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ABSTPACT . ig'

3The report evaluates the results of a three-year research %
program conducted to investigate the settlement and liquefaction I'd

;wof sands under multi-directional, shaking. :p
' :A

t 4.

The investigation indigated that the behavior of a saturated
sand under cyclic loading conditions is a functica of its geologic g
and seismic history and grain structure as well as it s placement

']Idensity. It is concluded that the resistance to liqi efaction of a
sand depos.it can best be estimated by laboratory test ing on un- h,
disturbed sampics. 'b

lYi
aA

It is shown that cyclic triaxial tests used in' conjunction - '$
with appropriate correction factors to account for multi-directional
shaking, simple shear loading conditions, and omrconsolidation [S

seffects can provide valid data on cyclic loading characteristica. . 3-

-m
* [S

The concepts of " limited strain potential * and acceptable
value of the factor of safety against initial liquefaction are d.;

introduced in the report.

4;
Finally, the two basic nethods for evaluating liquefaction .fj

~

potential and the of fects of liquefaction are reviewed and updated
[diwith the information obtained through this research ef fort. ,y
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FOREWORD Q.
, n_

.
.
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-
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|
p

) 1

.~}This report evaluates the results of a three-year roscarch ;

program conducted by the University of California to investigato %
6

the settlement and liquefaction of sands under multi-directional j
shaking. This work represents a part of continuing studies to L ;

'1
ovaluate free-field soil behavior under earthquako loading condi- ]

jtions. This and scher related studies each provide important ':

steps in the overall project for improving methods for evaluation j
and prediction of soil behavior at potential nuclear power plant ,j
sites under seismic loading conditions. i T3

This work was conducted by the University of California, N
A

Berkeley, under subcontract to the joint venture of Shannon & y
v

Wilson, Inc. (SW) and Agbabian Associates (AA) as a part of Con- ;j
tract No. AT(04-3)-954 between the joint venturo (SW-AA) and tho .?

d
United States Nuclear Regulatory Cor::miss *.on. <g

I.f
The authors of this report are Dr. H. Bolton Seed, Professor .

w
of Civil Engineering, University of California, Berkeley; Dr. j }
Igr._ :io Arango, Staff Consultant-Dynamics, Shannon & Wilson, Inc.; j ]
and Clarence K. Chan, Rascarch Engineer, University of California, h j
Berkeley. For the joint venturo, Dr. I. Arango served as tho ) [
Project Monitor for the entiro investigation, and Dr. R.P. Miller L

>
was Project Manager for the joint venture. Mr. S.D. Wilson pro- 1 -y

vided a critical review of the report. 3
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A SUMMARY REPORT ;
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By it. Bolton Seed , Ignacio Arango , and Clarence K. Chan* [q3 2
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GENERAL STATE OF KNOWLEDGE ,g

i Wd, _,

1.1 INTRODUCTION |
' '

Q
' i 'CSince the catastrophic failuros due to soil liquefaction in I

?r s
the Alaska (1964) r.id Niigata (1964) carthquakos, groat intecest

has developed in this phenomenon in soismically activo regions of

the world. Major landslidos (Sood , 19 68 ) , lateral movements of ,e ,

bridge supports (Ross, Food, and Migliaccio, 1969), settling and Il
tilting of buildings (Ohsaki, 1969), and failure of waterfront ;.J ).h

4[,1.jk
structures have all boon observed in recent years as a result of

'Dthis phenomenon, and efforts havo boon increasingly directed to

M
- [h.]

the development of methods for ovaluating the liquefaction po-
a

tontial of soil deposits. It is the purpose of this report to :p
review recent developments in proceduros available for this g,
purposo and suggest the most. appropriato methods for use in y
engineering design at the present time. 'y

y.

'Ed
It should be noted at the outsot that the term "liquafaction" 5;w.

as used in this report describes a phonomenon in which a cohe- pij
y

sionless soil losos strength during an earthquake and acquires a y
degroo of mobility sufficient to permit movements ranging from * $[

[k
several foot to soveral thousand foot. When tho term was orig-

inally introduced, it was intended to describo a phenomenon in

which a soil could undergo large movements, as in flow slidos, ;
'

with an essentially constant and very low residual resistance to (p
deformation resulting from tho development of high poro water M

g
pressures. Ilowever, damages resulting from limited movements of dl,

I'
qW

( w
3 professor of Civil Engineering, University of California, Borkeley 'h'

,
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onlyseveralfoot3nrecentearthquakeshavebeenattributedto .
'

.4 .

c.: q" liquefaction." While the term " cyclic mobility" has been sug-
; }r. . q-m9 dggested as a more appropriato term to describe this latter type of _ .

soil behavior, tha broadcr use of the term " liquefaction" is -J p+3-c,c i.u

adopted in the following pagos. .' gl{{
gr:

y. p
However, in an effort to clarify the sometimes misleading v! 4

impression that differences in terminology reflect wide differ- ' ' ribj.-'

J6
-}'onces of opinion concerning the nature of the phenomena involved, . , %.

the following qualifications of the term " liquefaction" will also V ,%y
,

be used: -

'i '. $ha
-

'' ,- - up
a. " Initial Liquefaction": denotes a condition whoro,''

''during the course of cy lic stress applications, the 3, MAc,

residual poro water pressuro on completion of any full : -f
. w e- y .

stress cycle becomes equal to the applied confining
k.[$.9[3,,

,

, ,. . pressures the development of initial liquefaction has no ', ' <

implications concerning the magnitude of the deforma- . t y',. M;b,

tions which the soil might subsequently undergo; however, - . ': . emQp
ii. definou a condition which is a useful basis for YO>

>
,

.aassolsing various possible forms of subsequent soil be- ' ?"i
he.vio r, h

hM
l[Y;sb. " Initial Liquefaction with Limited Strain Potential" or
ff.

" Cyclic Mobility": donot.os a condition in which cyclic [.Mastress applications develop a conditica of initial g
,

liquefaction and subsequent cyclic stress applications 7
'

cause limited strains to develop either because of the '

remaining resistance of the soil to doformation or be- gj_;
cause the soil dilatos, the pore pressure drops, and the j'ff
soil stabilizes under the applied loads. 3B

2c,

d
1(fj

c. " Liquefaction": denotes a condition where a soil will f7
undergo continued deformation at a constant low residual Ii
stress or with no residual resistance, due to the build- h

$w
hL.;g,

2 / AN
dif,

hDj

n
m
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up and maintenance of high pore weter pressures which .M.

reduce the effective confining pressure to a very low i is
a y

values pore pressure build-up may be due either to ki '}
static or cyclic stress applications. ( j

t y
h :pHopefully, within this framework of terms, it will be pos-
!] i

sible to adequately describe the various phenomena involved when
pore pressures are genarated in soils by earthquake motions with .;

resulting deformations of tolerable or intolerable magnitudes for '
e

engineering purposes. a
' q~2:u

' .t hNFor the purposes of this evaluation, considerations of [ $
'

liq.efaction potential are limited to cases of relatively level 't
ground where the response to stresses induced by an earthquake is
not further complicated by the presence of initial horizontal

| |j.
shear stresses due to the proximity of ground surface irregular- j .j
ities or loads.

%,

3 5
i %1.2 CAUSES OF LIQUEFACTION M'

It is now generally recognized that the basic cause of !
, .w

liquefaction of saturated cohesionless soils during carthquakes
h '.his the build-up of excess hydroctatic pressures due to the ap- V @
t Splication of cyclic shear stresses induced by the ground motions, f TQo

These stresses are generally considered to be due primarily to I sb
et rdupward propagation of shear waves in a soil deposit, although 0 .b-

.

other forms of wave motions are alco expected to occur. Thus, l |g

r g

soil elements can be considered to undergo the series of cyclic $ $
\ Tstress conditions illustrated in Fig. 1-la, tha stress series
k ed

being somewhat random in patters. but nevertheless cyclic in
[: .%

.t ,

nature as shown in Fig. 1-lb. d
r.

bi
,

,

i1As a consequence of the applied cyclic stresses, the structure
N 3of the cohesionless soil tends to become more compact with a result- fi %ing transfer of stress to the pore water and a reduction in stress Mon the soil grains. As a result, the soil grain structure rebounds 3
#

:TM,
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f. .to the extent raquired to keep the wlumo constant,
'

and this |
'

-interplay of volume reduction and soil structure rebound deter-

* inos the magnitude of the increase in poro water pressuro in the ' ,'lm

soil. The basic phenomenon is illustrated schematically in Fig. (
1-2. The mechanism can be quantified so that the poro pressura

increases due to any given sequence of stress applications can be 3
computed from a knowledge of the stress-strain characteristics, h.

. .n
the volumo chango characteristics of the dry sand subjected to , ;;

'

; cyclic strain conditions, and the rebound characteristics of the 1
1 .p,

'
sand due to strass reduction (Martin, Finn, and Seed,1975; Seed ,4

- ..w'and Pyke, 1975). *7'

,9
o-

.

