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A SIMPLIFIED PROCEDURE FOR ESTIMATING

EARTHQUAKE-INDUCED DEFORMATIONS IN DAMS AND EMBANKMENTS

by

F. I. Makdisil and H. Bolton Seed2

INTRODUCTION

In the:past decade major advances have been achieved in analyzing the
stability of dams and embankments during eartﬁquake loading. Newmark (1965)
and Seed (1966) proposed methods of analysis for predicting the permanent
Qisplacements of dams subjected to earthquake shaking and suggested this as
a criterion of performance as opposed to the concept of a factor of safety
based on limit equilibtium principles. »Seed and Martin (1966) used the
shear beam analysis to study the dynamic response of embankments to seismic
loads and présented a rational method for the calculation of dynamic seismic
éoefficiéntsifor earth dams. Ambraseys and Sarma (1967) adopted the same
procedure to‘gtudy the fesponse of embankments to a varietf of earthquake
motions.

Later the finite element method was introduced to study the two-
diménsional response of embankments {Clough and Chopra, 1966; Idriss and
Seed, 1967) and the equivalent linear method (Seed and Idriss, 196%a) Qas
used successfully to represent the strain dependent non-linear behavior of
soiis. In addition the nature of the behavior of scils during cyclic loading
has been the subject of extensive research {Seed énd Chan, 1966; Seed and Lee,
1966; Lee and Seed, 1967, Thiers and Seed, 1969, etc.). Both, the improvement

in the analytical tools to study the response of embankments and the
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knowledge of material behavior during cyclic loading, led to the development
of a more rational approach to the study of stability of embankments during
seismic loading. Such an approach was used successfully to analyze the
Sheffield-Da@ failure during the 1925 Santa Barbara earthquake (Seed, Lee and
Idriss, 1969) and the behavior of the San Fernando Dams during the 1971
earthquake (Seed et al., 1973). This method has since been used extensively
in the design and analysis of many large dams in the State of California and
elsewhere.

From the study of the performance of embankments during strong earth-
quakes, two distinct types of behavior may be discerned:

(1) That associated with loose to medium dense sandy embankments;
these are ;usceptible to rapid incrgases in pore pressure due to cyclic
loading resulting in the development of pore.pressure ratios of 100% in
large portions of the embankment, associated reductions in shear st;ength,
and potentially large movemenﬁs leading to alm;st complete failure,

(2) ‘The behavior associated with compacted cochesive clays, dry sands
and some dense sands; here the potential for buildup'of pore pressures is
much less than that associated with loose to medium dense sands, the result-
ing cyclic strains are uéually gquite small and the material retains most of
its static undrained shearing resistance so that the resultigg post-earth-
quake behavior is a limited permanent def;rﬁation of tﬁe embankment..

The dynamic analysis procedure proposed by Seed and his co-workers
has been used to predict adequatély both,types of embankment behavior using
the "Strain Potential" concept (Seed et al., 1973). Procedures for inte-
grating strain potentials to obtain the overall deformation of an embank-

ment have been proposed by Seed et al.(1973), Lee (1975), and Serff et al.

(1976) .



The dynamic analysis approach has been recommended by the Committee
on Earthquakes of the International Commission on Large Dams (ICdﬁD, 1975):
"high embankment dams whose failure may cause loss-of-life or major damage
should be designed by the conventional method at first, followed by a
dynamic analysis in order to investigate any deficiencies which may exist
in the pseudo-statical design of the dam". For low dams in remote areas
the Committee recémmended the use of conventional pseudo-static methods
using a constant horizontal seismic coefficient selected on the basis of the
seismicity of the area. However, the inadequacy of the pseudo-static approach
to predict the behavior of embankmentsvduring earthquakes has been clearly
recognized and demonstrated (Terzaghi, 1950; Seed and Martin, 1966; Seed, Lee
and Idriss, 1969; Seed et al., 1973 and Seed, 1973).  Furthermore in the same
report mentioned above (ICOLD, 1975) the Commission refers to the conventional
method as follows: "There is a need for early revision of the conventional
method since the results of dynamic analyses, model tests and observations
of existing dams show that the horizontal acceleration due to earthguake
forces varies throthout the height of the dam....in several instances, this
method predicts a safe condition for dams which are known to have had major
slides."

It is this need for a simplé yet rational approach to the seismic design
of small embankments that prompted the development of the simplified br0cedure
described in the following pages. B

This approximate method uses the concept originally proposed by Newmark
(1965) for calculating permanent deformations but it is based on an evaluat;on
of the dynamic response of the embankment as proposed by‘See@ ;nd Martin (196€)

rather than rigid body behavior. It assumes that failure occurs on a well

defined slip surface and that the material behaves elastically at stress levels



below failure but develops a perfectly plastic behavior above yield. The
method involves the following steps:

(1) A yield acceleration i.e. an acceleration at which a poténtial
sliding surface would develop a factor of safety of unity is
determined. Values of yield acceleration are a function of theL
embankment geometry; the undrained strength of the material
{or the reduced strengtﬂ aue to shaking), and the location of

N
the potential sliding mass.

(2) Earthgquake induced accelerationé in the embankment are deter-
mined using dynamic response analyses. Finite élement procedures
using strain-dependent soil properties can be used for Ealculating
time-histories of acceleration, or simpler one-dimensional
techniques might be used for the same purpose. From these analyses
time-histories of average accelerations for various potential

, slidiné masses can be determined.

(3} For a given potential sliding mass, when the induced accelera-
tion exceeds the calculated yield acceleration, movements are
assumed to occur along the direction of the failure plane and
the magnitude of the displacement is evaluated by a simple double
integration procedure.

The method has been applied to dams with heights in the range of 100

to 200 ft., and constructed of compacted cchesive soils or very dense cohesion-
less soils, but may be applicable to higher embankments. A similar approach
has been proposed by Sarma {(1975) using the assumption of a rigid block on an
inclined plane rather than a deformable earth structure which responds with

- differential motions to the imposed base excitation.

In the following paragraphs the steps involved in the analyses will be



descfibed in detail and design curves prepared on the basis of aﬁalyzed cases
will be presented, together with an example problem to illustrgte the use

of the method. It should be noted, however, that the method is an approxi-
‘mate one and involves simplifying assumptioné. The désign curves are
averages based on a limited number of cases analyzed and should be updated

as more data become available and more cases are studied.

DETERMINATION OF THE YIELD ACCELERATION

The yield accelefation, ky, is defined as that average acceleration
producing a horizontal inertia force on a potential sliding mass so as to
produce a factor Qf safety of unity and thus to eause it to experience
permanent displacements.

For soils which deo not develop large cyclic strains or pore pressurs
and maintain most of their original strenéth after earthquake shaking, fhe
value of ky can be calculated by stability analyses using limiting equilibrium
methods.  In conventioﬁal slope stability analyses the strength of the material
is defined as either the maximum deviator gtress in an undrained test, or
that stress level which would cause a certain allowable axial strain, say 10%,
in a test specimen. However, the behavior of the material under cyclic
loading conditions is different from that under static conditions. Due to
the transient nature of the earthquake loading an embankment may be subjected
to a number‘of sfress pulses at levels equal to or higher than its static
failure stress which simply.produce some permanent deformation rather than
complete failure. Thus the yield strength is defined, for the purpose of
this analysis, as that maximum stress level below which the material exhibits
a near elastic behavior (when subjected to cyclic stresses of numbers and

frequencies similar to those induced by earthquake shaking) and above which



the material exhibits permanent plastic deformation of magnitudes dependent
on the number and frequency of the pulses applied. Fig. 1 illustrates the
concept of cyclic yield strength. The material in this case has a cyclic
yield strength equal to 90% of its static undrained strength and as shown
in‘Fig. 1{a) the application of 100 cycles of stress amounting fo B0% of the
undrained strength resulted in essentially an elastic behavior with‘very
little permﬁnent deformation. On the other hand the application of 10 cycles
of stress level eéﬁal to 95% of the static undrained strength led to substan-
tial permanent strain as shown in Fig. 1(b). On loading the material
monotonically to failure after the series of cyclic stress applications, the
material was found to retain the original undraihed strength. This type of
behavior is associated with various types of soils that eﬁhibit small increases
in pore pressure during cyclic loading. This would include clayey materials,
dry or partially saturated cochesionless soils or very .dense saturated
cohesionless materials which will not undergo significant deformations, even
under cyclic loading conditions, unless the undrained statié strength of the
soil is exceeded.

