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response of embankments (5,7) and the equivalent linear method (21) was used it
successfully to represent the strain-dependent nonlinear behavior of soils, In
addition the nature of the behavior of soils during cyclic loading has been the -
sabject of extensive research (10,20,23,29). Both the improvement in the arialytical
tools to study the response of embankments and the knowledge of material
behavior during cyelic loading led to the development of a more retional approach

was nsed to analyzo the Sheffield Dam failure during the 1925
Santa Barbara earthquake (29) and the behavior of the San Fernando Dams
during the 1971 ¢ (25). This method has since been used extensively
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tho s of the performance of embankments during strong earthquakes,
tw?:l,imstinctmty:eya of beg:ﬁot may be discemned: (1) That a.ssqciated wit!n loose
to medium dense sandy embankments, susceptible to rapid increases in pore
pressure dus to cyclic loading resulting in the development of pore pressures
equal to the overburden pressure in large portions of the embankmeqt, associated
reductions in shear strength, and potentially Iarge movements leading ?o almost
complete failure; and (2) the behavior associated with compacted cohesive clays,
dry sands, and some denss sands; here the potential for buildup of pore pressures
is' much less than that associated with loose to medinm dense sands, the resulting
cyclic strains are usually quite small, and the material retains most of its sta‘ﬁc
undrained shearing resistance so that the resulting post-carthquake behavior
is a limited permanent deformation of the embankment,
‘!'hcdynamicannlysispmeedurqpmposedbySeed.ct_nl. (25)basbee‘l.|nsed
to predict adequately both types of embankment t:qhavior using the ?tmin
Potential” concept. Procedures for-integrating strain potentials to obtain the
overall deformation of an embankment have been proposed by Seed, et al.
, Lee (9), and SerfY, et al. (27). . o
mﬂcL?yn%c analysis npprgnch has boen recommended by the Committeo
on Earthqnakes: of the Intemational Commission on Large Dams (3): *‘high
embankment dams whose failnre may canse loss-ot-lifqpr major dam?ge.should
be designed by thie 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 Committée recommended

the use of conventional psendostatic methods using a constant horizontal seismic

~ coefTicient selected on the basis of the seismicity of the area. However, the

i ‘ the psendostatic approach to predict the behavior of embankments
m«mfmkos has been clearly recognized and demonstrated (l9,24,2§.26,
28). Furthermors in the same roport (3) thie 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 duve to eutbqua_ke_ forces
varies throughout the height of the dam ... . in several instances, this method
ptedicts a safe condition for dams which are known to have had major slides.
It is this need for a simple yet rational approach to the sei.smxc-dengn of
amall embankments that prompted the development of the simplified procedure
. described herein, _
" This approximate method uses the originally p Newmark
(13) for calculating permanent deformations but it is based_on an_evatuation
of_the dynamic_response_of the embenkment as proposed by Seed and Martin
(26) rather than rigid body bebavior. 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 perfoctly plastic behavior above vield. The method
involyes the following steps: - :

L_A yield acceleration, i.., #n acceleration at which a potential aliding surface
would develop a factor of safety of unity is determined. Values of yield
acceleration are a function of the embankment geometry, the undrained mens!h
of the material (or the reduced strength due to shaking), and the location-of

/
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2. _Earthquake induced accelerations in the embankment are determined using
dynamic response analyses. Finite element procedures using strain-dependent”
soil properties can be used for calculating time histories of acceleration, or
simpler one-dimensional techni ‘might be used for the same purpose. From
these analyres, time histories of average accelerations for various potential sliding
masses can be determined. .

3. For a given potential sliding mass, when the induced acceleration exceeds
the calcnlated yield acceleration, mavements are assumed to occur along the

diréction of the faiture plane and the magnitnde 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 ft-200,
ft (30 m-60 m), and constructed of compacted cohesive soils or very dense
cohesionless soils, but may be applicable to higher embankments, A similar
approach has been proposed by Sarma (16) vsing tie assumption of a tigid
block on an inclined plane rather than a deformable earth stracture that responds
with differential motions to the imposed base excitation. :

In the following sections the steps involved in the analyses will be described
in detail and design curves prepared on the basis of analyzed cases will be
presented, together with an example problem to illustrate the wse of the method.
Note, however, that the method is an approximate one and involves simplifyi
assumptions. The design curves are averages

| assum on a limited number of
cases analyzed and should be updated as more data become available and more
cases are studied '