' M,y; As the pore water prosauro approachos a value aquel to tho .t-

,

applied confining pressure,the sand begins to undergo deforma- 2
'

,

tions. If the sand is looco, the poro pressure will increase , .. $
! , suddenly to a value equal to the applied confining prosauro, and Ih

.y*

the sand will rapidly begin to undergo largo deformations with t

shear strains which may excoed + 20 percent or more. If the sand %_

.will undergo unlimited deformations without mobilizing signifi-'

. cant resistanca to doformation, it can be said to bo liquefied. 'k

' ]M,
If, on the other hand, the sand is dense, it may develop a

residual pore water presouro, on completion of a full stress
. 1

cycle, which is equal to the confining pressure (a condition of ]
initial liquefaction), but when the cyclic stress is reapplied on j.
the next stress cyclo, or if tho sand is subjected to monotonic ,y

'

loading, the soil will tend to dilato, the pore pressure will h
*

a
drop if the sand is undrained, and the soil will ultimately de- if
volop enough resintanco to withstand the applied stress. How-
ever, it will have to undergo sono degroo of deformation to },

develop the resistanco, and as the cyclic loading continues, the $,

I T
amount of deformation required to produce a stable condition may . ,g
increase. Ultimately, however, for any cyclic loading condition, a %

r y
there appears to be a cyclic strain level at which the soil will ; y
be able to withstand any number of cycles of a given otross '

'd
without further deformation. This type of behavior is called J ly

h
a 1y

%ar
6 S,

-
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.n
" cyclic mobility" or " initial liquefaction with a limited strain

r]gpotential". It should be noted, herever, that once the cyclic ]
)

stress applications stop, if they retcrn to a zero stress condi- 2,

tion, there will be a residual pore water pressure on the soil ( h
equal to the overburden pressure, and this will inevitably lead ( j
to an upward flow of water in the soil which could have deleter- [ -i

|h
)ious consequences for overlying layers,
|

In fact, the upward flow of water to the ground surface frco f
'

'
an underlying layer in which a condition of in:.tial liquefaction

has been produced by the cas.thquake grtnnd motions may well be | f,

the cause of the surface manifestaticas of liquef action, such as | ~ j
sand boils, a " quick" condition or a general condition of water F

seepage causing inundation, which can cause major damage to
!" y

y
structures supported on the near-surface soils (Ambraseys and j +

Sarma, 1969; Yoshimi and Kuwarbara,1973; Seed, Martin, and Lysmer, [ [
1975). This is illustrated by the analytical results shown in ; d

J
Figs. 1-3a and 1-3b for a soil profile closely simulating the {
conditions in Niigata, Japan, during the carthquake of 1964 jg

(af ter Seed, Martin, and Lysmer,1975) . Initial liquefaction is f j
indicated in Fig. 1-3b to have develcped between depths of 15 to t iI-

't ,40 feet during the 50-second duration of earthquake shaking, with a -

initial liquefaction at depths of ten, three, and one foot occur- f .

ring at times of about 3, 4, and 13 minutes, respectively, after d
#

kthe ground cotions had stopped. Such results are in general y j
accord with observations of the segence of sand boil development [] 3

*

and water flow at the ground surface in this carthquake and I [
illustrate the importance of tracing the time history of poro y
pressure changes in sand layers, both during and following an [ f
earthquake. In some cases, the carthquake-induced pore water 9 '$

b
pressures may dissipate so rapidly that a liquefied condition i (a .

could not possibly develop, while in others, the high pare water X 1

pressures accompanying the development of initial liquefaction or y#
j

- ,,cyclic nchility may themselves lead to a loss of strength in ?! :
Jj e

overlying coil deposits.
,,, 1
'
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. It is apparent thr.t the deleterious effects of pore pressure l ' 44
- dissipatation following initial liquefaction of underlying soil |layers cannot occur if the underlying layers do not first develop ; a '

high poro water pressurcs such as those acco=panying initial [j
liquefaction. Fut thermore, if dissipation of watier pressures in ]pervious soils will help to prevent the build-up of pore pressures j ]sufficiently largo to produce initial liquefaction in such ms-

|terials, it is conservative to ignore this effect and assuno that
.

all sand layers are essentially undrained during carthquake ~ ,,j
shaking. Accordingly, these principles have been the basic ', j
premises for virtually all analyses of possible soil liquefaction M
effects at sites of critical structures. If, under und ' Ained ~A

33conditions, it can be shown that any soil layer in a profile has ..j'

an adequate margin of safety against liquefaction, initial lique-
.)faction, or cyclic mobility, then no further studies of pore pres-
}sure dissipation effects have been considered earranted. This ]approach is both reaconable from a safety point of view and, it (

,

has been necessary, from a practical point of view, sinco methods I
of evaluating the rate of pore pressure build-up and dissipation, :p

1

both during and following carthquakes, have only recently become
availablo (Seed, Martin, and Lysmer,1975; Martin, Finn, and

,,

Seed, 1975). Thus, the present stato of practice is to analyze f
the liquefaction potential of all soil layers in a profile and
demonstrate an adequate margin of safety against any form of j
liquefact ton or cyclic mobility. Methods of accomplishing this

]are discussed below. * *

?.
11.3

METHODS FOR EVALUATING THE I.IQUEFACTION POTENTIAL OF SAND
.

l'

)/
D5' POSITS

.

There are basically two methods available for evaluating the I j
liquefaction potential of a deposit of saturated sand subjected

i 5
$to earthquako shaking. '

I'
~

8"

1.3.1 Method Based on Observations of Performance of Sand
Deposits in Previous Earthquakes

{ {It was not until the Alaska and Niigata earthquakes of i j
:.

i
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1964 that geotechnical engineers took serious interest in the '*f/
general phencmenon of earthquake-induced liquefaction or the con- 'f

! [ditions responsible for causing it to occur in the field. Fol-

lowing the Niigata earthquake, a number of Japanece engineers } k
(Kishida, Koizumi, Ohsaki) studied the areas in Niigata whsre )

|

liquefaction had and had not occurred and developad criteria, " -

I

based primarily on the Standard Penetration Resistance of tho |
.~7

sand deposits, for differentiating between liquefiable and non- ,i
liquefiable conditions in that city. For example, Kishida pro- y
sented data to show that liquefaction-induced settlement of ?

foundations of buildings was invariably . minor when the Standard O

Penetration Resistance, N, of the sand at the base of the founda- )
tion exceeded 20 blows per foot. Kishida (1966), Koizumi (1966), k
and Ohsaki (1966) presented the results shown in Fig. 1-4 separ- ]
ating liquefiable and non-liquefiable conditions. ]

3
h

Subseqbontly, a more comprehensivo collection of sito con- 4

ditions at various locations where liquefaction or no liquefac- h
tion was known to have taken place was presented by Seed and )
Peacock (1971) and used as a basis to determino the relationship d
between field values of cyclic stress ratio, T

h "'o I"h"#" 'n #/ -

air: ply T is the average horizontal shear stress induced by an Q
earthquako, and o' is the effective overburden pressure on the r

. o y
soil layer involved) and the relative density of the sand, as y

deternined from the Standard Penetration Resistance and its cor- I,

relation with relative density proposed by Gibbs tnd Holtz (1957).

This collection of field cases has subsequently been used by j
others, often supplemented by a few additional sito studies ;
(e.g., Castro, 1975) to determine other correlations between !
liquefaction-producing paramotors and penetration resistance. '$

The most re cent form of this data collection is shown in Table )i

i
1-1 and ' Fig. 1-5 (after Seed, Mori, and Chan, 1975). Values of ) j
stress ratio known to be associated with liquefaction or no 3 j
liquefaction in the field are plotted as a function of the cor- l 3

41

rected average penetration resistance N of the sand deposit in- j
volved. In this form of presentation N is the measured penetra- ;
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tion resistance corrected to an effective overburdon pressure of ' 0[f
3 one ton por square foot, based on the results of Gibbs and Holtz,
r -3; using the relationships 1,'"
p nui

,

y,

'3N =C = N '
, '. . |

i

, 1 N

1 - 1.25 log [o' . . H)
, .

} whero C =g .,; a --.a
, *

9 3,
h o' offectivo overburden procsure in tons por (1=
R o -

} square foot where the penetration resistance has .1

J the value N (.., )

) and o', = one ton por squaro foot
'

.

, .a.

> u
1 The cyclic stress ratio causing liquefaction can be determined ')i

from the relationship: ?
-

d '
,

I! T a""* * oav
- 0.65 - *r 4

i o g o'o d *n -
,o q,

! ?

maximum acceleration at the ground surfaco 1where a =
! m&x '

s

total overburden prossure on sand layer under !jo =
g

consideration *;

effectivo ovt.rburden pressure on sand layer .'c' =
o

a

under consideration '

d a stross reduction factor varying from a value (r =

of one at the ground surfaco to a value of
s

0.9 at a depth of 30 foot.
I

.,

<
,

J

Thus for any given value of maximum ground surface ac- a

i
coleration, the possibility of liquefaction can readily be ob- ]i

tained on an empirical basis with the aid of this chart. It may 4

- ,

be noted that there is a scarcity of reliablo data at high values ?
I

of T/o'g, and thoro is a need for supplementary data to better i,

define the lower bound of liquefaction conditions in this rango. I j
1

,
<

1 1

/ .i
'

:y; I
a

sinco empirical charts of this tyga tako no account of .

w \

; other significant factors such as tho duration of shaking or the A

f,: (,
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possibility of drainage and dopend upon the reliability of field - h)'
,

o ug 4,

measurnments of penetration resistance, which .in the opinion of Ad
| (dsa :

,
'

ydmany engineers is open to serious question, it appears to be the

Usneral belief among most engineers that while they c.sn provide f
useful preliminary evaluations of liquofaction potential, they p> y'

y', as..ould be supplemented by detailed studies, based on ground ( 3-

e
response analyses and detailed soil testing programs, in order to J
arrive at a m"aningful evaluation of the liquef action potential %
of any particular sito.

'

~, %y-
, .

,

%^'-

<%1.3.2 Method Based on Evaluation of Stross Conditions in the ; ,

Field and Laboratory Determinations of the Stress Condi- | ^'N
d

M ons causing Liquefaction of Soils j't;y,

Analytical procedures for ovaluating the liquefaction po- ,'
Itential of soil deposits were first proposed by Seed and Idriss !$

g%(1967) and involvo two independent doterminations: 1) an evalua- |

tion of the cyclic stresses induced at different lovels in the i '-M
$q

.

deposit by the earthquako shaking and 2) a laboratory investiga- !
-

tion to determino the cyclic stresses, which for given confining 'k
pressures representative of specific depths in the deposit, will

,

,(
cause the soil to liquefy or undergo various degrees of cyclic '[,

strain. As shown in Fig.1-6, the evaluation of. liquefaction [<

potential is then based on a comparison of the cyclic stresses b; p
induced in the field with the stresses required to cause lique- gL

faction or an acceptablo limit of cyclic strain in representative $ 7#
y s

samples in the laboratory. !?-

Kw
.*:,-

The cyclic stresses induced in the ground by an earthquako k,j, m
may be computed by a ground response analysis (Sced and Idrise,

3
;.