Seed and Chap (1966) conducted‘cyclic tests on samples of undisturbed
and compacted silty clays and found that for conditions of no stress reversal
and for different values of initial and cyclic stresses, the total stress
required to produce large deformations in 10 and 100 cycles ranged bhetween
90 and 110% of the undrained static strength.

Sangrey et al. {1969) investigated the effective stress response of
clay under repeated loading. They tested undisturbed samples of highly
piastic clay (LL==§8, PI=10)}) and found that the cyclic vield strength of
this material was of the order o;’GO% of its static undrained strength.

Rahman (1972) performed similar tests on remoulded samples of a brittle

silty clay (LL=91, PI=49) and found that the cyclic yield strength was a
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function of the initial effective confining pressure. For practical ranges

of effective confining pressures the cyclic yield strength for this material
ranged between 80 _and 95 pe;cent of its static undrained strength. At cyclic
stress levels below the yield strength, in all cases, the material reached
equilibrium and assumed an elastic behavior at strain levels less than

2 percent irrespective of the number of stress cycles applied.

Thiers and Seed (1969) performed tests on undisturbed and remoulded
samples of different clayey materials to determine the reduction in stafic
undrained strength due to cyclic loading. Their results are summarized in
Fig. 2 which éhows that the reduction in undrainéd strength after cyclic
loading as a function of the ratio of the "maximum cyclic strain" to the
"static failure strain". These results were obtained from strain controlled
cyclic tests; after the apﬁiication of 200 cycles of a certain strain amplij
tude, the sample was loaded to failure monotonically at a strain rate of
3 percent per minute. Thus from Fig. 2 it could be argued that if a clay is
subjected to 200 cycles of strain with an amplitude less than half its static
failure strain, the material may be expected to retain at 1e;st 90 percent of
its original static undrained strength.

Andersen (1976), on the basis of cyclic simple shear tests on samples
of Drammen clay, determined that the reduction in undrained shear strength
was found to be less than 25% as long as the cyclic shear strain was less than
3% even after 1000 cycles.

‘ Cn the basis of the experimental data reported above and for values of
cyc;ic’shear strains calculated from earthquake response analyses, the value
éf cyclic yield strength for a clayey material can be estimated. 1In most
cases this value would appear to be 80% or more of the static undrained
strength.‘ This value in turn may be used in an appropriate method of stability

analysis to calculate the corresponding yield acceleration.
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Finite element response analyses (as will be described later) have
been carried out to calculate time histories of crest acceleration and
average acceleration for various potential sliding masses. The method of
analysis employs the equivalent linear technigque with strain dependent
modulus and damping. The ranges of calculated maximum shear strains, for
differenf magnitude earthquakes and different embankment characteristics,
are presented in Table 1. it can be seen from Table 1 that the maximum
cyclic shear strain induced during the earthquakes ranged between 0.1% for
a magnitude 6-1/2 earthgquake with a base acceleration of 0.2g and 1% for a
magnitude 8-1/4 earthguake with a basé acceleration of 0.75g. For the
compacted clayey material ericountered in dam embankments “static failure
strain" values usually range between 3% and 10%, depénding on whether the
material was compacted on the dry or wet side of the optimum moisture
content. Thus in both instances the ratio of the "cyclic strain" to "static
failure strain™ is less than 0.5.

It seems reasonable therefore to assume that for these'compécted
cohesive soils,very little reduction in strength may be eﬁpected as.a result
of strong earthguake loading of the magnitude described above.

Once the cyclic yield strength is defined, the calculation of the
yield acceleration can be achieved by using one of the available methods
of stability analysis. In the present study the ordinary method of slices
has been used to calculate the yield acceleration for circular slip surfaces.
As an alternative Seed (1966) has suggested a methad of combining both
effective and total stress approaches,. where the shear strength on the failure
plane during the earthquake is cbnsidered to be a function of the initial
effective normal stress on thatrsame plane before the earthduake. This method
is applicable to-non-circuiar slip surfaces and the horizontal inertia force

resulting in a factor of safety of unity can readily be calculated.



Table 1

Maximum Cyclic Shear Strains Calculated
from Dynamic Finite Element Response Analyses

11

Embankment 'Max. Base Max. Shear
Magnitude Height Slope Acceleration Strain
- o{ft.) (%)
6-1/2 (Caltech record) 75 2:1 .5 0.2-0.4
6~-1/2 {(Caltech record) 15¢ t2:1 0,2 0.1-0.15
6-1/2 (Caltech record) 150 2:1 0.5 0.2-0.3
6-1/2 (Lake Hughes record) 150 C2:1 0.2 0.1-0.15
6-1/2 {Caltech record) ‘ 150 - 2-l/2:1 0.5 0.2-0.3
7-1/2 {Taft record) 150 2:1 0.5 0.2-0.5
7-1/2 (Taft record) 150 2:1 0.2 0.1-0.2 |
8-1/4 (S-I record) ‘ 150 2:1 6.75 0.4-1.0
8-1/4 {S-I record) 138 - . 0.4 0.2-0.5
Table 2
Embankment Characteristics for Magnitude 6-1/2 Earthquake
. . (1) k{2
Embankment Height Base Acceleration To max
Cage # Description (ft.) . {q) (g) S
1 Example Case 150 ) 0.2 0.8 {a) 0.31 ®
. - slope = 2:1 {Caltech record) (b) 0.12 | |
-k ‘= 60
2 Example Case - 150 0.5 1.08 {a) 0.4 o
- 9lope = 2:1 (Caltech record) (b) 0.18 O
-k = 60 . .
2max
3 Example Case 150 0.5 0.84 {a) 0.33 0}
- slope = 2:1 {Lake Hughes record) (b) 0.16 a
- kzmx = B0
4 Example Case ' 150 0.5 0.95 (a) +0.49 Q
- slope = 2-1/2;1 (Caltech record) (b) 0.22 v
-k = 80
Zmax
5 Example Case 75 0.5 0,6 (a) 0.86 9
- slope = 2:1 {Caltech record) {b) 0.26 B
-k = 60
2max
(1) TO = Calculated first natural period of the embankment.
(2) k = Maximum value of time history of:
max

{a) crest acceleration

(b} average acgeleration for sliding mass extending through full height of °

nmbankmoent.
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Having determined the yield acceleration for a certain location of the
slip surface, the next step in the analysis is to determine the time history
of earthquake-induced average accelerations for that particular sliding mass.

This will be treated in the following section.

DETERMINATION OF EARTHQUAKE INDUCED ACCELERATION

In order for the permanent deformations to be calculated for a
particular slip surfgce, the time-history of earthquake-induced average
accelerations must first be determined.

Two-dimensional finite element procedures using equivaleht linear
strain-dependent properties are avail;ble (Idriss et al., 1973) and have
been shown to provide response values in good agreement with megsured values
(Kovacs et al., 1971) and with closed form one-dimensional wave propagation
solutioﬁé (Schnabel et al., 1972).

For most of the case studies of embankments used in the present
analysis, the response calculation was performed using the finite element
computer program QUAD-4 (Idriss et al., 1973) with strain depehdent modulus
and damping; The program uses the Rayleigh damping appreoach and allows for
variable damping to be used in different elements.

To calculate ﬁhe time-history of average acceleration for a specified
sliding mass, tﬁe method describéd by Chopra (1966) was adopted in the
present study. The finite element calculation provides time-histories of
stresses for every element in the embankment. As illustr;ted in Fig. 3, at
each time step the forces acting along the boundary of the sliding mass are
calculated from £he corresponding normal and shear stresses of the finite
elements along that boundary. The resultant of these forces divided by the
weight of the s}iding mass would give the average acceleration, kav(t), acting
on the sliding mass at that inétaht in time. The process is repeated for

every time step to calculate the entire time-history of average acceleration.
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For a 150-ft-high dam subjected to 30 seconds of the Taft earthguake
record scaled to produce a maximum base acceleration of 0.2g, the variation
of the time-history of kav with the depth of the sliding mass within the
embankment, together with the time-history of creét accelerations, is shown
in Fig. 4.