Devenmmanon or Yiero Aeenmmbn

The yield acceleration, k,, is defined as that average acceleration producing

8 horizontal inettia force on a_potential slidine mass 30 as 1o produce a factor
of safety of wnj i i i -

ity and thus cause it to ex ence 3 ACH
For soils that do not develop large cyclic strains or pore pressures and maintain

most of their original stren er earthquake sha
be calculated by stability analyses using limiting equilibrium methods. In conven-
tional slope stability analyses the strength of the material is defined as either

the maximum deviator stress in an undrained test, or the stress level that wounld

that under static conditions. Due t6 the transient nature of the earthquake loading,
an embankment may be subjected to a number of stress pulses at levels equal
to or higher than its static failure stress that simply produce some permanent
deformation rather than complete faiture, Thus the yield strength is defined,
for the purpose o'f this analysis, as that maximum stress level below which

of numbers and frequencies similar to those induced by éarthquake shaking)
and above which the material exhibits permanent plastic deformation of magni-
tudes dependent on the number and froquency of the pulses applied. Fig. 1
shows thel"loono.ept of cyclic yield strength. The material in this case has a

clic vie equal to about{90%)of. its static unidrained strength and
as shown in Fig. I(a) the application of 100 cycles of stress amounting to[80%)
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oftheundninedmgthresnltedinmenﬁaﬂyanehsﬁcbebaviotwithvery
littte permanent deforma On the other hand, the application of 10 cycles
of stress level equal to]95%H of the static undrained strength led to sabstantial
permanent strain as shown in Fig. 1(0). On loading the material monotonically
to feilere mertheseﬁaofcydicmappﬁcadmthemteﬁnlmfmd
toreuinthcoriginnlnndninednm;th.mstypeofbehnviorismodawd
withvaﬁmtypesofmﬂsthatexhibitsmanincmsesinporepmmduﬁng
cyclic loading. This wonuld inclode clayey materials, dry ot partially saturated

cohesionless soils, or very dense saturated cohesionless materials that will not

"undergo significant deforma even nnder cyclic loading conditions, unless
the undrained static strength of the soil is exceeded.
Sedndmnm)mdnmdqcﬁcteﬂsmmmplesofmdiﬂwbedmd
eompaeted_siltychysmdfoundthntfcreondiﬁonsofnostreummalmd
for different values of jnitial and cyclic stresses, the total stress required to
produce large deformations in 10 cyclesand lmcydesmgedbetweeni%m
of the undrained static strength, - '
Sangroy, et al. (15) investigsted the effective stress response of clay under
repented loading. They tested undistarbed samples of clay (LL = 28, Pl =
10) and found that the cyclic yicld strength of this materiat was of the order
of[60%] of its static undrained strength. o ‘

-

Rahman (14) performed similar tests on remolded samples of a brittle silty
clay(LL-91,Pl-49)andfmdthatthecycﬁcyieldstmsthmamncﬁon
of the initial effective confining pressure, For practical ranges of effective
POT the cyclic yield strength for this material ranged between
50%-05%] of its static undrained strength. At cyclic stress levels below the
jeld strength, in all cases, the material reached equilibrium and assumed an
elastic behavior at strain lovels less than 2% irrespective of the number of
stress cycles applied. )

Thiers and Seed (28) performed tests on undisturbed and remolded samples
of different clayey materials to determine the reduction in staticundrained strength
dne.tocycﬁcloading.neithsmmmnﬂzedinFig. 2 which shows
the reduction in undrained 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 application of 200

cycles of a certain strain amplitade, the sample was loaded to failure monotonically~ |
ltl'stninramof3%/min.’l‘huaﬁomﬂg.2h‘eonhlbemedmtifa)F
toy/

clay is subjected t6 200 cycles of strain with an amplitude less than half its
statio failure strain, the matecial may be expected to retain at least[90%) of

its otiginal static undrained strength, -

Aa. z.—aodmmmu:»mm~
Strength Dus to Cyefic Loading (20)

out to calculate time histories of -

)

853
¢ yclic simple shear tests on s;
$¥;ﬂme; that'tbe reduction in undrained shear stmmgthpl”w:‘;m::
bole looocyd”assomg;qsthecychcshmmminm less than +3% even
reducﬁ;pn 0 ., So orth Sea clays, however, have shown a strength
up to 40% for the same level of cyclic loading
On the basis of the experimental data reported previonsly and for values