1967), by r. simplified procedure based on a knowledge of the max- /
'j*Mimum ground surface acceleration (Seed and Idrins, 1971), or by D

[f, c
deconvolution of a known ground surf ace motion (Schnabel, Lysmer, e h
and Seed, 1972; Roesset and Whitman, 1969). The computed Na -h.

irregular time history of stresses at any depth is then converted C IYTl, >y '

to an equivalent uniform cyclic stress series by an appropriate f 3[ta m
weighing procedure (Seed, Idriss, Makdisi, and Banerjee, 1975)

@g ,<'.j ]
-

for use in the analysis. ," @
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.1 nr Garious types'oi' laboratory test proceduros have been usedj 1,7' g

to investigats the~ cy'clic stress conditioriis' require'di.o"cause"9%$. $'~

9 93 4. ligacfection or cyclic. . , mob'111ty of saturated san 21,. , Sin,,ce,.x s ,g'. .. ..a,.. - . .. ..., r. . . .x
~the"' 44 # ,

.- r.n. w n .. q y4 Mcb lect of' the test' is to reproduce ' the , stresses acting .on an' pG'.Ay -
. . . .- ,. . ,.....,c.. .

M. .

.cr.;o p >..g m W R . _element of sand subjected'to horizontal ~ shear' stresses jhich re ' ' 7N : bg... .. .. . .
.

. . , , .

.

, .g.pw . s s, - h.,9 #.. . . .

verso direction many times during an earthquake,n some form of amO v-
a 7. m c ; ~g.. *o-. . .

simplo ' shear ^ tent' provides the best representation of' fi' ld:, con- Mm.L ao
. . . - a . .s ::: w-

Tests of this type used for this purpose include cyclic ~.&S-M:w ,'' M;,;.x.E 9%ditions.

, Bransby, W d;s ' 7,g.r.
%w@W)
".

: -. ,

simplo shear tests (Peacock and Seed,1968; Finn., an -

-

w.. %-w.4.,0+,) yand cyclic torsionalPickering, 1970; Sood and Peacmck,1971) h- -f..,w.
.

shaar tests (Yoshimi'.and Oh-Oka, 1973; Ishihara and Li, 1972; A.<, !.F9h ~, w
_ , .. m7Drnevich, 1972; Ishibashi and Sherif, 1974).' The results of M ,'7fi g

,

n

these tests can be expressed directly in terms of the relatibr' imp ($ p
and'the number of N Q?I k.-~ 4

ship between'the cyclic st'ress ratio'T /c'
. .

h o
strese cycles' required to cause initial liquefaction or a given%-5':~}5 --Y.'% y'JM 3,

f

Attempts have also been mado to'uso 9 V g@; g
. t v.am-p-

degree of cyclic strain.,
(Yoshimi, 1967;-TiuSINk'shaking table tests for this purpose

1970; Finn, Emery, and Gupta', '1970)i bGt?these,'y' Q.,y ,% ! .6. . Yd~d, .). .,, . s y. v. c . .o .,,
1967; Whitman, ,.

have often been influenced by the confining effects of tho" @ sides' A 9 L
e, css %3 x

'

hm cJof the box' and have not reproduced the desired boundar& w gAwm. . -m
y condi . W A

. s e

tions.in many canon. f.Wgn . ' -a. ten.utv. e s: v !'
.

m urNg&qv:M 4, :.-> ' ._ -
. ,

., G M.5. Q] !X%'pjp
'1,

'

.

Equipment for conducting any type of simple shear test s
and convenient; ] g {{~

,
^

somewhat complicated, and to provido a practic .i ,

thecyclicloadingtriaxialtestwasdevelopedby.-..jyd.p|-}} g;
m,.

p. Jalternative,

This test does net reprieduce the correct' $w v;.I'Eb I Q- -Sood and Lea (1966).
t - sg Q

(t mt st be performed, M6@b,. g;m
. n ._

$fkN -initial stress conditions in the ground;
. . .nwmu pN

with an initial ambient pressure condition te epresent' levogkf)$:".y
ground conditions, and the strosa ratio unod to oxpress tho"ro@-W '.i,-?g : M

. - .
*

dW,

, ]
ratherthantheshearstressonthehorizontEj',%wn

sults (c * # "# " " ' * **
dc : -N3 U,ambient pressure,

c. . ..s. o v , . . ,

(T/c ' ) , as 'uso'd.'iT1W '' iplano to the ef fective overburden pressure
For those reasons alone, the W ) f .w

-

o e gygy.g ,

h -

w.
MNthe cyclic simple abcar test.

stress ration c'susing initial liquefaction or given cyclic'p@M p'W:-=A.W
g

' . ' aq:.-
strains in the two typos of teet will necessarily be differ %. qb.;pW

(Seed and Poadh:m.23Oictf.;F.ent 1.w, .ym .kMSF 2.-and they are usually roleted by the expression

f''
'

@f' M, w(bh . .a :v . h... .:
1971):

3 w
.:k , > . :, m . s . y

. x .v t17 -puygg,t g q,

m 'c; q m i=.3.v ;t N
.

\. < ''.~. w Iw.k w.tr
,

w , 3. 3,a m.gm%g.- .: .
=-w : _ _ . _ . _ - _
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'
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' M/S'

=a fw
Y 0 / field ( 8) triaxial ,"I. .

While some engincors apparently believe that cyclic triaxir.1 test 6
data are too low because of the stress conditions involved Ij

n(Ambraseys, 1973), most investigators have concluded that the
li
svalue of a is substantially less than onc. for norna11y consoli- f;,

dated sands. Thus, the following values have been proposed: g;
...

y
?
1

Peacock and Seed (1968) 1 0.55 for k :: 0.4 !7o d
w

1 - 2K 6gFinn, isby, and a= :
3 0.6 for K, = 0.4 g

Pickering (1970) -

D
.a

Sced and Peacock (1971) a = varies from 0.55 to 0.72 ,)*

depending upor. relative 4
hdensity, K = 0.4n
2

2 (1 + 2K ) %oCastro (1975) a=
36 = 0.7 for K* =0.4 4

$
and values of a ranging from about 0.55 to r.7 have been used as

correction factors for triaxial test data to obtain stress ratios 2
representative of field simpic shear conditions. II

.e

.,
L7

It han been generally recognize' since the advent of /
4

e,cyclic load testing that virtually all types of cyclic load tests fj
are subject to somo degroo of errer due to equipmen*. limitations j
(Seed and Peacock, 1971; Finn, Emery, and Gupta, 1970; Castro, j]'c1969). However, with due allowances made for these effects, it li

has been considered that test data could be obtained from these f.3'
.Rvarious tests with an adequato degree of accuracy to provide a p

useful basis for liquefaction potential evaluations for most
if

practical purposes. et
y
a,,

Nevertheless, certain aspects of the test procedures have
i- 9remained a matter of concern; these include:

,

j
?!'

a -r

d
/ *!

tU18 '
'

-

'y,

/ '

_ . . _ _ _ _ ~; a .,, ~. . - -, , . _ . - -

,. .; o
l'u 3. :s.* * * ~ '

- wy ug%.~



""~~" " m w ;'. p w ..,. m . m y ; y ;.y = m g ,q r,y m m 7 .. ,= ~ g4
. - , -

., y
~;1\

.'jjsa. The argument that stress concentrations in small-scale l

simple shear tests lead to inaccurate results (Castro, /j
k 'f1969).'

r
s

b. The argume..t tnat simpla shear tests or torsional c

shear tests produce deformations in only one direction h, o

and do not reproduce the ef fects of n.ulti-directional f - 7,
>

straining such as occurs in the field (Casagrande,
,

1971; Shannon & Wilson, Inc., 19"1, 1972). 2

k, i'

[Qi
c. The argument that the boundary conditions in shaking

,

table tests, with vertical boundarica pretenting or
o

restricting the movement of test samples, do not re- j
produce the deformation conditions existing in the i
field (Shannon & Wilson, Inc., 1172). 3

a

d. Thi argument that many shaking table tests have been i

cor. ducted without preventing drainage so that pore I..
9

pressures can dissipate by flow to the surface of the '-

sample, thereby preventing liquefaction from develop- $,

ing ,*.i rapidly as it would under undrained conditions E 5
r _

(Sharnon & Wilson, Inc., 1971, 1972). ( Q
4

( 10
c. The argument that cyclic triaxial tests, because of 3g

.J

st.eas concentrations introduced by the cap and base !: 5

and the possibility of necking in the extension stage [' 1
t a

of the stress cycle, develop non-uniformities of .j
}strain and a redistribution of water content which ;

Icad to an underestimate c ! the ability of medium d
dense to dense sands to withstand cyclic loading d 9

e-

(Castro, 1975; Casagrande, 1971). I il

A 1-.