Comparing the time-history of crest acceleration with ghat of the
average acceleration for different depths of the potential sliding mass, the
similarity in the frequency content is readily apparent (it generally reflects
the first natural period of the embankment), while the amplitudes are shown
to decrease as the depth of the sliding mass increases towards the base of
the embankment. The maximum crest acceleration is designated by ﬁma;' and
kmax is the maximum average acceleration for a potenti;l sliding mass extend-
ing to a specified depth, vy.

It would be desirable to establish a relationship showing the variation

of the maximum acceleration ratio (kmax/hmax) with depth for a range of embank-
ments and earthquake loading conditions. It would then be sufficient, for
design purposes, to estimate the maximum crest acceleration in a given embank-
ment due to a specified earthguake and use the above relationship to determine
the maximum average acceleration for any depth of‘the potential sliding mass.
A simplified procedure to estimate the maximum crest acceleration and the
natural peridd of an embankment sdbjecte@ to a given base motion is described
in Appendix A (Makdisi and - Seed, 1277),

To determine the variation of maximum acceleration ratio with depth, use
was made of publiéhed results of response computations using the one-dimensional
shear slice method with visco-elastic material properties (Seed and Martin, 1966;

Ambraseys and Sarma, 1967). Martin (1965) calculated the response of embank-

ments ranging in height between 100 and 600 ft and with shear wave velocities
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between 300 and 1000 fps. QSing a constant shear modulus and a damping
factor of 0.2, the average acceleration histories for various ievels were
computed for embankments subjected to ground accelerations recorded in the

El Centro earthquake of 1940. The variation of the maximum average accelera-
tion, kmax, with depth for these embankments with natural beriods ranging
between 0.26 and 5.22 sec. is presented in Fig. 5. The maximum average
acceleration in Fig. 5 is normalized with respect to the maximum crest
accelération and ?he ratio (kmax/ﬁmax) plotted as a function of the depth of
the sliding mass is presented in Fig. 6.

Ambraséys and Sarma (1967) used essentially the same method reported
by Seed and Martin (1966) and calculated the fesponse of embankments with
natural periods ranging between 0.25 and 3.0 seconds. They presented their
reéul;s ih terms of average response for 8 strong motion records. The variaf
tion of maximum average acgeleration with depth based on the results reported
by Ambraseys and Sarma {(1967) is shown in Fig. 7 and that for the maximum
accélerationrratio (kmax/Gmax) is shown‘in Fig. 8. A summary of the results
obtained from the different shear slice response calculations mentioned above
is presented in Fig. 9 together with results obtained from finite element
calculations made in the p;esent study. As can be seen from Fig. 2 the shape
of the curves obtained using the shear slice method and the finite element
method are ﬁery similar. The dashed curve in Fig. 9 is an average relation-
ship of all data considered. The maximum difference between the envelope of
all data and the average relationship ranges from £10 to £20% for the upper
portion of the embankment and from *#20 to *30% for the lower portion of the
embankment.:

Considering the approximate nature of the proposed method of analysis,
the use of t?e average relationship shown in Fig. 9 for determining the

maximum average acceleration for a potential sliding mass based on the maximum
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crest acceleration is considered accurate enough for practical purposes.
For design computations where a conse;vative estimate of the accelerations
is desired the upper bound curve shown in Fig. 9 may be used leading to
values which are 10 to 30% higher than those estimated using the average

relationship.

CALCULATION OF PERMANENT DEFORMATIONS

Once the yield acceleration and the time-history of average induced
acceleration for a potential sliding mass have been determined, the permanent
displacements can readily be calculated.

By assuming a direction of the sliding plane and writing the equation
of motion for the sliding mass along such a plane, the displacements which
would occur any time the induced acceleration exceeds the yield acceleration
may be evaluated by s;mple numerical integration. For the purposes of the
soil types'considérédiin this study, thé yield acceleration was assumed to
be constant throughout the earthquake.

The direction of motion for a potential sliding mass once yielding
occurs was assumed to be along a'horizontai plane. This mocde of deformation
is not uncommon for embankments subjected to strong earthquake shaking, and
is manifested in many cases in the field by the dévelopment of longitudinal
cracks along the crest of the embankment. However studies made for other
directions of the sliding surface showed that this factor had littie effect
on the computed displacements. “

To calculate én order of magnitude of the deformations induced in
embankments due to strong shaking a number of cases have been analyzed during
the course of this study. The height of embankments considered ranged
betweeﬁ 75 and 150 ft with varying élopes and material properties. The
embankments were subjected to ground accelerations representingnthree dif-

ferent earthquake magnitudes: 6-1/2, 7-1/2 and 8-1/4.
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The method used for calculating the'resppnse, as mentioned earlier, is a
time-step finite element analysis using the equivalent linear method. The
strain. dependent modulus and daﬁping relaticns for the scils used in this
study are presented in Fig. 10. The response computation for each base
motion was repeated for a number of iterations (mostly 3 to 4) until strain
compatible material propérties were obtained. In each case both time
histories of crest acceleration and the average acceleration for a potential
sliding mass extending through almost the full héight of the embankment were
calculated, together with the first natural peribd of the embankment. In one
case however, time histories of average acceleration for sliding surfaces at
5 different levels in tﬁe embpankment were obtained (see Fig. 4), and the
corresponding permanent deformations for each time-histéry“wére calculated
for different values of yield acceleration. It was found that for the same
ratio of yield acceleration to maximum average acceleration at each level,
the computed deformations varied uniformly between a maximum value obtained
using the crest acceleration time-history to a minimum value obtained using
the time—history of average acceleration for a sliding mass extending through
the full height of the embankment. Thus it was considered sufficient for the
remaining cases to compute the deformations only for these two levels.

Table 2 shows details of the embankments analyzed using ground motions
representative of a magnitude 6-1/2 earthquake. Thé two rock motions used
were those recorded at the Cal Tech Seismographic Laboratory (59OW Component)
and at Lake Hughes Station #12 (N21E) during the 1971 San Fernando earthquake,
with maximum accelerations scaled to 0.2 and 0.5g. The computed natural
periods and maximum values of the acceleration time-histories are also
presented in Table 2. The computed natural periods ranged between a value
of 0.6 seconds for the 75-ft-high embankment to a value of 1.08 seconds for

the 150-ft-high embankment. Because of the .non-linear strain-dependent
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behavior of the material, the response of the embankment is highly dependent
on the amplitude of the base motion. This is clearly demonstrated in the
first two cases in Table 2, where the same embankment was subjected to the
same ground acceleration history but with different maximum accelerations
for each case. In one instance, for a base acceleration of 0.2g the calcu-
latéd maximum crest accelerations was 0.3g with a magnification factor of
1.5 and‘a computed natural period of the oxrder of 0.8 seconds. In the
second case, for a base acceleration of 0.5g the computed maximum crest
acceleration was 0.4g with an attenuation factor of 0.8 and a computed
natural period of 1.1 secoﬁds.

From the time-histories cof induced acceleration calculated for all
the cases described in Table 2 and for various ratios of yield acceleration

to maximum average acceleration, ky/kma the permanent deformations were

x'
calculated by numerical double integration. The results are presented in
"PFig. 11 which shows that for relatively low values of yield acceleration,
ky/kmax of 0.2 for example, the range of computed permanent displacements was
of the order of 10 to 70 cm (0.3 - 2.5 ft). However, for larger values of
ky/kmax' say 0.5 or more, the calculated displ;cements were less than 12 cm
(0.5 £ft). It should be emphasized that for very low Galues of yield
accglerations (in this case ky/kmax < 0.1) the basic assumptions used in :
calculating the response by the finite element method, namely the equivalentgr
linear behavior and the small strain theory, become invalid. Consegquently
thg acceleration time-histories calculated for such a case do not represent
the real field behavior and the calculated displacements based on these
time-histories may not be realistic.