am DEFORMATIONS
Andersen (2), on the basis of ¢

TABLE 1.—~Maximum Cycfic Shesr Strains Caloutated from Dynemie Finite Element

Response Analyses
) - Maxi
| | Em::;!!mem - Maximum :;o";rm
_ Magnituds he a’:’; Slape, | base accel- | strain, as »
(n @ @ | Ttem.s | porcontage
" 6-1/2 (Caltech record) 7 4 - £
6-1/2 (Caltech record) 150 2 05 02-0.4
6-1/2 (Caltech record) - 150 23‘ 02 0.1-0.15
6-1/2 (Lake Heghes recond) 150 b 0.3 02-0.3
612 (Cahtech 50 21 0.2 0.1-0.15
)3 Caech mcord) 150 pyaf os 02-0.3
71/2 (Tat record) 150 2: 0.5 0.2-0.5
81/4 (S1 150 2:1 0.2 0.1-0.2
81/4 (1 record) 38 2:1 0.78 0.4-1.0
L record) - 0.4 02-0.5
Note: 1 fi = 0.305 m.
M’k Y : o ) '.%m”
t o \ ‘\ F(n = {E}a
H []
LN N ’
gfEo - '
5 bl
o tmmmme e E G e oma -
! . . Momber of elements lang the s5ding yurfoce
'# a£ hi% rﬁ

hoyll) » FlAy

from Finite
?—M- Element Response

of cyclic shear strains ealculated ' :
of cyclic yield strength for a cla from earthquake response anatyses, the value

 material can be estimated, In most cases

\;';l:e \;:1:!;; agp_earmy b:on?edlui?lm more of the static undrained strength,
an approp: method i alysia.

l;ci:licuh:e the corresponding yield aet:e!cm'ti::ina.'° o stabliy ea
te clement response anatyses (as will be described Iater) have been carried

©s of crest acceleration and average acceleration

2
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sliding masses. The method of analysis employs the
::;ix;:s mp:;re:‘:cnbmqnc with strain-dependent modulus and damping. 'l'he:
ranges of calculated maximum sheer strains, for differentmnyﬂmdeemhquak‘ es
and different embankment characteristics, are ptescmed.in _Table 1. dut ﬁ?nthe
soen from Table 1 that the maximum cyclic shear strain induced " :ith °
earthquakes ranged between 0.1% for a magnitede 6-1/2 cmthquakk 2
base acceleration of 0.2 g and 1% for a magnitude 8-1/4 e:nrt::lqne: e:u::ered
base acceleration of 0.75 g. For the compacted clayey mtbétween untere
in dam embankments *“static{ailure strain®’ valuesususlly range wetz k-1 oi"
depending on whether the material was compacted on the dry of side o
the optimum moisture content. Thus in both instances thgmlo of the Tﬂ;f ]
strain to *'static failore strain® is less .= 90°/o sraem.mm
"It seems reasonable, therefore, to assume that for these compacted e:m
soﬂs.ve:yliﬁleredncﬁoninmnsthmaybcexp?qteduamnlto ‘rong
earthquake loading of the magnitdde described msly. g on
Oncethe cyclic yield strengthis defined, the calculation of the ywﬁﬁawelmmm
can be achieved by using one of the a blgmﬂhodsofﬁedgmm‘;
In the present stady the ordinary. method of stices has been o calenta
the yield acocleration for circuter slip surfaces nsing 2 p;mf eombming
Asmmermﬁveone‘bfthcwﬁtm(ls)hnsmggestedu ombising
both effective and total stress approaches, where the shear strengt the
failre plane during, the earthquake is considered toh be c:nf:nuc:koen %‘?; i;sb:,d
' ive normal stress on that same plane before ¢l quake. X
é".;";'u'&m to noncircular slip surfaces and the horizontal inertia force resulting

. in a factof of safety of unity can readily be calculated.

fati i f the slip
: i jeld acceleration for a certain loeat.ion of th
sn:ifamt::f;!tnﬁe;h:nw&e analysis is to determine the .ugne history ‘n:’iﬁ
wt;;;kmdnwd average accelerations for that particular’sliding mass,
will be treated in the following section. :

: . 3 ll'
n order permanent deformations to be calenlated for a _pamcu
ali:)n mfacerot;eu;ne history of earthquake induced average accclerations must
3 1]
%ﬂm finite clement procedures using equivalent lincar atrai:;
dependent properties are available (6) and have been shown to pvae resp::m
vmingoodagreementwithmemmd(\{;!)nesmmdmmdmed-
i ation solutions .