$
These are valid poin'.a of concern and will be addressed in 9

detail in the following sections of this report. 'W '5
'
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Apart from possiblo limitations of test equipment and ; PJ

procedures, another important aspect of a cyclic load test pro- Ij
gram for use in design concerns the selection of representative E

samples for testing purposes. In the early stagcc of cyclic load '

,

testing, it was generally recognized that the liquef action charac- '?.
teristics of any given sand varied greatly depending on its 1

density or relative density, but the possibic effects of other [j
factors, such as geologic history, soil structure, or method of }
sample preparation, were not considered likely to affect the

'

results significantly. Nevertheless, many engineers adopted a [i
policy of testing undisturbed samples to ensure that such factors I,

were properly considered in the results obtained. This inevitably ;
,

raises the question of the ability of existing sampling procedures p|
to obtain good quality undisturbed samples of sand and the possible y
errors introduced if samples are disturbed to some extent in tne {
sampling and handling process. In fact, it seems likely that [j

.

procedures vary widely in their adequacy in this respect, and the {
nature of the sampling process requires careful evaluation in 5
asscosing the quali.ty of test data obtained from the resulting -0

u
samples, j

,

#The importance of factors other than density on the

liquefaction characteristics of sand was first noted by Finn, j

Bransby, and Pickoring (1970), who snowed, by means of simple

shear tests on small-scale samplos of saturated aand, that the i-

liquefaction characteristics were influenced by the strain 1

history to which they had been subjected and concluded: "The
dependence of the resistance to liquefaction of a given sand on A

its previous strain history leads to the conclusion that the

resistance of sand deposits in the field cannot be reliably de- ?
termined by cyclic loading tests on sand samples prepared in the i

laboratory at the same void ratio as those in the field. It ap-
Ipears that the resistance to liquefaction can only be reliably |

determined on undisturbed samplos." E

1 2
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This significant observat. ton seems to have been over- -

locked in many subsequent studies, perhaps partly because the
i

extraction of undisturbed samples from the ground is often ex- j

tremely difficult. and reconstitution presents an attractive
[W J

alternative, and partly becaune of the difficulty encountered g .1

by runy soil engineers in visualizing that the samo sat of
{

bulky particles at the same void ratio could have significantly
| ;

different structures, at least sufficiently different to have

significant effects on soil properties of primary interest. In p
s

recent years, however, this latter belief has been dispelled 5

by studies showing that samples of a given naad prepared to the ]'

same density by different methods of compaction may have quite j
different settlement characteristics (Pyke, 1973), different i

]liquefaction characteristics (Ladd, 1974; Marcuson and Townsend, I

1974; Hulilis, Chan, and Seed,1975), different structures (Oda, i
'

1972; Mulilis, Chan, and Seed, 1975), and different penetration

resistances (Hitchell and Durgunoglu, 1975). Thus, although none j

of these studies were directly concerned with the effects of -

strain history on liquefaction characteristics, the potential
,

significance of this factor in producing changes in both struc- j

ture and liquefaction characteristics has been given important j
support and clearly warrants consideration in any design study of

,

liquefaction potential. I
^

L

In view of the need to determine the reliability of cur- -
-

1
rent test procedures for evaluating liquefaction characteristics ]| jj
and the desirability of clarifying the influence of strain history, f [

lnethod of sa: ple preparation, and soil structure on the liquefac- J

tion characteristics, no matter what test procedure is used for [ l

their measurement, detailed studies of these aspects of the [f ;
'

problem have been undertaken during the past three years at the ]'

University of California, Berkeley, under the cponsorship of the F :
3 ]U.S. Nuclear Regulatory Commission. The results of these studies 3

and th71r significance in design are reviewed in detail in the 3 '

a
following pages. ,f j
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CHAP'ER 2' T '.
*-

9
INFLUENCE OF SEISMIC HISTORY AND oOIL STRUCTURE ON ,-h

.hLIQUEFACTION CHARACTERISTICS
,,

t i

,

d
2.1 LARGE-SCALE TEST EQUIPMENT FOR LIQUEFAC'* ION STUDIES :

*4

Since one of the objections raised against existing cyclic

airple shear test data has boon the possibility of offects of j
.

non-uniform stress conditions being introduced due to the small e

,,fsize of the test specimens involved, it was consf.Jored desirable

to oliminato this possibility by constructing a shaking table ,

facility capable of inducing cyclic stresses on large-scalo I
'

,

sampics under simplo shear conditions. The details of the $
a

equipment and test results are described by Do Alba (1975). A g
'schematic drawing of the test specimen and apparatus arrangement

is shown in Fig. 2-1. Samples are 90 inches long by 42 inches 'T

wide and 4 inchoc thick. Those dimensions were selected to pro- !|
vido casentially free-field type conditions in the contor portion S
of the specimen (Arango and Scod,1974), and pore pressure measuro- ~ . '
ments at different points in the sampic showed this to be the

.'

(case.

l
1

Shear stresses are applied by accelerating the base back and
Q

forth while a heavy reacticn mass is resting on the top surface
;

of the specimen. This mas:: is sufficiently flexible to provido a -

uniform pressure on the top surface of the specinon but rigid

enough laterally to servo as an inertial reaction block. In a ,;

typical test, the stresses developed in the specimen can readily j
be controlled, and measurements can be made of the resulting pore .!
water pressures and strains induced in the test specimen. By .g

varying the confining pressure on the sample, conditions repre- }
'

sentative of different depths in the ground can be developed. a
e,

!

f f2.2 INVESTIGATION OF INFLUENCE OF SEISMIC HISTORY ON LIQUE-
FACTION POTENTIAL { .

By means of the large-scale test equipment, stresses repre-

t
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sentative of any given earthquake can be induced on 6 thin layer h
of sand londed to represent an e?.emental layer at various depths

,

in a soil deposit. Accordingly, several investigations were con- 1

ducted to determine the effect of a series of small carthquakes 1

on the subsequent liquefaction characteristics of a sand deposit. q

The sand sampic was formed by pluvial deposition, which produces j
a structure and characteristics similar to those of a sedimented
deposit. After being saturated, the sand layer was subjected to

_

a series of small shocks designed to represent the effects of a
]

series of small (magnitude : 5) earthquakes occurring over a
period of years. After each small earthquake, which built-up a (
small residual pore water pressure in the sand, the pore pressure I
was allowed to dissipate and the layer to reconsolidate under the
initial effective overburden pressure. Finally after five or six I

such hmall events, the sand was subjected to a larger shock to 2

determine the stress conditions required to cause it to liquefy. j
for comparative purposes, the liquefaction characteristics of a <

similar layer of sand, not previously subjected to the series of o

small shocks, was also determined.
.i

9
yThe results of a typical test are shown in Fig. 2-2. The ;

sample was deposited with a relative density of 54 percent and j
subjected to a confining pressure representative of that existing I

at a depth of 15 feet in the ground with a water table four feet i

below the ground surface. The sand was then subjected to five I
shocks represcntative of magnittde five carthquakes occurring at | <

a distance of about five miles. The maximum ground surface ac- l '

g j
celeration in these shocks was considered to be about 0.18g and (-

the duration to be consistent with the development of 2.5 to 3.0 |
cycles of motion at an average stress IcVel of about 210 paf.

.,

Thus, the cyclic stress ratio for each of these shocks was 0.105.
7

Previous tests had shown that for the selected test condi-
tion, a stress ratio of 0.185 would have caused the sand to de-

<velop a condition of initial liquefaction in about four stress
;

1
i
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cycles. However, the application of only 2.5 cycles simply built I

( up an excess pore pressure ratio (u/o',) of about 0.3 as shown in i

Fig. 2-2. Dissipation of this pore pressure caused almost no
, volume change of the cample.
1

Four subsequent repetitions of this small carthquake stress
e

q condition built up excess pore pressure ration of only 0.16,
; 0.09, 0.06, and 0.05, respectively, and at the conclusion of this

sequence of shocka, the relativo density of the send had in- I

'
creased from its initial value of 54 to 54.7 percent. At this

point, the same stress ratio was applied as if it were represent-n

( ing the effects of a nagnitude eight earthquake occurring at a
distance of about 55 miles and, therefore, capable of producing

,

up to about 30 stress cycles. As may be seen from the figure, |
the sand liquefied after 26 circles, but even so, it was able to

' withstand eight times as many cycles as it could in its initial

condition, even though there had been no significant change in j
relative density. *

1

i
Two similar series of tests using lower stress ratios showed ,

h that the effect of five small carthquake shocks was to increase

the number of stress cycles required to cause liquef action by <

factors of about ten and eight, respectively.

1
The relationships betwoon the applied cyclic stress ratio

and the number of stress cycles required to cause liquefaction
for sampics having no previous seismic shaking and the samples
subjected to low 1cvels of seisnic shocks are con. pared in Fig. '

2-3. It may be seen that the effect of the scismic history to ! 4

5which the sand had been exposed was to increase the resistance to g
i '

{ liquefaction considerably. In effect, the samples having a

relative density of 54 percent and previous scismic shaking de-
,

veloped a resistance to liquefaction comparable to that of
1

| sampics having a relative density of about 80 percent and no
previous seismic history. In other words, for a given number of G
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{1 cycles, the sand layers previously subjected to low levels of [y sciamic shaking required stresses about 46 percent higher than i

[ those of samples with the same densities and no previous seismic
f history.

Y.s

O This is a substantial effect and confirms the conclusion of
Tinn, Bransby, and Pickering (1970) concerning: 1) the unreli-

h ability of relative density alone as a measure of the liquefac-
tion potential of a sand deposit and 2) the need to retain the
effects of any previous scismic history on the liquefaction';

,

t
i characteristics of natural sand deposits in laboratory determina-

h tions of this soil property.

f 2.3 POSSIDLE CAUSES OF INCREASED RESISTANCE TO LIQUEFACTION
o

RESULTING PROM SEISMIC HISTORY EFFECTS iI
'

Several reasons might be advanced for the observed increase
in resistance to liquefaction induced by low intensity seismic
historira. For example, it has been observed in tests by Youd

,

and craven (1975) and Pyke (1973) that during cyclic straining of
dry sands in simple shear, there is a progressive build-up in the
value of the lateral pressure coefficient, K. Such increases
would lead to an increase in the stress ratio required to cause
liquefaction as shown by Seed and Peacock (1971). However, at i

small strain IcVels, this effect does not seem likely to be Juf-
ficiently large to explain the signif.icant increase in strength -

observed in the test program. !