The procedure described above was repeated for the case of a magnitude

7-1/2 earthquake. The base acceleration time-history used for this analysis

was that recorded at Taft during the 1952 Kern County earthquake and scaled to
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maximum accelerations of 0.2 and’O.Sg. The details of the 3 cases analyzed
are presented in Table 3 and the results of the computations of the permanent
displacements are shown in Fig. 12. For a ratio of ky/kmax of 0.2 the cal-
culated displacements in this case ranged between 30 and ZCO,cm (1 and 6 ft),
and for ratios greater than 0.5 the displacements were less than 25 cm (0.8 ft).
In the cases analyzed for the 8-1/4 magnitude earthquake, an artificial
accelerogram proposed by Seed and Idriss (1969) was used Qith maximum base
accelerations of 0.4 and 0.75g. Two embankments were analysed in this case
and their calculated natural periods ranged between 0.8 and 1.5 seconds.
Table 4 shows the detailsxof the calculations.and in Fig. 13 the results of
the permanent displacement computétipns are presented. As can be seen from
Fig. 13 the permanent displacements computed for a ratio of ky/kmaé of 0.2
ranged between 200 and 700 cm (6 and 23 ft), and for ratios higher than 0.5
the values were less than 100 cm (3 ft). Tt should be noted in this case that
values of deformations calculated for a yield ratio less than 0.2 may not be
realistic.
| An envelope of the results obtained for each of the three earthquake
loading conditions .is presented in Fig. 14 and reveals a large scatter in
the computed results reaching, in the case of the magnitude 6-1/2 earthguake,
about one order of magnitude.
It can reasonably be expected that for a potential sliding mass with
a specified yield acceleration, the magnitude of the permanent deformaticn
induced by a certain garthquake loading is controlled by the following factors:
a) the amplitude of induced average accelerations, which is a function
of the Base motion, the amplifying charactéristics of the embankment,
and the location of the sliding mass within the embankment;
b) the frequency content of the average acceleration time-history, which

is goverhed by the embankment height and stiffness characteristics,



Table 3

Embankment Characteristics for Magnitude 7-1/2 Earthquake

(1) k‘z)
Embankment Height Base Acceleration T max
Case # Description (ft.) {g) °© (q) Symbol
1 Example Case 150 0.2 0.86 (a) 0.41 e
- slope = 2:1 (Taft record) R (b) 0.13 B
-k = 60
Z2max
2 Example Case 150 0.2 1.18 (a) 0.54 o
- slope = 2:1 {Taft record) (b) 0.21 (»]
- k = 60
2max
3 Example Case 150 0.2 0.76 {a) 0.46 o
- slope = 2-1/2:1 (Taft record) (b} 0.15 A
-k = 80
C2max ,
(1) 'I‘D = Calculated first natural period of the embankment.
{(2) k = Maximum value of time history of:
max .
{a) crest acceleration
(b) average acceleration for sliding mass extending through full height of embankment.
,Table 4
Embankment Characteristics of Magnitude 8-1/4 BEarthgquake
' 2
(1) K (2)
Embankment Height Base Acceleration T max
N o
Case # Description (ft.) (g) (g Symbol
1 Chabot Dam 135 . 0.4 - 0.99 (a) 0.57 o
(average properties) (§-1I Synth. record)
Chabot Dam 135 0.4 1.07 fa} 0.53 A
{Lower bound) (§-1 Synth. record)
Chabot Dam 135 0.4 0.83 (a) 0.68 - o
(Upper bound)
2 Example Case 150 0.75 © o 1.49 (a) 0.74 ®
- slope = 2:1 {b) 0.34 8
-~ k = 60
2max
(1) TO = Calculated first natural pericd of the embankment.
(2) k = Maximum value of time historv of:
max .

(a)l crest acceleration .
(b) average acceleration for sliding mass extending through full height of embankment.
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and is usually dominated by the first natural frequency of the
embankment;

c) the duration of significant shaking, which is a function of the

magnifude of the specified earthquake.

Thus to reduce the large scatter exhibited in the data in Fig. 14, the
permanent displacements for each embankment were normalized with respect to
its calculated first natural period, To' and with respect to the maximum value,
kmax' of the average acceleration time-history used in the computation. The
resulting normalized permanent displacements for the three different earth-
guakes are presented in Fig. 15. It may be seen that a substantial reduction
in the scatter of the data is achieved by this normalization procedure as
evidenced by comparing the results in Figs. 14 and 15. This shows that for the
ranges of embankment heights considered in this study (75 to 150 ft or 50 to 65
meters) the first natural period of the embankment and the maximum value of
acceleraﬁion time-history may be considered as two of the parameters having
a major influence on the calculated permanent displacements. Average curves
for the normalized permanent displacements based on the results in Fig. 15
are presented in Fig. 16. Although some scatter still exists in the results
as shown in Fig. 15, the average curves pfesented in Fig. 16 are considered
adequate to provide an order of magnitude of the induced permanent displace-

_ments for different magnitude earthquakes. At yield acceleration ratios less
than 0.2 the average cﬁrﬁes are shown as dashed lines since, as discussed
earliér, the calculated displacementg at these low ratios may be unrealistic.

Thus to calculate the permanent deformation in an embankment constructed
of a soil which does not change in strength significantly during an earthquake,
it is sufficient to determine its maximum cres£ acceleratio§, ﬁmax' and first
natural period, To' due to a specified earthguake. Then by the use of the

relationship presented in Fig. 9, the maximum value of average acceleration
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history, kmax' for any level of the specified sliding mass may be deter-
mined. Entering the curves in Fig. 16 with the appropriate values of kmax
and To' the permanent displacements can be determined for any value of

yield acceleration associated with that particular sliding surface.

It has been assumed earlier in this paper‘that in the majority of
embankments permanent deformations usually occur due to slip of .a sliding
mass on a horizontal failure plane. For those few instances where sliding
mightloccur on an inclined failure plane it is of interest to determine the
difference hetween the actual deformations and those calculated with the
assumption of a horizontal failure plane having tﬁé same yield adceleratign.
A simple computation was made to investigate this condition using Fhe‘analOgy
of a block on an -inclined plane for a purely frictional material. It was
found that for inclined failure planes with slope angles of 15° to the

horizontal, the computed displacements were 10 to 18% higher than those based

on a horizontal plane assumption. . -

APPLICATION OF METHOD TO AN EMBANKMENT

SUBJECTED TO AN 8-1/4 MAGNITUDE EARTHQUAKE

To illustrate the use of the simplified procedure for evaluating
earthquake-induced deformations, computations are presented below for the
135 ft high Chabot Dam, constructed of sandy clay and having the section
shown in Fig. 17.

The shear wave velocity of the embankment was determined from a field
-investigation and the strain-dependent modulus and damping were determined
from laboratory tests on undisturbed samples. The dam, located about
20 miles from the San Andreaslfault, was shaken in 1906 by the magnitude 8-1/4
San Francisco earthquake with no significant deformations being noted; peak
accelerations in the rock underlying the dam in this event are estimated tg

have been about 0.4g. Accerdingly the response of the embankment to ground
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accelerations representative of a magnitude 8-1/4 earthquake and having a
maximum acceleration of 0.4g was calculated by a finite element analysis.
The maximum crest acceleration of the embankment, ﬁmax' was calculated to
be 0.57g and the first natural period, To = 0.99 seconds. The maximum values
of the calculated shear strain were less than 0.5%. On the basis of static
undrained tests on the embankment material, the static failure strains
ranged betwe?n 3% and B%, so that for the purposes of this analysis the
cyclic yield strength of this material can be considered equal to its static
undrained strength. From consolidated undrained tests on representative
samples of the embankment material two interpretations were made for the
strength of the material:Aone, based on én average of all the samples tested
resulting in a cohesion value, c, of 0.72 tons/sq. ft (or 0.72 kg/cmz) and a
friction angie, ¢, of 13°; the other, a conservative interpretatiocn, based |
on the minimum strength values with a cohesion of 0.4 tons/sq. ft (or
0.4 kg/cmz) and a friction angle of 16°. Using these strength estimates,
values of yield accelerations were calculated for a sliding mass extending
ﬁhrough the full height of the embankment as shown in Fig. 17.