Mmm? cvm” of embankments used in the prosent analysis,
t!: mponsem o calcnlation was performedusing the finite ele.ment computer pmgmﬂ\ses
QUAD- () it ssdependent et B g o b et
the Rayleigh damping
h":::"m!ml:te the time history of average scceleration for a speclﬁed‘ shdingm
mass, the method described by Chopra (4) was sdopted in the melemen;
The fimite clement calculation provides time histories of stresses for every eleme
inthoeﬁbankmentﬁsahminm. 3, at cach time step the forces acting
slong the boundary of the sliding mass are caléulated from the corresponding

together with the time history of

acceleration for different depths o
in the frequency content is readily apparent (it
period of the embankment), w
the depth of the sliding mass

The maximum crest acceleration s desizgnated Y lippgys K ey i8 the maximum

J
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normal and shear stresses of the finite elements
of these forces divided

acceleration, k,, (), acting on the sliding mass at that instant in time. The process
is repeated for

every time step to calculate the entire time history of average
acceleration.

For a 150-ft (46-m) high dam s
record scaled to produce a

along that boundary, The resultant

bjected to 30 sec of the Taft earthquake
maximum base acceleration of 0.2 g, the variation

-
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of the time history of k,, with the &

epth of the sliding mass within the embankment,
crest accelerations, is shown in Fig, 4,
Comparing the time history of crest acceleration with that of the average

potential sliding mass, the similarity

! y retlects the first natural
while The amplitndes are shown to decrease as

incteases towards the base of the embankment, - '

855

by the weight of the sliding mass would give the average
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average neeelmuon for a potential sliding mass extending to a specified depth, y.

aTn
the average accelerntion histories for varions levels were computed for embank-
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It wonld be desirable to establish a relationship showing the variation :f

the maximum acceleration ratio, K,../i.,, With depth for a range of emban &

““ments and earthquako loading conditions. It would then be sufficient, for design

to estimate the maximum crest scceleration in a given embenkment

due to a specified earthquake and vse this nlnﬁons!nip to determine the maximum

‘aversge acceleration for any depth of the potential sliding mass. A ;mpﬂl'x?d
procedure 10 estimate the maximum crest acceleration and the natural peri

ments subjected to ground accelerations recorded in the El Centro earthquake '

of 1940. The variation of the maximum averago acceleration, K ox» with depth

for these embankments with natural periods ranging between 0.26 sec-5.22 sec

. is presented in Fig. 5(a). The maximom average acceleration in Fig. 5(a) is

normalized with respect to the maximum crest acceleration and the ratio,

K pu/ s s Plotied as a function of the depth of the sliding mass is presented
in Fig. 5(b).

Ambraseys and Sarma (1) vsed essentially the same method reported by Seed

T v — and Martin (26) and calculated the response of embankments with natural periods

, ranging between 0.25 sec and 3.0 sec. They presented their results in terms

and Sarma (1) is shown in Fig. 6(a) and that for the maximmm sccoleration
mﬁo.“k_.,/ii_,, is shown in Fig. 6(b). A summary of the results obtained
Unay = -max, erest seefems fow

v T T Lo vrew v-r =
-~ e I N | / :
od” W4 ’

L), W \

' Acceleration with
o Centro Record (12): (a) Variation of Maximum Average
mf;glm: (b) Variation of Ratio of Aversge Acceleration to Maximum Crest

Accsterstion with Depth of Siding Surface :

*/0ne
3
-

>

os / AN

(] oz os o8 o8 0 A

=
K mnx s pray, sy, lﬁééh!(/ﬂr l’ﬂldly A5

FIG. 7.Variation of Maximum Acesler- FIG. 8.—Sheer Modulus and Damping

lﬂonMowlth.DomhMSlldlnng Cheracteristics Used in Response

Computetions

4 from the different shear slice calculations mentioned previously is

& _ presented in Fig, 7 together with results obtained from finite element calculations
of Maxt made in the present study. As can be seen from Fig. 7 the shape of the curves

8.—Avsrage of Eight Streng Motion Records (1): {s) Variation aximum obtained using the shear slice method and the finite element method are very
:‘&ﬂﬂ. w:fn wﬁh'm Depth of Stiding Mass; (b) Varlation of Ratio of Maximum similar. The dashed curve in Fig, 7is an average relationship of all data considered,
Average Acceleration to Maximum Crest Accsteration with Depth of Stiding Surface The maximum difference between the envelope of all data and the average

relationship ranges from +10% 10 £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 the average relationship shown in Fig. 7 for determining the maximum
average acceleration for a potential sliding mass based on the maximam crest
gcceleration is_considered accurate enough for practical oses. For design_
computations where & conservative estimate of the accelerations is desired the
upper bound curve shown in Fig. 7 _may be uzed leading to values that are

of an embankment subjected to a given base motion is described in Appendix
A of Ref. 11, i )

ermine jon of maximum acceleration ratio with depth. nse
wa‘!::n:(elte of publitshl;d“mof response computations ns.ing the one-dimensional
shear slice method with visco-elastic material prope!.tles (1,26). Martin gg

. calculated the response of embankments ranging in height between 100 ft

ft (30 m~180 m) and with shear wave velocities between 300 .fps—l ,000 f};so(;f
m/s-300 m/s). Using a constant shear modulus and a damping factor of 0.