An alternative explanation is that during any period of
cyclic straining, there is a progressive change in the soil
structure with the result that the volume change occurring in any j
one cycle decreases progressively with increasing numbers of '

cycles. This effect may be observed in cyclic load test data for
2

sampics of dry sand. Thus, for example, in a cyclic 9d test on
i

.

j
Monterey sand, the firct stress cycle applied to a sa.... with a l

1 relative density of 50 percent causes a settlement of 0.01 per- i
4

? cent, but the fifteenth application of the same stress cycle i
4

e'

f, $
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Y.caused a settlement of only about 0.002 percent. Clearly tho i

I. .

t sand had acquired a = ore resistant structure in the courso of the g ;i,
cyclic' straining. This is in accord with the results of other | [1

studies which have shown structure tc be a potential.ly signifi- j
cant factor influencing the liquefaction characteristics of { 'M,

i O.

sands. Accordingly, a detailed study of the influenco of samplo ; 7r

preparation method and soil structure on cyclic load tout data 'I
a p

was undertaken as described below. i
"

I .

c,,

2.4 EFFECTS OF METHOD OF SAMPLE PREPARATION ON LIQUEFACTION , .k
e.

CilARACTLRISTICS j j
To throw further light on the possible significance of soil {

structure on liquefaction characteristics and the manner in which i
2'

both those proporties cf sands may be influenced by methods of 3
sample preparation, a datailed investigation of the relationship i
betwcon those factors was conducted by Mulilis, Chan, and Seed, I

(1975). i
T
b

In the study, undrained stress-controlled cyclic triaxial *

i ,

tests were performed on saturated samples of sand compacted to |

the same density by 11 different procedures. A slightly modified I h
? 3i

| form of the standard triaxial test equipment incorporating a y
pneumatic sinusoidal leading system (Chan, 1975) was used for all

tes ts . |
l j +

| i 0
1 Except for a limited number of tests on soil dredged from ( ''-

s ,

the bottom of the Mississippi River described in a subsequent i
.

section, all tests were performed on Monterey No. O sand. This j (,

j sand has been tested extensively for static stress-strain pro- - x
1

..

I.
perties by Lade (1972), for static compressibility by Mahmood .y i

< a
; (1973), for sett1c:nont under multi-directional loading by Pyko ( 2-

) o
(1973), and for liquefaction characteristics in a large-scale;

- p
shaking table by Do Alba (1975). It is a uniforn medium sand, 38

f mostly passing the No. 30 sieve but retained on the No. 50 sieve, , c ~

| with a coef ficient of uniformity of about 1.5 and a mean particle
l

[a

1

1
.; .
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dianctor of about 0.4 mm. The sand grains are predominantly i
is

quartz and foldspar with some mica; they have c. specific gravity ffof 2.65 and are rounded to subrounded. The men:t length to width i
ratio of the individual grains as determined by Mahmood (1973) is Ifabout 1.4 The maximum and minimum densitics, determined in

q''
accordance with ASTM D 2049-69 and l<olbuszewski's method (1948), '

respectively, were 105.7 lbs/ft.' and 89.3 lbs/ft.8 Samples y
approximately 7.0 inches high by 2.8 inches in diamotor were k
prepared at a relativo density of 50 percent by the following 11 i
different compaction procedures.

..

pa. Pluviation through air (i.e., raining dry sand through a *
predetermined opening). ' t'

+.

n
b. Pluviation through water (i.e., pouring saturated sand ./

into a water-filled forming mold and vibrating the mold Y
until the desired density was achieved) . i

3,

, ' , -,

c. Ifigh frequency (1.70 11z) vibrations applied horizontally g
to dry samples formed in one, seven-inch layer. S

q
Nd. liigh frequency (120 IIz) vibrations applied horizontally '

;,
to dry samples formed in seven, one-inch layers.

c. liigh frequency (120 liz) vibrations applied vertically to
~>

! dry samples formed in seven, one-inch layers. f,2
'

e i

f. Iligh frequency (120 liz) vibrations applied horizontally "i
to moist samples (w = 8 porcent) formed in seven,

i -

one-inch layers. "

h L
g. Low frequency (20 liz) vibrations applied horizontally to ! "[

dry samplea formed in seven, one-inch layers. f Y
li y
a 'h. Low frequency (20 !!z) vibrations applied vertically to j

dry samples formed in seven, one-inch layers. j y

.) i
'

.
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21. Tamping moist soil (v = 8 percent) with a 1.4-inch ' *

1 0 a
compaction foot to form samples in seven, one-inch 0 d'

1layers. '

s,
,

i

( 4
,

} j. Rodding moist soil (w = 8 percent) with a 3/8-inch g )
compaction foot to form samples in seven, one-inch g ]

U *layers.

4.

Ik. Rodding dry soil with a 3/8-inch compaction foot to form
,

; samples in seven, one-inch layers. d
@
,

Details of the samplo preparation procedures have been de- il
neribed by Mulilis, Chan, and Seed (1975). Onco a sample was 4

) formed by any method of compaction, it was saturated and then

consolidated undex an offectivo confiriing pressure of 8 pei. [
When the sample was fully consolidated (which required approxi- [i

a
mately'20 minutes), the drainage valves were closed and the ~i

w
sample was subjected to sinusoidal cyclic deviator stress appli- f

;' cations of uniform magnitude. The axial deformations of the

nample with increasing nur.bers of stress cycles woro recorded, N
'

| and the number of cycles required to cause initial liquefaction [
; (pore pressure equal to initial effective confining pressure) and

,

axist strains of 12.5, +5.0, and 110.0 percent were determined.
_

1 a
.

i '
i The results of tnese tests are presented in Figs. 2-4

through 2-6 which show the relationship between the cyclic stress

5 ratio (cyclic daviator stress divided by twice tho initial effec-
'

I
tive confining pressure) and the number of cycles required to

j cause liquefaction and 12.5 percent axial strain for the various T

compaction procedures. Figure 2-4 summarizes the results for

dif ferent vibratory compaction procedures; Fig. 2-5 compares test /,

i R i
data for samples prepared by moist tamping, moist rodding, and 3

! dry redding, while the results for most of the different compac- h
tion procedures are summari:cd in Fig. 2-6. .4
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It is apparent that the .lethod used to prepare samples of i

Monterey No. O sand can have a signtficant effect on the result-
{. J

e

ing cyclic stress characteristics; ho<ever, the differences in U
c

dynamic strength due to different meE1ods or sample preparation d
are not the same for all types of soils, as evidenced from the 1

u 1

.eresults of tests performed on samples of a sand dredged from the j
bottom of the Mississippi River. Thi.s soil was a uniform, fine J

1 '

silty sand, with a mean particle diameter of about 0.2 mm, ap-
3
a

proximately one percent passing the No. 200 standard sieve, and "

containing shells, wood, coal, and various other kinda of debris; y
the soil was passed through a No. 20 standard sieve to remove the I )

'
Plarger pieces of debris.

!

Stress-controlled cyclic triaxial tests were performed on
;samples of this soil, prepared to a relative density of 60 per-

g i

cent by moist vibrating and moist tamping at a moisture content i
Bof 15 percent, and the results are presented in Fig. 2-7 which P;

,

shows the relationship between the cyclic stress ratio and the n '

>

tnumber of cycles required to cause initial liquefaction and + 2.5 ,

a <

percent axial strain.
~

4 :
!

k
As seen in Fig. 2-7, the increase in the cyclic stress ratio h

scausing initial liquefaction for samples prepared by moist vi-
,]

I

brating over those prepared by moist tamping was only about 11 f
percent, as contrasted to a 42 percent increase in the cycile

fstress ratio causing liquefaction for samples of Monterey No. 0
,

sand under similar conditions. The comparisons of strength in- L,
t i

'

crease were made at the cyclic stress ratio required to cause
initial liquefaction and +2.5 percent axial strain in ten cycles. Q

1 e

It may be noted that the samples of Montery No. O sand were pre-
.

3

;
pared at a lower relative density (50 versus 60 percent) and a i
lower moisture content (8 verat.a 15 percent) and tested at a '

lower initial confining stress (8 versus 38.2 psi), and these i

factors, in addition to the type of soil, may have had an effect i
on the dif ferences in the increase in dynamic strength due to

4

sample preparation for the two soils.

i
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To throw some light on this question, a series of tests were ]
performed on samples of Montercy No. O sand which were compacted
by 1) pluviation through air, 2) high frequency vibrations ap-

plied horizontally to moist specimens formed in layers, and 3) 5

tamping moist specimens in layers and tested at dif ferent initial

effective confining pressures. The sampics formed by pluvial a

compaction were tested at confining pressures of 14.5 and 22 psi, f
while the samples formed by vibratory and tanping compaction were

,
*

tested at 38.2 psi.

The results of these tests are summarized in Fig. 2-8 which
!

shows the relationship between the cyclic stress ratio required I

to cause initial liquefaction and +2.5 percent strain in ten

cycles and the initial effective confining pressure.

As shown in Fig. 2-8, an increase in the confining pressures
-

at which tests were performed caused a reduction in the cyclic

stress ratio required to cause initial liquefaction of the

samples irrespective of the method of preparation used to form

the sampics. It may also be observed that a significant differ-

ence in the cyclic stress ratio causing initial liquefaction for

samples of Monterey No. O sand formed by different compaction

procedures is still apparent even at high confining pressures

(i.e. about 38 psi); however, the cyclic stress ratio causing

initial liquefaction of samples prepared by vibration of moist ,

soil at a high confining pressure is only about 25 percent

higher than that of samples prepared by moist tamping compared to

a 42 percent difference for tests performed at a confining pres-

sure of 8 psi. In spite of this reduction, it appears that dif-

ferences in the liquefaction characteristics of samples due to
,

the method of preparation are likely to vary to some extent with L
Ithe type of soil.

I
2

2.5 DENSITY DISTRIDUTION WITHIN SAMPLES OF SAND FOM!ED BY

DIFFERENT hETHODS CF PREPARATION
To determine the reasons for the effects of sample prepara-

,
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4tion method on liquefaction characteristics, an investigation was j

performed to determine the density distribution as a function of h
'

height within camples formed by different methods of prepara- f
tion. Once a sample was prepared by any given method of compac- 3 -

tion, the initial height of the sample was determined by a dial

gage. The sample was then trimmed back to a height of approxi- {i
mately five inches by drawing off about two inches of sand I

through a tube connected to a flask of known weight and to a '

;

vacuum source. A final height was determined by a dial gage.