Considering the average relationship of'kmax/ﬁmax with depth shown in
Fig. 9, the ratio for a sliding mass extending through the full height of
the embankment is 0.35, resulting in a maximum average accéleration, kmax'
of 0,35 x0.57g = 0.2g. From Fig, 17 the yield acceleration calculated for
the average strength values is 0.14g. Thus the parameters to be used in
Fig. 16 to calculate the displacements for this particular sliding surfacé

’

are as follows:

Magnitude = 8-1/4
T = 0.99 sec.
o]
k = 0.2
max
k /K =222 . 0.7

y'  max 0.20
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From Fig. 16:

-

U/kmaxg To-= 0.013 seconds
The displacement U=0.013x0.2x32,2x0.929=0.08 ft. (or 2.4 cm).

Using the most conservative value of kmax/ﬁ shown in Fig. 9 of 0.47,

max

‘the computed diéplacement would have been 0.58 ft (17.5 cm). Similarly using -

the conservative'strength parameters for the soil (giving ky==0.07) and the

average curve for kmax/ﬁmax shown in Fig. 9, the computed displacement would
have been 1.5 ft (45 cms). All of these values are in reasonable accord with

the observed pefformance of the dam during the 1906 earthquake.

The calculation was repeated for a sliding mass extending through half
the depth of the embénkment. The computed permanent displacements ranged
between 0.02 and 1.08 ft (0.6 to 32 cms) indicéting that tﬁe critical potential
sliding mass in tﬁis case was that extending through the full height of the

embankment. -

CONCLUSION

A simple yet rational approach to the design of small embankments under
earthquake loading has been described herein. The method is based on the con-
cept of permanent deformations as proposed by Newmark (1965) but modified to
allow for the dynamic reéponse of the embankment as proposed by Seed and Martin
(1966) and restricted in application to compacted clayey embankments and dry or
dense cohesionless soils which experience very little reduction in strength due
to cyclic loading. The method is an approximate one and involves a number of
simplifying assumptions wﬁich may lead to somewhat conservative results.

On the basis of response computations for embankments subjected to
different gréund motion records, a relationship for the variation of induced
average acceleration with embankment depth has been established. Design
curves to estimate the permanent deformations for eﬁbankments, in the height

range of 100 toc 200 ft, have been established based on equivalent-linear
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finite element dynamic analyses for different magnitude earthquakes. The
use 6f these{curves requires a knowledge of the maximum crest acceleration
and the natural period of an embankment due to a specified ground motion.

It should be noted that the design curves presented are based on
averages of a range of results which exhibit some degree of scatter, and are
derived from a limited number of cases. These ;u?ves should be updated ané
refined aé analytical results for more embankments are obtained.

Finally, the method has been applied toc an actual embankment which was
subjected to a magnitude B8-1/4 earthquake at an epicentral distance of some
20 miles. Depending on the degree of conservatism in estimating the undrain-
ed strength of the material and in estimaﬁiﬁg the maximum accelerations in the
embankment, the calculated deformations for this 135 ft clayey embankment
ranged between 0.1 ft and 1.5 ft. These approximate displacement values are
in good accord with the actual performance of the embﬁhkment during the
earthquake. } k

Whereas the method described abhove provides a rational approach to the
design of embankments and offers a signifiéantrimprovement over the conventional
pseuso-static apprecach, the nature of the approximations involved requires that
it be used with caution and good judgment especially in determining the seoil
characteristics of the embankment to which it may be applied.‘

For large embankments, for embankments where failure might result in a
loss of life or major damage and propérty loss, or where soil conditions can-
not be determined with a significant degree of accuracy to warrant the use of
the methéd, the more rigorous dynamic method of analysis described earlier

might well provide a more satisfactory alternative for design purposes. (
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A SIMPLIFIED PROCEDURE FOR COMPUTING MAXIMUM

CREST ACCELERATION AND NATURAL PERIOD FOR EMBANKMENTS
by

.1 ;
F. I. Makdis; and H. Bolton Seed2

Introduction

For many\types of embankments, constructed of dry or very dense sands
or clayey soils, an estimate of the magnitude 6f the deformations which
might be induced by earthguake shaking can be made from a knowledge of the
yield acceleration for a potential sliding mass, the maximum crest accelera-
-tion induced at the crest of the dam by the earthquake and the natural
pericd of vibration of the dam (Makdisi and Seed, 1977). The yield
acceleratién, that is, the average acceleration at which a condition of
incipient failure is induced in the potential sliding mass is determined by
the strength parameters of the soil and an appropriate method of stability
analysis.

The maximum crest acceleration induced in the embankment and the
natural period of the embankment caﬁ readily be determined either by a
finite element analysis (Clough and Chopra, 1966; Idriss and Seed, 1967) of
the embankment section or by a shear slice analysis (Ambraseys, 19260; Seed
and Martin, 1966). For many purposes, Howeve; a simplified procedure may
provide evaluations of these embankment characteristics with sufficient
accuracy for many practical purposes. Such a procedure, which ‘enables the
determination, by hand calculation, of the magimum crest acceleration and
the natural pericd of an embankment due to a specified earthquake loading

is described in the following pages. The method also allows, through

lProject Engineer, Woodward-Clyde Consultants, San Francisco, CA.

2 . . . . . . .
Professor of Civil Engineering, University of California, Berkeley, CA.
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iteration, the use of strain dependent material properties. The steps in-
volved in this procedure are described in the following paragraphs, and an
example problem is solved to compare the results from the approximate method

to those obtained from a finite element solution.

1. Ewvaluation of initial properties

Consider the dam section shown in Fig. l1(a) with height H, shear wave
velocity Voax' and a mass density p. The section is assumed to be homo-

geneous and of infinite length. The maximum shear modulus, Gmax' is related

to the shear wave velocity, Viax' by the relation:
G __=pv? B (1)

For the first iteration of computations, assume any initial value of

shear modulus G, and determine the ratio G/Gmax' From Fig. 1(b), for the
calculated value of G/Gmax the corresponding values of shear strain, Yave’

and damping, A, could then be determined.

2. Calculation of maximum acceleration and natural period

In the derivation of the shear slice theory for a dam section with-
the properties described above, the expression for the acceleration at any
level, y, as a function of time is given by:

= 23 (B y/h)
a(y,t) = Z e _.n_

= Bn Jl Bn W Vn(t) (2)

where: JO,J Bessel functions of first kind of order zero and one

B = the zero value of the frequency equation Jo(wh/b/G)==0
w = Bn vs/h, where vy = YG/D

‘ ; t!
natural frequency of the n h mode.
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(c) Ear‘thuoke Acceleration Response Spectra

FIG. 1 CALCULATION OF MAXIMUM CREST ACCELERATION AND NATURAL
PERIOD - (APPROXIMATE PROCEDURE).



Vn(t) known as Duhammel's integral is given by the expression:

t A w (e-T) _
v (&) =-/f v o BN sinfwgy (£-T) 1 dt (3)
n g9
o
where: Wy = w_ v1-A 2 . o for small values of X
n n n n n
An = fraction of critical damping
. o0
Thus, Gly,t) = 2, 0_(y) w_V_(t) (4)
n n n
n=1
ZJO(BnY/h)

where: ¢n(y) = 72:32715;7—

mode participation factor.

Considering the first three modes of vibration, the corresponding values of

Bn are always: B, = 2.4, Bz = 5.52, 83 = B.65, and the corresponding values

1

of the first natural frequencies are:

Wy = 2.4 vs/h
w, = 5.52 vs/h' (5)
m3 = 8.65 vs/h

’

At the crest of the dam, y = O, and the corresponding valuesiof the mode

participation factors ¢n(o) for the first three modes are given by:

¢l(o) =1.6
¢2(o) = 1.06 - . {(6)
¢3(o) = 0.86

.