10%-30% higher ihan those estimated using the average rela

e = Gt s T < wn tmwn o4 2 e —_ iy =
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Carona TONS
MoN or Pramanent Derorwa . .
tion and the time history of average induced acceleration

o ‘ .

. .

J

;‘_____——-T_—_—_—_-——"__————"
. Embank- -
Cese mem m, | scceter- T, In R Symbol®
num- | descrip- | Heig ation.s | seconds . 8 .
ber | ten e | T " ) ( .)
L - 02 0.8 (moi .
+1 | Example 150 (Cattech @ 0.12
e :
Ernen
= 60 , (1) 04 o
2 |Exemple 150 (cm:i 108 @ 0.18 0
slo:ez:l o record)
= 60 o84 | mom
3 |EBxample 150 Mﬂ" @) 0.16 A
do:cm Hughes
ku” | 0.95 (1) 0.49 °
Example 0.5 : : °
4 stope = 130 (Caltech @ o2
2-1/2:1 record) |
‘ = 80 06 | moss
S |Bxamele B caren @ozs | @
stopo .
=21 record)
k’:."so-

Caals pxtural period kment. .
. ted first o ver acceleration; and (2) average acceleration

Maximum history of: (1) Crest
fo; sliding ms::! :‘m through full height of embankment.

*Legend used in Fig. 9(a).

Note: 1 ft = 0,305 m.

mass along such a plane, the displacements that wonld

ay
$ i ceeds the yield acceleration m
occur any time the induced acceleration ex tho porposes of the soil types

.assumed jo be constant
thm!h“‘_‘_‘h_jﬁmt—'i' for a ﬁotenﬁ" sliding mass once yielding occurs

motion for the sliding

be evaluated by simple numerical integration. For
considered in this study,

“The direction of motion

-
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was assumed to be along a horizontal lane. This mode of deformation is not
bacommon for embankments subjected to strong earthquake shaking, and is
manifested in many cases in the field by the development of longitudinal cracks
along the crest of the embankment. However studies made for other directions
of the sliding surface showed that this factor had Hittle effect on the computed
displacements (11),

Tocalculatean orderof magnitude of the deformations inducedin emhnkments
due to strong shaking a number of cases have been analyzed during the course

as mentioned earlier, is a

, t linear method, The strain.
dependent modulus and damping relations for the 8oils used in this study are

. v i
u-e% e iy
. )
m-:s . o8 : .
ve ' . v
§ L l . 5 ! .
[ 5 a - ‘ [ ] L : .
b N . s 8 4
: * [ ] . e 9 *
! s
!l- ¢ ! H HEE
. 5 . 1
] : .
| I -
°.‘- : . T .' -
i H
“ I N |
B % u“\,h_o.' ﬁ" of ) a'n-ﬂ-h}w

. F18. 9.—Varistionof Permenent Displsoement with Yield Acesleration: (a) Magatrude

€-1/2 Earthquake; (D) Magnhrude 7.1 /2 Earthquake

Presented in Fig, 8. The response computation for each base motion was repeated
for 2 number of iterations (mostl i i i

r l L) (] * —
Acceleration at each lovel, the compu ormations varied uniformly
Amaximum value obtained using the crest 2cceleration time history to a minmum,
value obtained using i Average acceleration for & 3iiding s

T aari— .

R e s e
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sufficient for the remaining cases to compute the deformations only for these
two Jevels.

“Table 2 shows details of the embankments analyzed nsin‘gcgmundk moﬁo:smused
representative of a magnitude 6-1/2 eanhquat' e, The m' 200 Compor
were those recorded at the Cal Tech Seismographic L 1:1;!, N i
nent) and at Lake Hughes Station No. 12 (N12E) during the e eted
earthquake, with maximem accelerations scaledto 0.2 g an(} 05g. ned
natural peﬁodse' iy and maximum values of the acceleration ume; !;i:tt:des aare"l“
presen i een

ted in Table 2. The computed natural periods rang p
of 0.6 sec for the 75-fi (23-m) high embankment to a yulne sc:f .l 08 sec for
the 150-ft (46-m) high embankment. Because of the nonlinear strain-depend