The volume of the sand which was excavated was computed, and by
comparing the weight of the empty flask with that of the flask '

i

and soil, the weight of the excavated soil was computed; thus, ' "

the relativo density of the top two inches of the sample could be
,,

determined. The remainder of the sample was excavated in the
,

same manner in layers of approximately two, two, and one inch, .

4and the relative density of each of the layers was dotermined. ;-

The density distribution within samples prepared by four
*

>
different methods of compaction (pluviation of dry sand through) }

-

air, low and high frequency vibrations applied horizontally to *
'

dry samples formed in seven layers, and high frequency vibrations
applied horizontally to dry samples formed in one, savon-inch
layer) were determined in the manner described. The values of

the relative density for each layer are shown in Tabic 2-1 to-

gether with average values and the .naximum variations.

5.

Tabic 2-1 { }
Relative Density Distribution !

< .

Low Freq. Iligh Freq. Iligh Freq. 3
2

Vibrations Vibrations Vibrations '
u

Pluviation (7 Layers) (7 Layurs) (one 7" Layer)
'Layer (t) (t) (t) (t) Q

5 y
1 55 49 50 64 '

4

2 56 51 49 46 e ;
3 53 50 46 37 fj

,

4 55 52 55 48 y
Average 55 50 49 49 Q <

N
Maximum M "

hVariation 3 3 9 27
a <
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From the results shown in Table 2-1, it can be observed that

compaction by pluviation and low frcquency vibrations produced
samples which are very uniform, compaction by high frequency vi-
brations produced samples which were slightly lcss unifor=, and
compaction by high frequency vibrations on one, seven-inch layer '

produced samples which were relatively non-uniform; the latter
samples had a denser layer near the top of the sample (i.e.,

immediately below the surcharge) and a loose layer near the
middle of the sample. This loose layer may have accounted for
the fact that samples prepared in one, seven-inch layer had the a

lowest dynamic strength of any of those prepared by th.a three '

methods of forming samples in a dry condition by high frequency
vibrations,

l
1

2.6 INFLUENCE OF STRUCTURE OF SAND ON LIQUEFACTION
CHARACTERISTIC %

f
In order to cwtermine whether the observed differences in

.

'

liquefaction characteristics due to dif ferences in method of i
i

ksample preparation shown in Figs. 2-4 through 2-6 were due to
( 4

.differences in structure of the samples, detailed studies vore
,

j conducted to determine the structures of samples prepared by plu- ]
,

' viation of dry sand, high frequency vibrations applied horizont- [
ally to dry samples formed in layers, and moist tamping in layers |
(Mulilis, Chan, and Seed, 1975). The liquefaction characteris- 1

1

.

tics of samples prepared by these methods are reproduced in Fig. [
*

j 2-9.
,

5

Measurements of soil structure were made by three nethods: |

k
a. By making X-radiographs of thin sections hardened with a

|
polyester resin. l i

b. By determining the statistical orientations of inter- !

particle contact planes by observing thin sections '

through a universal stage microscope.
j
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c. By determining the electrical conductivity of the j

samples which may be used as a measure of the geometric
grain arrangement, termed the " formation factor"

,[ (Archie, 1942: Arulanandan, 1975). The formation factor ,

is defined as the ratio of the conductivity of the elec- '

I
g trolyto to the conductivity of the sand saturated with

; the electrolyte.
-

L'
y Although the X-radiographs shoued distinct differences in

lj density distribution within the samples, there was no correlation
~i

between this characteristic and the cyclic stress ratios required i

to cause initial liquefaction of the different samples. However,

j as shown in Fig. 2-10 and Table 2-2, good correlations were ob-

) served between measurements of the grain structure determined by
$ the orientations of contact planos between grains and formation

factors. The sa=ple preparation methods showing the lower angles
; betwcon the maximum concentration of interparticle contact plancs
s

with the vertical axis or the lowest formation factors show the
|{

<

lowest resistance to liquefaction under cyclic loading.
s
g Table 2-2 q

Statistical Orientation of Contacts Between Crains ;

! i~

Angle between Vortical Angle between Vertical
| Method of Axis and Maximum Axis and Normal to
i Preparation Tangent Plane Maximum Tangent Plane
i
j Pluviated (dry) 11' 79'

Vibrated (dry) 24' 66*
'

Tamped (moist) 48' 42'

h
t
[ 2.7 COMPARISON OF LIQUEFACTION CI!ARALa,RISTICS OF NATURAL SAND

DEPOSITS AND FRZS!!LY DEPOSITED LEORATORY SAMPLES

t The studies described above would secs to leave little doubt
concerning the facts that: I

P

f a. The behavior of a saturated sand under cyclic loading
1

( conditions is a function of its seismic history and
{

g grain structure as well as its placement dennity.
s
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b. If samples prepared in the laboratory are to have the
~[l

same characteristics as a soil deposit in the field,

they must be prepared in a manner producing the same
[

density and grain structure and tested in such a way 'I

a that the in-situ value of K can be taken into account0 :

| in assessing their field performance. ~

m
I e.:
| Clearly, the creation of a structure similar to that of the field W
j deposit is only possible if the structure of the field deposit i

can be determined, cnd measurements of grain structure are by no a! '';

j means a standard procedure in soil mechanics laboratories. Since 'i
m.s

| the measurement of the formation factor for a sand is a relative- j.;
| ly rapid and inexpensive procedure, this cethod of measuring df

Particle arrangement or f abric may provide a practical means for
[determining the structure of sands for a variety of purposes. ~

:

However, further studies of the potential usefulness of this .

'"

index of structure are required cefore it could be recommended ~

+for adoption as a practical tool for design studies. Q|
LUnder these co.iditions, it would appear to be of interest to j.

determine directly the relationship between the liquefaction '

s

char acteristics of undisturbed sa ples of natural sand deposits n

ant, those of samples prepared by sedimentation procedures in the -

laooratoryc which presumably reproduce structures similar to r2
those of freshly deposited sands. While only a limited number of [i

rstudies have been made to compare the liquefaction characteris- |3
tics of undisturbed sampics with those of laboratory prepared 'o
samples of the same density, it is significant to note that 's

pmeasured values of the resistance to liquefa Livn of natural sand
f

deposits, obtained by tests on undistud nsanples, are invar- J,a

I lably found to be higher than those Of samples prepared to the )i

same density by sedimentation prc. esses in the laboratory. A f
comparison of such test data compiled by Mulilis, Chan, and Seed jS
(1975) is shown in Table 2-3. It may be noted that the stress

I g
ratio causing liquefaction of the urdisturbed sa=ples was chart.c-

,
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| TABLi' 2-3 |

COMPARISION OF LIQUEUACTIO'I RESISTANCE CHAP.ACTERISTICS OF UNDISTUC3ED AND 11 CONSTITUTED SAMPLES;

|
Ratio of i

Undisturbed )'

Firm Project to Rc.olded Soil Type Method of Renolding j
Strength * '

-

$ 0.07 noict tarping, 3/4' dia.gygg Woodward-Clyde South Texas 1.00 milty fine sand, D o a

;p wf (cakland, Ca.) to 0.27 m tamping foot |
g

' Woodward-Clyde San Onofre 1.15 well-graded coarso to fine roist tarping, 3/4" dia.,

M_- . , A '- (orange, Ca.) rand, 15% - #200 sieve ta ping foct
D' '

- U. C. Berkeley Blue Hills 1.15 unifcrm fine silty sand, r.oist tamping, 1.4" dia. i

Texas Dg = 0.4 mm, Os to 15s - tamping foot,e '

n
n200 sieveQ~

~e a. Dar.es & Moore Allens Creek 1.20 fine silty, claycy sand, mist taping,1* dia.f .

d (San Fran., Ca.) (heat sink area) D = 0.03 to 1.6 m, 0% tanping foot .
"L

SO@, m _ _ ) to 40s - #200 sieve )
Dar.es & Mooro Allens Creek 1.27 fine silty, claycy sand, roist tamping, 1" dia. 1

,

JZEh |
(San Fran. , C a. ) (plant area) D = 0.03 to 1.0 m, M tamping foot jSG

r.--r r -- - L to 404 - 8200 sieve

T Converse-Davis Ptrris Dam 1.45 claycy sand, LL = 26, PI = moist tamping, 1/2" dia. :

-~ hi 11, 444 - 9200 sieve tamping foot i

M ..f f *

E& - 1 Law Engineering Florida sand 1.30 silty sand with shells dry vertical vibrations, l
gg and Testing frequency = 120 c.p.s. I

,;. .,z. 3 d W. E. S. Ft. Peck Dam 1.65 to 1.80 uniform fine silty sand dry rodding ;3/8" dia.

re- y (foundation) foot), followed by static

g", _ , . . .t, compaction -]'

# W. E. S. Ft. Peck Da:n 1.70 to 2.00 unifoca fine to medium dry rodding (3/8" dia. 1

I d.t (shell) sand foot), followed by static -

,
,

Qfq , compaction
g.'.!KM , 4

4
3;'"_ . _ ." Ratio of cyclic stress ratios required to cause licuefaction in ten cycles3

:
'

i i for undistnrbed and remolded sanples.
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teristically between 0 and 45 percent higher than those of
%

Samples prepared by tamping moist samples in laboratory Compac- ]tion tests, and these, in turn, have been fcund to Le stronger
than samples prepared by sedimentation through water or pluvi-

(ation through air (see Fig. 2-6) .