.'. The value of acceleration at the crest in each mode is given by the

expression:



. & = )
u_(o,t) ¢n(o) w Vv (£) (7
and the maximum value of the crest acceleration in each mode is given by:

unmax - ¢n(°) wnsvn ‘ | (8)

where Svn’ known as the spectral velocity, is the maximum value of Vn(t),
and is a function offmn, An and the charactefistics of the ground motion
ﬁg(t). For small values of An the spectral acceleration San' is approxi-
mately equal to wgsvn and thus the expression for the maximum crest

acceleration for each mode could be written as:

u = ¢ (o) s, (9)

Mmax n c
The value of S,n 28 @ functicn of W and An is readily available for most
earthquake ground motion records and average values have been published by
various authors (Housner, 1959; Newmark and Hall, 1969; Newmark, Blume and
Kapur, 1973; Seed, Ugas and Lysmer, 1976).

The maximum crest acceleration for the first three modes is thus given

by .
Yimax ~ ¢1(°) Sa1 = 18 S,
B, = ¢y s, = 1.06 5,5 (10)
max a
ﬁ = ¢_{(o) S = 0.86 §
3max 3 a3 a3

As the maximum values in each mode occur at different times, the maximum
values of the crest acceleration is approximated by taking the square root
of the sum of squafes of the maximum acceleration of the first three modes,

hence:

1/2

3
e _ .. 2 '
S NS



Therefore, having determined the value of v and A in step (1), Eg. 5 is
then used to determine the corresponding values cof the first three natural
frequencies. These in turn are used in Fig. 1(c¢) to determine the corres-
ponding values of spectral acceleration and with the aid of Egs. 10 and 11

the value of the maximum crest acceleration is readily determined.

3. Determination of average shear strain

To estimate the strain compatible material properties, an expression
for the average shear strain over the entire section should be determined.
From the shear slice theory, the expression for shear strain at any level in

the embankment as a function of time is giwven by:

Yt = X s Val® (12)
=1 n
@ 23 (B _y/h)
= _hHZ 2 12 - Oy Vp (8
Vs n=1 Pn" 3 (Bp)
Thus Yyt = 25 3 6ty w_v_(5) (13)
: Vs n=l :
23, (Bny/h)
where: ¢n'(y) = —_— (14)

2
Bn Jl(Bn)

shear strain mode participation factor.

The variation of ¢n' with depth for the first three modes (after Mgrtin,
1965) is shown in Fig. 2. Considering the small contributions of the higher
modes compared to the first mode over the entire depth, it is sufficient for
all practical purposes to consider the contributions of the first ﬁode only in
calculating the average shear strain. Thus from Eq. 13 the expression for the

maximum shear strain at any level, y, may be written as:



FIG. 2

¢r"(y)= 2 J)(Bn ¥/h)
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VARIATION OF SHEAR STRAIN MODE PARTICIPATION FACTORS WITH
DEPTH - SHEAR SLICE THEORY. (After Martin, 1965).



h
Ymax(y) = ;;E ¢ll(y) Sa

1 (15)

where ¢1‘ is the first mode participation factor as shown in Fig. 2, and
S.1 is the spectral acceleration corresponding to the first natural

frequency wl.

The average maximum shear strain for the entire section may be deter-

mined by calculating an average value (¢! of the first mode participation
Liave

factor in Fig. 2:

RN L (0.38+0.41+0.35+0.24+0.1) (16)
Vave 3,
= 0.3
and (v_...) = —E—(¢') S a7
ave' may  v_2\V1/ayve "al

s

Assuming the equivalent cyclic shear strain is approximately 65% of

the maximum average shear strain, (y_- . then

ave max’
( ) = 0.65x0.3 x 2 5 " (18)
- Yave eq : ' vg? Tal

Having obtained a new value for the average shear strain from Eq. 1B
a new set of modulus and damping values can be determined from Fig. 1l(b).
If these values are different from those assumed in step (1), a new ite#ation
must be performed starting from step (2) and the process repeated until
strain compatible properties are obtained. The process usually converges in

3 iterations.

Example Problem

To evaluate_thelaccuracy of the approximate method proposed above, the
response of a 150-ft-high embankment, for which a solution has been obtained

by the finite element method, will be calculated herein.



Inwthe finite element solution the maximum shear modulus was calcu-~
lated as a function of the square root of the effective confining pressure;
therefore a weighted average based on values from all the elements was
calculated and that value was used for the hoﬁogeneous section analyzed by

the approximate method. The properties of the embankment are as follows:

Height, h 150 ft

Unit weight, Y 130 pcf

Mass density, o 4.04 slugs/ft3

3650 ksf (avérage of all

Maximum shear modulus, G
max
elements)

Maximum shear wave velocity, v 950 fps

max
The finite element response was calculated for ground accelerations
obtained from the N-S component of the Taft record of the Kern County (1952)
earthquake,‘adjusted to have a maximum accéleration of O.Zg. A plot of the
normalized response spectra for this record is shown in Fig. 3. The strain
dependent modulus and damping properties used in the computations‘are presented

~in Fig. 4.

Iteration #1

Assume vS = 600 fps.

.ov /v = 600/950 = 0.63

and G/6 = (v /v )7 = 0.4

From Fig. 4 : for G/Gmax = 0.4
shear strain = 0.06%
and A = 13%

From Eq. 5:
ml = 2.4 x 600/150 = 9.6 réd/sec, T1 = 0.65 sec.
wz = 5,52 x 600/150 = 22.1 rad/sec, T2 = 0.284 sec.
W, = 8.65 x 600/150 = 34.6 rad/sec, T. = 0.182 sec.

3
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The values of spectral acceleration, for, w,, w

1 3

Fig. 3 for A = 13%, and from Eg. 10 we get:

ulmax =1l.6 x 0.26 = 0.4lég

u = 1.06 x 0.316.= 0.335g
2max

u3max = 0.86 x 0.29 = 0.249g

from-Egq. 1l the maximum crest acceleration

Uox = 0.599 -

the average equivalent shear strain from Eq. 18 is then:

]

0.65 x 0.3 x 150

ave)eq Teo0r2 ¥ 0.26 x 32,2

(y

0.068%

Iteration #2

From Fig. 4: for shear strain = 0.068%

G = 0.
G/ max 0.36
Py = 13.7%
and vs/v = 0.6 v = 570 fps

max

. w, = 2.4 x 570/150 = 9.12 rad/sec, Tl = 0.69 sec.
w, = 5.52 x 570/150 = 20.97 rad/sec, T2 = 0.3 sec.
wy = 8.65 x 570/150 = 32.87 rad/sec, T, = 0.19 sec.
N ) '
and
ulmax = 1,6 x 0.244 = 9.39g
u2max = 1.06 x 0.32 = 0.339g
u = 0.86 x 0.294 = 0.253g
3max
Ceou = 0.575g

max

5t w. are obtained from ~+
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. 150 |
(Yave)eq = 0.65 x 0.3 x 7575, X 0.244 x 32.2

0.071%

Repeating the same calculations for Iteration #3 we get the following

results:’

max 0.579

T = 0.7 sec..

o

Yave = 0.07% ( Approximate Procedure
G = 1270 ksf

A = l4s '3

The finite element soclution gave the following results:

U O.S}g' A
To = 0,75g
Y = 0.065% > Finite Element Sclution
ave
(G) . = 1410 ksf-
ave -
(A) ave = 11s /

As can be seen from the comparison above there is a fairly good
agreement between the results obtained by the approximate procedure and
those from the finite element calculation. Thus it would appear that
for practical purposes the above procedure can be used for'estimating
the maiimum crest acceleration and natural pefiod:of an embankment sub-
jectéd to a given base motion. ’These values may in turn be used to
estimate the permanent displacements induced by earthquake shaking as

described elsewhere (Makdisi and Seed, 1977).



Acknowledgment

The study described in the preceding paper was conducted under
the‘sponsorship of the National Science Foundation (Grant ENV 75-21875). The

support of the National Science Foundation is gratefully acknowledged.



A-15

References

Ambraseys, N. N. (1960) "The Seismic Stability of Earth Dams ," Proceedings
of the Second World Conference on Earthgquake Engineering, Japan, 1960,
Vol. II.