TABLE 3.—Embankment Characteristics for Micﬂhud! 7-1/2 Esrthquake

Embank- Bese
oo | dosere | Hoight, . | To.in
"or | “ton | nfeet ons | socands Rt | Symbol®
w | e ® ) & ) M
Exampl 150 02 0.86 ) 0.41 °
‘ slope’ (Taf @ 0.13 e
=21 record)
' mole 1) 0.54 0
2 Bx:‘:::e 150 crmO.S 118 8 o5 9
=2:1 record)
k""eo
Eump- ' .76 (1) 0.46 ®
3 slopeh- 150 mﬂoz 0 a o.ls‘ ©
21/2:1 record) .
k:-n
= 80

¢ Calculn period of the embankment. )

‘Maxhn;: v;&!:‘en:me history of: (1) Crest aoee!enm;‘ud (2) average acceleration
for sliding mass extending through full height of embankmen .

*Legend nsed in Fig. 9(b).

Note: | ft = 0,305 m.

behavi ' i bankment is highly dependent
£ the material, the response of the em
o e ot e b o i Sty bt £ 1
. i3 m
m;ronnd' mle'lr‘::’iienz' w:,ymbm with different maximum accelerations for each
ln“::ee instance, for a base acceleration of 0.2 g the calculated ::xim
:esset accelerations was 0.3 g witha magniﬁeuﬁt:’n of 1.5 f:;d: b;cc;:p:;“ ‘1;; el
.8 sec. In the second case, i
g:g?got;ommed";mo crest acoeleration was 0.4 g with an attennation
' ed patural period of 1.1 sec. ' ;
Of:r:n:nd th: mp:‘istoﬁes of iz:lﬁueed acceleration calculated for all the cases
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described in Table 2 and for various ratios of yield acceleration to maximum ,
average acceleration, &, /k,,,, the permanent deformations were calculated by
numerical double integration. The results are presented in Fig. 9(a) which shows
that for relatively low values of yield acceleration, k,/k,.. of 0.2 for example,
the range of computed permanent displacements was of the order of 10 cm-70
cm (4 in.-28 in.). However, for larger values of k,/k .., say 0.5 or more,

* the calculated displacements were less than 12 cm(4.8in.), It shonld be emphasized
that for low values of yield accelerations (in this case k k. = 0.1

the basic assumptions nsed in calcnlating the response by the finite element

GT7

TABLE 4.—Embankment Charscteristics of Magnitude 8-1/4 Earthquake

———— %
Embank-
Case. ment Base
num- | descrip- | Height, | scceler- T in
ber tion in fest ation, g seconds S Symbol®
(1) (2) (3) {4) (5° " U]
1 | Chabet 13s 0.4 0.99 1) 0.57 o]
Dam (S-I Synth.
{average record)
proper.
ties)
Chabot - 135 04 1.07 (1) 0.53 A
Dam (S-I Synth,
(Lower record)
bound)
Chabot 135 0.4 0.83 (1) 0.68 a
Dam
(Upper
bound)
2 Example 150 0.75 1.49 (1) 0.714 ®
slope (@) 034 [ ]
=2:1
ke
= 60
“Calculated first natural petiod of the embankment, o
*Maximum value of time history of: (1) Crest acceleration; and (2) average accelerstion
for sliding mass extending through full height of embankment, '
“Legend nsod in Fig. 10(a).

Note: i ft = 0,305 m.

%

method, i.c., the equivalent linear behavior and the small strain theory, become
invalid, Consequently, the accéleration time histories calcuiated for such a case
do not represent the real field behavior and the calculated displacements based
op_these time histories may not be_realistic. T -

The procedure described previously was repeated for the case of a magnitode
7-1/2 carthquake. The base acceleration time history used for this analysis
was that recorded at Taft during the 1952 Kem County earthquake and scaled
to maximum accelerations of 0.2 g and 0.3 £. The details of the three cases

analyzed are presented in Table 3 and the results of the computations of the
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permanent displacemen i of
isf ts are shown in Fig. 9(b). For a ratio of k,/kpux
0.2 the a:lcnlated displacements in this case rang.ed between 30 mfezs?m?;
(i2 in.-20 in.), and for ratios greater than 0.5 the displacements were le
zsl:mtl(&sg}es analyzed for the 8-1/4 magnitnde eanhq?ake. an amfblin:
aeeelcmgrampmposedby'Seedandldrissm)wnsnsedmtha:lnaximnmin ase
accelerations of 0.4 g and 0.75 g. Two embankments w;r; nlyzedmd Ry
casc and their calculated natural periods ranged between 0. mtheres;!hs %
ble 4 shows the detsils of the calculations and in Fig. 10(a) s of
e petmmemdisplaeementcompuuﬁonSmpresemed. Aagnnbeseen
t!%: 10(a) the permanent-dispheemeuts computed for af ,rauo_of l’::s{l’:t”:h :;
’ 700 em (30 in.-28 in.), and or ratios
g: g?dmmﬁm 100 cm (40 in.). Note in this case that values