3
There is thus strong evidence that the liqrefaction u aist-

ance of undisturbed samples of a number of natural deposits is
;

substantially higher than that of freshly deposited laboratory *

sc.mpl- :, at the same density. Possible explanations for this in- j
clude the following:

y
a

Natural deposits have a somewhat more stable structure,a.

perhaps due to the greater lateral movements associated '

with the deposition process, than those of the same sand
>

deposited in the laboratory. '

-q
b. Natural deposits invariably acquire some increase in a

;
stability due to small local seismic events which occur

1jin most environments, thereby producing a more resistant '

soil structure and an increase in K .
O N

Natural deposits acquire some increase in stability as ac. q
i i

result of the long periods of sustained stress to which ! 3

|- ;
they are subjected, thereby producing some type of
"cenentation" at particle contacts, in comparison with

jshort-term tests on laboratory samples at the sare
density.

"

w
d. The vibrations inevitably associated with the extraction

of saraples from the ground are simply another form of
.

seisnic history which sometimes tend to make "undis-
turbed" samples have a higher resistance to liquefaction
than they would have in-situ.

'.
I

fl
1
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| In assessing the merits of these possible effects, it should be !
:

considered that there is a reasonable expectancy of improvements

| in soil characturistics due to items (a) and (b) abover there is 3 .

a

also a reasonable expectancy that resistance to liquefaction would )
,*

,
t

T; increase as a result of sustained confining pressures, although

there is currently no direct evidence from laboratory studies on '

sands to support this idea, and any effects of sampling vibra- i,

| tions on the resistance to liquefaction may well be off-set by
,

I the effects cf sampling disturbancs on the density of the samples
|

obtained. In fact, studies conducted by the U.S. Army Corps of 2

; Engineers (1952) have shown that the density of medium dense to ;

| danse sands is of ten reduced by sampling operations. There are /J
' good reasons to expect this to be so, and Castro (1975) has re- 9
I '

.

cently presented convincing evidence to show that the liquefac-

! tion resistance of laboratory samples 9xtracted from zones of 1

I sand having a high penetration resistance is little better than 9
1

3 that of samples extracted from zones of low penetration resist-

| ance, Fig. 2-11. This is not in accord with the behavior of lab- }
j oratory samples having different densities corresponding to the -

i higher and lower penetration resistances, and strongly suggests a
4 -

; loosening of the dense sand during the sampling process. Thus
! undisturbed sampics of medium to dense sands may well be weakened

j by loosening during sampling more than they are strengthened by
j the effects of sampling vibrations. '

q l

All of these factors must be weighed together in assessing f
9

the significance of the comparative strengths of laboratory- f
"

i prepared samples and undisturbed samples extracted with suffi-
!

| cient care that the structure of the natural deposit remains '

s

| intact and is not modified by the sampling procedure. Some f
'

'

judgment will inevitably be necessary in assessing the not h c
q .

effect of the various factors involved, since for loose sands, ij

j somo slight densification and structure change may occur during j
j sampling, while for dense sands, some 'm sening but negligible

,

| structure change is likely to develop during sampling. For these j
j reasons, would seem desirabic to supplement laboratory studies i 2

'

|
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of the properties of undict.urbed sampics with correlations of
4

"
in-situ properties and observed field performance in arriving at
a final decision on the liquefaction characteristics of a ,

particular deposit.
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CHAPTER 3 f[f I

LYALUATION OF LIOUEFACTION TEST PROCEDURES

Il
#

'

LI

3
9

As noted previously, if cyclic loading tests are to provide j
'

ia reliable index of the stress conditions causing liquefaction in
.hthe field, it is necessary that they reproduce field conditions s

in all respects with a satisfactory degree of accuracy and that
their capability to do this be checked against field behavior of
soi] deposits. While. .ome checks of this type have been made, ]
the number of cases of known field performance and the range of k, ,conditions they represent is quite small, and it is highly de- (
sirable that they be supplemented in some manner. Since it is

impractical to wait for future carthquakes to provide the re- (quired data, it seems desirable to generate the required informa- 5

tion by test programs designed to represent field conditicns as
3

closely as possible.
(
r -

F a
To this end, some type of simple shear test seems to provide !

nthe closest representation of field conditions. However, it is f
desirable to avoid the stress concentrations believed to develop

g
i in small-scale samples and to conduct tests representative of the

i .

! multi-directional shaking which occurs during an earthquake. n'
;

Accordingly, a series of tests were cone led by De Alba, Chan, | i
and Seed (1975) using large-scale samples (90 inches long by 42 y

a

I
j inches wide by four inches deep! to determine accurately the

,
j stress ratios causing initial liquefaction and different levels 0 :

| of shear strain under one-dimensional simple shear conditions. L "

;
} A second series of tests on large samples (42-inch diameter by 6 9

three inches deep) were conducted by Pyke, Chan, and Seed (1974) ,

ato determine the effects of multi-directional as compared with r. I

uni-directional shaking. Since these tests should provide accu-
rate data on the behavior of soils under simple shear conditions, e

they can serve as a basis for evaluating the accuracy of data ob-
1

tained with other types of apparatus and possibly also supplement !;
<

1

[ I
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field data by extending the range of condi' ions known to have $3
rf 4

caused liquef actior. problems in the field. The results of theso ]
large-scale test programs are, therefore, se=marized below. j

! t

!
,

3.1 LARGE-SCALE SIMPLE SHEAR TESTS USING CNI-DIRECTIONAL SHAKING !I
M

The equipment used for the large-scale simple shear testa y
y

conducted by De Alba, Chan, and Seed (1975) is shown schematic- j
r.

ally in Fig. 2-1. Basically, a bed of sand, 90 by 42 by 4 inches q
deep was constructed on a shaking table; a rnbber membrane was N ,

-

placed over the sand to prevent drainage, and a reaction mass, l 4

3 1

with a ficxibic base to provide uniform seating on the sand, but

a rigid lateral resistance was placed on tcp of the sand to serve [

as a reaction mass. Horizontal movements of the base thus pro- $
r1 '

duced cyclic stress conditions in the sand, and the dimensions d
E

were selected to provide a free-field condition in a substantial i' '

0 i

part of the contral section of the sample. The ends of the [ <

sa=ple were tapered as shown in Fig. 2-1 so that it was not in b

contact with the walls of the box and was free to undergo cyclic
t -

N(
strains in response to the applied stresses. Ample instrumenta-

tion was provided to measure the build-up of pore pressures at

different points in the sample and the defernations which de- N
veloped with increasing numbers of cyclic stress applications. h
By capping the sa=ple container with a rigid box, air pressures h
could be applied to the sand to produce confinement representa- 3

d-
tive of different depchs in the ground. E

Although the samples were large enough to be essentially i
>

free of stress concentrations due to bocadary effects, it was

found that covering the large surface of the sand by a rubber N

ncmbrano introduced a compliance in the sand-pore water system
a
~

due to membrane penetration between grains which permitted a ]

small but significant increase in volume of the system to develop

as the pore pressures built up and pushed out the membrane from 1},

its original position. Correction factors for this effect were

typically about 25 percent and would be of comparable magnitude
i

'

4

k

3
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in any similar ter,ts where membranes are placed over large sample
areas to prevent drainage and apply external confining pressures. '

; However, the need for application of such a correction has not
i

generally been recognized. j
I

{ All of the tests in this program were performed in samples
t of Monterey No. O sand. All of the test samples were prepared by

pluvial compaction, and using this method of sample preparation, I

samples were prepared and tested at relative densities of 54, 68,
82, and 90 percent. In all cases, it was found that pore pres- ]8

sures built up with increasing numbers of cycles until a condi-
tion of initial liquefaction developed, and this was accompanied

,

by the development of cyclic strains in the test samples, large ;

strains occurring in the looser samples but much smaller strains
in the denser sampics.

,

'
,

'

| The results of the test program are summarized in Figs. 3-1
s

,

and 3-2. Figure 3-1 shows the corrected stress ration required *
,

; .'

|
to produce a condition of initial liquefaction in different

<

numbers of stress cycles for samples at different relative dens-
-

ities. The average rates of development of pore pressures in the
samples at different relative densities are shown in normLlized
forn in Fig. 3-2. These latter results provide a useful basis
for determining the rate of increase in pore water pressures '

under undrained conditions, but they also provide a means for
,

predicting the rate of build-up of pore water pressures in sand
deposits where some dissipation of pressure may also occur during 5

,

the period of cyclic loading (Seed, Martin, and Lysmer, 1975). j
s

The results of the tests shown in Fig. 3-1 are compared with '

those obtained in other shaking table studies in Fig. 3-3. Since
the results of previous studies were not ccrrected for the of- '

fects of membrane penetration and compliance effects, both uncor-
rected and corrected test data for the study by De Alba, chan,
and Seed (1975) are presented. To provide a common basis for '

i

t
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comparison, data are shown in each case for tests at a relative

, density of $0 percent; where test data were not determined at
.i

g -

j this relative density, they were corrected to this condition by '

d using the observation that streas ratios required to cause lique-
; faction are for practical purposes directly proportional to rela-
i

tive density up to relative densities of about 75 percent.3

4 It may be seen that there is clear evidence that the test

results are significantly influenced by the length /hcight ratio
j of the test samples and thereby, in most previous investigations
I where sampics have been in contact with the walls of the con-
; tainer, by the stiffness of the walls involved. It appears that

,

the tests by Finn, Emery, and Gupta (1971) with a length to g

height ratio of about 10.3 may have been sufficiently free from Ii

these effects to provide reasonable test data, provided a cor-
rection for membrane compliance is also applied. It should be

noted that part of the difference la test results in the various

investigations is probably due to different methods of sample
preparation, but this effect aloro could not explain the large

,

differences in reported data. In any case, the different results

clearly indicate the care required to provide correct boundary
conditions if meaningful data are to be obtained by means of
staaking table studies, and the need for careful evaluation of the

data in tests conducted in this manner. .
_

The test data obtained by De Alba, Chan, and Seed (1975) are
compared with test data f rom small-scale simple shear devices of

different types in Fig. 3-4. Again, all test data have been cor-

rected to a relative density of 50 percent. In this case,

samples in all of the studies shown were prepared either by sedi-
mentation through water or by pluvial compaction, so different
methods of preparation should not significantly affect the re-

5sults. '