Clough, R. W. and Chopra, A. K. (1966) "Earthquake Stress Analysis in
Earth Dams," Journal of the Engineering Mechanics Division, ASCE, Vel. 92,
No. EM2, Proceedings Paper 4793, April, pp. 197-212.

Housner, G. W. (1959) "Behavior of Structures during Earthquakes,"
Proceedings, ASCE, Vol. 85, No. EM4, October 1959.

Idriss, I. M. and Seed, H. B. (1967) "Response of Earth Banks During Earth-
quakes," Journal of the Soil Mechanics and Foundations Division, ASCE,
Vol. 93, No. SM3, May, pp. 61-B2,

Makdisi, F. I. and Seed, H. Bolton (1977) "A Simplified Procedure for
Estimating Earthquake-Induced Deformation in Dams and Embankments,"
(In Press).

Martin, G. R. (1965) "The Responsé of Earth Dams to Earthguakes,” Thesis
submitted in partial satisfaction of the requirements for the degree of
Doctor of Philosophy, University of California, Berkeley.

Newmark, N. M., Blume, J. A. and Xapur, X. (1973) "Design Response Spectra
for Nuclear Power Plants,"” Naticnal Structural Engineering Meeting, ASCE,
San Francisco, April.

Newmark, N. M. and Hall, W. J. (1969) "Seismic Design Criteria for Nuclear
Reactor Facilities," Proceedings, Fourth World Conference on Earthquake
Engineering, Santiago, Chile.

Seed, H. B. and Martin, G. R. (1966) "The Seismic Coefficient in Earth Dam
Design," Journal of: the Soil Mechanics and Foundaticons Division, ASCE,
Vol. 92, No. SM3, May.

Seed, H. Bolton, Ugas, C. and Lysmer, J. (1978) "Site-Dependent Spectra for
Earthquake Resistant Design," Bulletin of the Seismological Society of America,
Vol. 66, No. 1, pp. 221-244, February.






EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

EERC 67-1 "Feasibility Study Large-Scale Earthquake Simulator
Facility," by J. Penzien, J. G. Bouwkamp, R. W. Clough
and D. Rea - 1967 (PB 187 905) a07

EERC 68-1 Unassigned

EERC 68-2 "Inelastic Behavior of Beam-to-Column Subassemblages
Under Repeated Loading,” by V. V. Bertero - 1968
(PB 184 8&88) A0S

EERC 68-3 "A Graphical Method for Sclving the Wave Reflection-
Refraction Problem," by H. D. McNiven and Y. Mengi
1968 (PB 187 943) A03

EERC 68-4 "Dynamic Properties of McKinley School Buildings," by
D. Rea, J. G. Bouwkamp and R. W. Clough ~ 1968
(FB 187 902) A07

EERC 68-5 "Characteristics of Rock Motions During Earthguakes,"
by H. B. Seed, I. M. Idriss and F. W. Kiefer - 1968
(PB 188 338) A03

~ EERC 69-1 "Earthguake Engineering Research at Berkeley," — 1969
(PB 187 906)Aal11

EERC ©9-2 "Nonlinear Seismic Response of Earth Structures," by
M. Dibaj and J. Penzien - 1969 (FB 187 904) A08

“EERC 69-3 "Probabilistic Study of the Behavior of Structures
During Earthquakes," by P. Ruiz and J. Penzien - 196%
(PB 187 886)A06 -

EERC 69-4 "Numerical Solution of Boundary Value Problems in
Structural Mechanics by Reduction to an Initial Value
Formulation," by N. Distefano and J. Schujman - 1969
(PB 187 942)A02

EERC 69-5 "Dynamic Programming and the Solution of the Biharmonic
‘ Equation," by N. Distefano - 1969 (PB 187 941)Aa03

Note: Numbers in parenthesis are Accession Numbers assigned by the
National Technical Information Service. Copies of these reports may
be ordered from the National Technical Information Service, 52B5

Port Roval Road, Springfield, Virginia, 2216]1. Accession Numbers
should be quoted on orders for the reports (PB --- --—- ) and remittance
must accompany each order. (Foreign orders, add $2.50 extra for
mailing charges.) Those reports without this information listed are
not yet available from NTIS. Upon request, EERC will mail inguirers
this information when it becomes available to us.



EERC €9-6 "Stochastic Analfsis of Offshore Tower Structures,"
' by A. X. Malhotra and J. Penzien - 1969 (PB 187 903)a09

EERC 69-7 "Rock Moticon Accelerograms for High Magnitude
Earthquakes," by H. B. Seed and I. M. Idriss - 1969
(PB 187 940) A0z

EERC 69-8 "Structural Dynamics Testing Facilities at the
University of California, Berkeley,” by R. M. Stephen,
J. G. Bouwkamp, R. W. Clough and J. Penzien - 1969
(PB 189 111} AO4

EERC 69-9 "Seismic Response of Scil Deposits Underlain by
Sloping Rock Boundaries," by H. Dezfulian and
H. B. Seed - 1969 (PB 189 114) Aa03

EERC 69-10 "Dynamic Stress Analysis of Axisymmetric Structures
under Arbitrary Leading,"” by S. Ghosh and E. L.
Wilson - 1969 (PB 1892 026) AlQ

EERC 69-11 "Seismic Behavior of Multistory Frames Designed by
Different Philosophies,” by J. C. Anderson and
V. V. Bertero - 1969 (PB 190 662) AlQ

EERC 69-12 "Stiffness Degradaticon of Reinforcing Concrete
Structures Subjected to Reversed Actions," by
V. V. Bertero, B. Bresler and H. Ming Liaoc - 1969
{(PB 202 942) AOQ07

EERC '69-13 "Response of Non-Uniform Soil Deposits to Travel
Seismic Waves," by H. Dezfulian and H. B. Seed - 1969
(PB 151 023)A03

EERC 69-14 "Damping Capacity of a Model Steel Structure," by
D. Rea, R. W. Clough and J. G. Bouwkamp - 1969
(PB 190 5663) AOD6

EERC 69-15 "Influence of Local Soil Conditions on Building
Damage Potential during Earthquakes," by H. B. Seed
and I. M. Idriss - 1969 (PB 191 036) AQ3

EERC 69-16 "The Behavior of Sands under Seismic ILoading
Conditions," by M. L. Silver and H. B. Seed - 1969
{AD 714 9282) AQ7

EERC 70-1 "Earthquake Response of Concrete Gravity Dams,” by
A. K. Chopra - 1970 (AD 709 640)a03

EERC 70-2 "Relationships between Soil Conditions and Building
Damage in the Caracas Earthquake of July 29, 1967," by
H. B. Seed, I. M. Idriss and H. Dezfulian - 1970
(PB 195 762)A05 ‘



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC .

EERC

EERC

EERC

70-3

70-4

70-6

70-8

70-10

71-1

71-2

71-3

71-4

71-5

"Cyclic Loading of Full Size Steel Connections," by
E. P. Popov and R. M. Stephen - 1970 (PB 213 545)A04

"Seismic Analysis of the Charaima Building,
Caraballeda, Venezuela," by Subcommittee cf the
SEAONC Research Committee: V. V. Bertero, P. F.
Fratessa, S. A. Mahin, J. H. Sexton, A. C. Scordelis,

E. L. Wilsen, L. A. Wyllie, H. B. Seed and J. Penzien,

Chairman - 1970 (PB 201 455)A06

"A Computer Program for Earthquake Analysis of Dams,"

by A. K. Chopra and P. Chakrabarti -'1970 (AD 723 994}A05

"The Propagation of Love Waves across Non-Horizontally

Layered Structures," by J. Lysmer and L. A. Drake -

1970 (PB 197 896)A03

"Influence of Base Rock Characteristics on Ground
Response,”™ by J. Lysmer, H. B. Seed and P. B.

Schnabel - 1970 (PB 197 897} a03

"Applicability of Laboratory Test Procedures for
Measuring Soil Liquefaction Characteristics undex
Cyclic Ioading," by H. B. Seed and W. H. Peacock -

1970 (PB 198 016)A03

"A Simplified Procedure for Evaluating Soil
Liguefaction Potential," by H. B. Seed and I. M.