of deformations be realistic.
ons ed for & vield ratio less than 0.2 not A .
An envelopé o:d?ﬁ%;whs obtained for each of the three earthquake loading
e . ! v \ /000
oty
é;" 4 /00
B e
] ; .
. L4 J /
- [ B
g“ H i .
g ot "1 11
4 | ¥
I+ ' {01
- H
ol

AG. 10.—Varistion of Permanent Displscement with Yistd Acosteration: {») Magni-
tude 8-1/4 Earthquake; (b) Summaery of Afl Data

i ed
conditi 10(b) and reveals a large scatter in the comput
mﬂt;‘mz'idbehﬁ 02( tlze magnitude 6-1/2 earthquake, about one

mllt“ e:: r‘::sona:l;.be expected that for a potential sliding fass with a specified

ion, the magnitud he permanent deformation induced by
T e enham ding i pe tllml by the following factors: (1) The
qmcenmain ”?m l::emp':cﬁ::ﬁom. which is a function of the. base
motion, teh: amplifying characteristics of the embankment, and the l:cm::a of
the sliding mass within the embankment; () the frequency contentof the.;;‘ “g:
accelenation time history, which is governed by the embankment re:

i hatacteristics, and is usually dominated by the first nfmral requency
:til'ﬂt::” e;bankment; and (3) the_duration of significant shaking, which is a
foneti specificd earthquake, - .

'l‘lm‘::: :e?:c:! &?ila“!:’:sz::!: exhibited in thedata in Fig. 10(b), the permanent

S
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displacements for each embankment normali i .
firs ral period, T, and with to the maximom valve, & of t
eration time hi sed in ion, The resulting norma-

lized permanent displacements for the three different earthquakes are presented
in Fig. 11(a). 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, 10(b) and 11(a). This shows that for the ranges of embankment
ights considered in this S_Nt-150 ft (50 m-65 m)] the first natu

period of the embankment and the maximem vahe of acceleration time history
may be considered as two of the parameters ha a_major i

calculated permanent displacements, Average curves for the normalized perma-
nent displacements based on the results in Fig. 11(a) are presented in Fig.
11(d). Although some scatter still exists in the results as shown in Fig. 11(a),

i adequal

FIG. 19.—Vartation of Yield Acceterstion with: {#) Normalized Permanent Disptace-
ment—Summary of Afl Date; and (b) Average Normalired Dispizcoment.

magnitude earthquakes, icld_acceleration ratios less than 0.2 the average @
curves are shown as dashed lines since, as mentioned ecarlier, the calculated ?

, ' 1(b) are consid
an_order of magni tude of the induced permanent disp lacements for different

. N fre-absy ,
[ NN o
s | N s
4‘. ‘ \\ v
N 3

- 3
" 3
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Thus, to calculate the permanent deformation in an embankment constructed %
of a soil that do& not change in strength significantly during an earthqnake, w
it is sufficient 10"determine its maximum crest acceleration, &__., an tirst J
natural period, 7,, due to a ified ea ake. Then by the use of the ™\
relations 7,_the maximum value of a accelerati

in ©
@hmgm Koans for any level of the specified sliding mass may be determined.

curves in Fig, 13(b) with the a iate values of k d T,

the permanent displacements can be determined for any value of vield acoeleration
associated with that particnlar sliding surfgce,

It has been assumied earfier in this paper that in the majority of embankments,
permanent deformations nsnally ocenr dee to slip of a sliding mass on a horizontal

faiture plane. For those fow instances whemsﬁdingmightqgcuronminclined /
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failare planc it ia of intorest to determine the difference between the actusl
defotm:tim and those calculated with the assumption of a horizontal faiture
plane having the same yield acceleration. A simple computation was made to
investigate this condition using the analogy of a block‘ on an inclined plane
for a purely frictional material, hat for mch.ned failure planes
with slope angles of 15° to the horizontal, the computed dlsplfsggments were
10%-18% higher than those based on a horizontal plane assnmption.

