(V-2) 

whereas another definition might be: 

- ~ 
up (V-3) 

Either equation could be used to define up knowing the other terms g 

The numerical values of ~l and KP2 are different because of the way in which 
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the gravity force Fg is included. If Eq. V-2 is used, Fg must be included 

as part of the applied force. If Eq. V-3 is used, the effect of Fg is 

present, but unseen, since the value of KP2 must be obtained by cyclic testing 

with a constant value of F g also applied. For the purposes of this study, 

the concept of Eq~ V-3 was used in defining a pseudo spring constant Kp, 

for the permanent deformation calculations. 

Actually in this study, solid finite elements are used instead of simple 

springs. However the same analogy applies if pseudo modulus values are used 

to define the stiffness matrices corresponding to the single spring stiffnesses 

illustrated in Fig. V-l. Thus a pseudo value for the initial nodal point 

deformations *U1 in the dam before the earthquake are defined by a linear 

elastic gravity-tum-on analysis with element stiffnesses formed from an 

appropriate static secant modulus Ei. 

To define the softening during pulsating loading, a pseudo secant modulus 

is calculated from the results of cyclic loading laboratory tests on samples 

anisotropica.lly consolidated to the appropriate field static gravity stresses. 

Ep ::: O'dp 
E:p 

(v-4) 

Thus, for example, if the cyclic loading data in Fig. 5 corresponds to tests 

performed to simulate oonditions at a particular element in the field, and 

the design earthquake is represented by Neq = 8 uniform cycles of stress 

O'dp ::: 0.55 kg/cm.2 ; the corresponding accumulative axial strain in the laboratory 

specimen would be E:p ::: 087 percent. From these data the pseudo modulus is 

calculated; Ep ::: 0.55/0.007 ::: 78 kg/cm.2• 
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Having defined Ei and Ep, an overall secant lOOdulus is defined by 

Eip ::: 
1 
E· 
~ 

1 

+ 1 (V-5) 

Ep 



V-5 

which is Eq. 13 on page 28 of the main text. 

UsL'1g element stlff'nesses defined in terms of' Eip along with the static 

gran ty loads in a grav:i.ty-turn-on analysis will lead to totaJ. displacements 

at each nodal point !!!l? :from the beginning of construction to the end of the 

earthquake. l"inaJ..ly by sl:ibtracting the caleulated pseu.do i.nitial displacements 

from the total displacements, the net displacements due only to the earth­

quake are obtained: 

!!.E. :=: Uip - Ui (v-6) 
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