Idriss - 1970 (PB 198 009) A03

"Soil Moduli and Damping Factors for Dynamic Response

Analysis," by H. B. Seed and I. M. Idriss - 1970

(PB 197 869)A03

"Koyna Earthquake and the Performance of Koyna Dam,"
by A. K. Chopra and P. Chakrabarti - 1971 '(AD 731 496) AO6

"Preliminary In-Situ Measurements of Anelastic
Absorption in Soils Using a Prototype Earthquake
Simulator," by R. D. Borcherdt and P. W. Rodgers -

1971 (PB 201 454} A03

"Static and Dynamic Analysis of Inelastic Frame
Structures,"” by F. L. Porter and G. H. Powell - 1971

(PB 210 135) A06

"Research Needs in Limit Design of Reinforced Concrete

Structures,™ by V. V. Bertero - 1971 (PB 202 943) AQ4

"Dynamic Behavior of a High-Rise Diagonally Braced

Steel Building," by D. Rea, A. A,
Bouwkamp -~ 1971 (PB 203 584) AQ6

Shah and J. G.



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

71-6

71-7

71-8

72-1

72-2

72-3

72-4

72-5

72-6

727

72-8

72-10

"Dynamic Stress Analysis of Porous Elastic Solids
Saturated with Compressible Fluids," by J. Ghaboussi
and E. L. Wilson - 1971 (PB 211 398) AO6

“Inelastic Behavior of Steel Beam-to-~Column
Subassemblages," by H. Krawinkler, V. V. Bertero
and E. P. Popov.—- 1971 (PR 211 335) Al4

"Modification of Seismograph Records for Effects of
Local Scoil Conditions," by P. Schnabel, H. B. Seed
and J. Lysmer - 1971 {PB 214 450)A03

"Static and Earthquake‘Analysis of Three Dimensional
Frame and Shear Wall Buildings," by E. L. Wilson and
H. H. Dovey = 1972 (PB 212 904)A05 '

"Accelerations in Rock for Earthquakes in the Western
United States," by P. B. Schnabel and H. B. Seed -
1972 (PB 213 100)A03

"Elastic-Plastic Earthquake Response of Soil-Building
Systems," by T. Minami - 1972 (PR 214 86B8) A0B

“"Stochastic Inelastic Response of Offshore Towers to
Strong Motion Earthquakes,” by M. K. Kaul - 1972
{PB 215 713)A05 ‘

"Cyclic Behavior of Three Reinforced Concrete
Flexural Members with High Shear,"” by E. P. Popov,
V. V. Bertero and H. Krawinkler ~ 1972 (PB 214 555) A05

“"Earthquake Response of Gravity Dams Including
Reservoir Interaction Effects," by P. Chakrabarti and
A. K. Chopra - 1972 (AD 762 330)A08

"Dynamic Properties on Pine Flat Dam," by D. Rea,
C. Y. Liaw and A. K. Chopra - 1972 (AD 763 928) A05

"Three Dimensional Analysis of Building Systems," by
E. L. Wilson and H. H. Dovey ~ 1972 (PB 222 438) AC6

"Rate of Loading Effects on Uncracked and Repaired
Reinforced Concrete Members," by S. Mahin, V. V.
Bertero, D. Rea and M. Atalay - 1972 (PB 224 520) AO8

"Computer Program for Static and Dynamic Analysis of
Linear Structural Systems," by E. L. Wilson,

K.-J. Bathe, J. E. Peterson and H. H. Dovey - 1972
(PB 220 437) AQ4




EERC

EERC

- EERC
EERC
EERC
EERC
EERC
EERC
EERC
EERC

EERC
EERC

EERC

EERC

72-11

72-12

73-1

73-3

73-4

73-5

73-6

73-%
73-10

73-11

73-12

"Literature Survey - Seismic Effects on Highway
Bridges," by T. Iwasaki, J. Penzien and R. W. Clough -
1872 (PB 215 613)al9

"SHAKE-A Computer Program for Earthquake Response
Analysis of Horizontally Layered Sites," by P. B.

Schnabel and J. Lysmer - 1972 (PB 220 207)A06

"Optimal Seismic Design of Multistory Frames," by
V. V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams
during the Earthgquake of February 9, 1971," by

H. B. Seed, K. L. Lee, I. M. Idriss and F. Makdisi -
1973 (PB 223 402}Al4

"Computer Aided Ultimate Load Design of Unbraced
Multistory Steel Frames," by M. B. El-Hafez and
G. H. Powell - 1973 (PB 248 315)A09

"Experimental Investigation into the Seismic
Behavior of Critical Regiocns of Reinforced Concrete
Components as Influenced by Moment and Shear," by
M. Celebi and J. Penzien - 1973 (PB 215 884) A09

"Hysteretic Behavior of Epoxy-Repaired Reinforced
Concrete Beams," by M. Celebi and J. Penzien - 1973
(PB 239 568)A03

"General Purpose Computer Program for Inelastic
Dynamic Response of Plane Structures," by A. Kanaan
and G. H. Powell - 1973 (PB 221 260) A0S

"A Computer Program for Earthquake Analysis of

Gravity Dams Including Reservoir Interaction," by :
P, Chakrabarti and A. K. Chopra - 1973 (AD 766 271) a04
"Behavior of Reinforced Concrete Deep Beam-Column
Subassemblages under Cyclic Loads,™ by O. Kustu and

J. G. Bouwkamp - 1973 (PB 246 117)al2

“Earthquake Analysis of Structure-Foundation Systems,"
by A. K. Vaish and A. K. Chopra - 1973 (AD 766 272)AQ7

"Deconvolution of Seismic Response for Linear
Systems,"” by R. B. Reimer - 1973 (PB 227 179) A08

"SaP IV: A Structural Analysis Program for Static and
Dynamic Response of Linear Systems,” by K.-J. Bathe,
E. L. Wilson and F. E. Peterson - 1973 (PB 221 967} a09

"Analytical Investigations of the Seismic Response of
Long, Multiple Span Highway Bridges,"” by W. S. Tseng
and J. Penzien - 1973 (PB 227 816)a10



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

73-13

73-14

73-15

73-16

73-17

73-18

73-19°

73-20

73-21

73-22

73-23

73-24

73-25

73-26

"Earthquake Analysis of Multi-Story Buildings
Including Foundation Interaction," by A. K. Chopra
and J. A. Gutierrez -~ 1973 (PB 222 970)a03

"ADAP: A Computer Prcgram for Static and Dynamic
Analysis of Arch Dams," by R. W. Clocugh, J. M.
Raphael and S. Majtahedi ~ 1973 (PB 223 763)a0%

"Cyclic Plastic Analysis of structural Steel Joints,"
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Report," by R. W. Clough and D. Tang - 1974 (PB 240 8&9)A03

"Hysteretic Behavior of Reinforced Concrete Flexural
Members with Special Web Reinforcement,”" by V. V.
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Dumbarton Bridge Replacement Structure, Vol. I:
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V. V. Berterc and S. Chandramouli - 1975 (PB 252 365)All

EERC 75-12 "Earthquake Engineering Research Center Library Printed
Catalog” - 1975 (PB 243 711} (PB 243 711)a26
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"Influence of Seismic History of the Liquefaction
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"Evaluation of Soil Liquefaction Potential during Earth-
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Thirawat Srichatrapimuk - 1976 (PB 265 157)A07

"Tensile Capacity of Partial Penetration Welds," by Egor P.
Popov and Roy M. Stephen - 1976(p3 262 899)a03

"Analysis and Design of Numerical Integration Methods in
Structural Dynamics," by Hans M, Hilker - 1976 (PB 264 410)a06

"Contribution of a Floor System to the Dynamic Characteristics
of Reinforced Concrete Buildings," by L. J. Edgar and
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1977 -

"A Simplified Procedure for Estimating Earthguake-Induced
Deformations in Dams and Embankments,™ by F. I. Makdisi and
H. Bolton Seed - 1977