Arriscanon or Meon To Exsamarent Sussecten 1o 8-1/4 Maswruve
Eanmiovaxe

To illustrate the use of the ed procedure for evalnating earthquake-in-
duwdo deformations, computamfmm presented herein for the 13§-n (41-m)
high Chabot Dam, constructed of sandy clay and baving the section shown
in Fig. 12. ' : o :

The shear wave velocity of the embankment was dete.nmned. from a ficld-
investigation and the strain-dependent modulus and damping were determined
from laboratory tests on undisturbed samples. The dam, located about 20 miles

1 S
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[7. . St ¥ AN
o » - \.“ i
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e

Fa. 15.—% Accelerstion Vstues for Slids Mass Extending through Full Height
. of Embankment ’

(32 km) from the San Andreas fault, was shaken in 1906 by the Enngnimde
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
to have been about 0.4 g. Accordingly the response of the embankment to
ground accelerations representative of a magnitude 8-1/4 earthquake and hnvi?g
a maximum acceleration of 0.4 g was calcnlated by a finite element analysis,
The maximum crest acceleration of the embankment, ii,,,, was t'nlcnlated to
be 0.57_g and the first natural period, 7, = 0.99 sec. The maximum values™
of the calcnlated shear strain were less thag 0.5%. On the basis of static undrained
tests on the embankment material, the static failure strains ranged betv;_l_e::

1%-8%, 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

i int tions were made for the strength of the material: (1)
:‘mﬂz mm empg_[ all the samples tested resulting in a cohesion valt;!c,
, of 0.72 tsf (69 KN/m?) and a friction angle, &, of 13° and (2) a conservative
:m::pmation;(' ba_sed/ona)the w with a cohesion of 0.4
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tsf (38 kN/m'’) and a friction angle of 16°. Using these strength estimates,
values of yield accelerations were calculated for a sliding mass extending through

the foll height of the embankment as shown in Fig. 12,
Considering the av relationship of k___ /it with depth shown in Fig.

7, the ratio for a sliding mass extending thron. e ol height of the embankment

(y/h = 0.95) is 0.35, resvlting in a maximum average acceleration, k., of
0.35 X 0.57 g = 0.2 g. From Fis, 12 the yield acceleration calculated for the
average strength values is 0.14 g, Thus the parameters to be used in Fig. 11(0)
to calculate the displacements for this particular sliding surface are as follows:
magnitode = 8-1/4; T, = 0.99 8eC; Koy = 0.2; and K, /k .. = 0.14/0.20 =
0.7. From Fig. 11(b): U/K..g T, = 0.013 scc, therefore, the displacement
U=0.013 X 0.2 X 32.7X 0,99 = 0.0 .02 m),

Using the most conservative valoe of k__ /5 shown in' Fig. 7 of 0.47,
the computed displacement would have been 0.58 3 (0.18 m). Similarly using
the conservative strength_parameters for the soil (piving k, = 0.07) and the
ayerage curve for k,,, /i, shown in Fig. 7, the computed displacement would
have been 1.5 ft (0.45 m). All of these values are in reasonable accord with
the observed performance of the dam during the 1906 earthquake,

The calcnlation was repeated for a sliding mass extending throngh half the
depth of the embankment. The computed permanent displacements ranged
between 0.02 N1-1.08 &t (0.006 m-0.33 m) indicating that the critical potential

sliding_mass in this casc was that extending through the full height of the
embankment,

Conctusions

A simple yet rational approach to the design of small embankments under |

earthquake loading has been described hersin, The method is based on the
concept of permanent deformatioris as proposed by Newmark (13) but modified
to allow for the dynamic response of the embankment as proposed by Seed
and Martin (26) and restyi ion to compacted clayey embankments
and dry or dense cohesionless soils that ence very little reduction in strength
due to_cyclic loading, The method is 2n approximate one and involves a number
of zimplifying sssumptions that may lead to som cwhat conscrvative results,

On the basis of response computations for embankments subjected to different
ground 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 embankments, in the height range of
100 t~200 ft (30 m-60 m), have been established based on equivalent linear
finite element dynamjc analyses for different magnitude earthquakes, The nse
of these curves requires a knowledge of the maximum crest acceleration and
the netuenl period of an embankmens due to a specified ground motion,

It should be noted that the design curves presented are based on averages
of a range of results that exhibit some degree of scatter, and are derived from
a limited aumber of cases, These curves should be npdated and refined as
analytical results for more embankments are obtained, :

Finslly, the method has been applied to an actual embankment that was
subjected to a magnitude 8-1/4 earthquake at sn epicentral distancs of some
20 miles, Dependingonthedemeofmuwaﬁminesﬁmaﬁngm“dmined
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