It may be sean that there is very good agreement between j
the results reported by Seed una Peacock (1971), Finn, Pickering, I

,1
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and Bransby (1971), Yoshimi (1973), and those obtained in the #

large-scale tests, indicating either that the crrors duo to 7,

stress concentrations in taall-scale tests may not be so large as 1[
has often been claimed (e.g., Castro, 1975), or they are counter- ;

balanced by ;ome other feature of the test. '

h "

4:

The test data reported by Ishibashi and Sherif (1974) were a

obtained using a higher value of K than those used in the other
o 6;

investigations and may well be higher than the other data for j

this reason. In fact, previous studies by Seed and Peacock y
: i

(1571) have shown that increasing the value of K from 0.4 to 0.6 gjg

will increase the stress ratio required to cause initial lique- f
faction by about SC :ent, and this factor alone would almost 1
account for the higher values indicated by the Ishibashi and )E
Sherif data in Fig. 3-4. g-

?%

It would appear, however, that carefully conducted small- J.
_

scale simple chcar or torsional shear tests using good quality .g

equipacri. can provide data comparable to that obtained with g

large-scalo test samples and presumably representativo of simplo V
u

chear field conditions if these could develop uni-directionally. -2

3.2 COMPARISON OP LARGE-SCALE SIMPLE S!! EAR TEST DATA WITil [
CYCLIC TRIAXIAL TEST DATA .

It has already been noted that cyclic loading triaxial tests [
Icad to different stress ration causing liquefaction that cyclic '4:

simple shear tests for a variety of reasons, some of them associ- yz;
ated with tho stress conditions under which the tests are con- ^t
ducted, some associated with the methods of data interpretation +>

used and some associated with limitations. of the cyclic triaxial (
test procedure itself. .y

) .' h

The development of high quality data from the large-scale f ~I

shaking table studies described previously provided an excellent | <

opportunity to compare the results obtained with thoso determined i f.1

~
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q
by cyclic triaxial compression tests on the same sand, prepared N i
in the same manner and tested at the same confining pressure.

.

The results of such a comparison are shown in Fig. 3-5, which ] j
comparcs the relationship beto en the cyclic stress ratio T/o', ;

iand number of stress cycles required to cause initial liquefac-
.

d
.

tion in, simple shear tests with the relationship between the

[} )|
dc/20'3c and the n d,er of s uess !cyclic stress ratio T /o'3c ##

cycles required to cause ir.itial liquefaction in cyclic triaxial
<

tests. As before, the comparison is shown for samples having a |
relative density cf 50 percent. [ l

) I

It is readily apparent that for any given number of cycles f
'i

s

to initial liquefaction, the cyclic triaxial stress ratio is 'i
higher than that for simple shear conditions. Comparison of the 3 '"

: :%

ordinates of the two curves shown in Fig. 3-5, therefore, pro- !

vides values of the stress correction factor | . L'

lT |
'

I h'
T max

c
r " c'o o'3c

l
'u*

T

kFor the data shcwn, values of c vary slightly with the number of f
cycles frem about 0.65 at four cycl .s to about 0,60 at 50 cycles. ;

,

E

Similar comparisons have been made for samples tested at ,
<

relative densitics ranging from 50 to 90 percent, and the results
~

.

lare summarized in Figs. 3-6 a ' 3-7. Values of c f# """P *8
r

rsaching a condition of initial liquefaction in ten cycles are p :1

shown in Fig. 3-6. Regard 16s.s of the relative density of the ] ,

sampics involved, the val.uc of c was the same and equal to 0.63. $
'

_;
r 4 j

The same independence of relativo density was found for other (

numbers of cycles. Values of the correction factors c found to b

be applicable for different numbers of cycles at all relative j
'

densitics are, therefore, summarized in Fig. 3-7. )
a

'

These values range from about 0.6 to 0.65 and are reasonably

close to those indicated by previous experimental studies and )
>

I 0
; .<

1
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those developed on an analytical basis by Seed and Peacock [
(1971), Finn, Pickering, and Bransby (1971), and Castro (1975). 4

Accordingly, they would seem to provide a suf ficiently relicble ij l
''basis for correcting the results of cyclic triaxial compression
'

tests to obtain stress ratios corresponding to one-directional

simple shear conditions.on the same material and at the same
4

maximum confining pressure. 4..,

It is interesting to note that in the cyclic triaxial test .

program conducted by Mulilis to determine the cyclic stress ratio |
N

'

causing liquefaction and different strain amplitudes for samples
with relative densities ranging from 50 to 90 percent, involving - ld

'

cyclic stress ratios ranging from G.2 to 0.5, there was no ap- t

) ,

parent effect of non-uniform strains or water content redistribu- ; *

tion in the samples prior to initial liquefaction on the develop- ,

ment of certain limiting strains. However, it was apparent that |
non-uniform conditions developed once necking occurred in the j ;

test specimens. Similar results have been observed in other j y

studies. Thus, it appears that carefully conducted cyclic tri- | -

axial testa can provide valid data on cyclic loading character-

istics up to initial liquefaction and strains of the order of a
" iabout five percent for denso samples or 20 percent for loose

samples. Reliable data cannot be obtained, however, once necking f

*occurs in any test specimen or if non-uniform conditions exist in
$..

-

the initial sample placement in the triaxial cell.

h, ,

3.3 DETERMINATION OF THE EFFECTS OF MULTI-DIRECTIONAL SHAKING ON 6

LIQUEFACTION UNDER SIMPLE SHEAR CONDITIONS ! |

A potentially significant difference between the stresses
*developed on soil elements in the ground during an earthquake *

and those induced on soil samples in laboratory simple shcar | ;

tests is the multi-directional nature of the stresses under field !

conditions compared with the uni-directional nature of cyclic j

stress applications under laboratory conditions. Accordingly, a 5

series of laboratory investigations have been conducted by Pyke 3

>

1
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Chan, and Seed (1974) to determine the significance of this ef-

fect.

Since analyses havo now been developed (Martin, Finn, and
'

Seed, 1975) to predict the stress conditions causing initial

liquefaction of saturated sands from test data on the rate of

settlement of the same sand in a dry condition, combined with a
'

knowledge of the rebound and stress-deformation characteristics

of the sand, the studies by pyke, Chan, and Seed woro aimed at

establishing the differenco in settlement characteristics of dry

sand under uni-directional and multi-directional chaking condi- |

tions. For this purpoce, samples of sand three inches deep and

with an average diameter of 42 inches were constructed on a
_

shaking table, surrounded by a membrane and fitted with a steci

reaction cap as shown schematically in Fig. 3-8 so that cyclic

horizontal movements of the tablo would create cyclic stresses in

the test sample. Confining pressures could readily be provided

by applying a vacuun to the test specimen.
q

Samples were tested by subjecting them to pre-programmed

randen horizontal motions, first in one direction only and then

in two directions at right angles (see Fig. 3-9) producing the g

composite motion characteristics shown in Fig. 3-10. In each ,

test, the settlement was measured as a function of the number of -

applied stress cycle, and from this data, plots such as Fig. 3-11

could be determined to show the relationship between tho applied J

shear stress ratio T/c' and the settlement induced in any giver.
9

nur.ber of cycles. *

,

.

The greater settlements observed in shaking table tests with

multi-directional as cpposed to uni-directional shaking indicato ,

that pore water pressurcs will build up more rapidly in the field

than is indicated by laboratory tests on saturated samples in >

which the load is cycled in one direction only. The offect of

vertical accelerations in the field may be neglected for satu-

64
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rated soils, since they will have virtually no influence on the |,
effective stresses in the soil, but the effects of the two hori- M

-^ de f.s

ontal components of motion sheuld clearly be considered. Ilow- :S

I ever, it would be possible to conduct the analysis for shaking in y i

y n
'

i one direction only using the results r" yresently available {
laboratory tests if a correction for the effect of the second % ,

f horizontal component of notion is established. A detailed analy-

| sis of such a correction is presentou by pyke, C.v.n, and Seed
j (1974). o
o' L /

H ^ 'l
! The 2ffect of the second horizontal component of shaking on h

J"
; the development of pore water presi ecs leading to liqucfactio.

c :

j may be inferred from the results of v.he shaking table tests On p
*

w s
N dry sand. It may be shown that there is a certain settlement of p

'

,fdry cand which is equivalent to the development of initial .j u c -
* '

o

C

'] faction (pore water pressure equal to applied confining pressure)
~

] in undrained saturated sand. For initial vertical effective j

j stresses of 7 to 22 p9i, the settlemerts of dry cand that are f
'4

) equivalent to the onset of liquefaction in saturated sand are of 3 .
e

d the order of 0.1 to 0.2 percent (Martin, Finn, and Seed, 1975). {
Although the stress-ratios used in the presentation of the re- |

( sults of the sha).ing table tests are not numerically the same as
s

5 those which would cause liquefaction in the same number of cycles,

it may reasonably be assumed that the stress-ration causing ) ,

'
liquefaction are approxinately proportional to the values shown

[
in I'ig. 3-11. Thus, it may be concluded that the ratio of shear

5
stresses that would cause liquefaction with shaking under two d ,i

& (borizontal components as opposed to one component will be about g

{ the same as the ratio of the stress ratios causing the same ,1

) settlement in one- and two-directional shaking tabic tests. /

]
1 c

Based on the data shown in Fig. 3-11, therefore, it would bc
,

reasonable to conclude that the stress ratio required to cause i

iI initial liquefaction for a ground motion with two equal horizon- . .;

tal components will be about 20 percent le s t. than that reqaired to j'

| 1

|i
s j

l
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cause intitial liquefaction with shaxing in only one direction.

; However, statistically, the peak accelerations in two directions

} at right angles ar) rarely equal, and if the peak acceleration in

y one direction is approaching an 85 percentile value, the peak

h acceleration in the other direction will probably be only about
n
p 2/3 of this value, or less, in which case, the settlements due

h, to the combined horizontal cocponents will be those indicated by
-

the dashed line in Fig. 3-11. In this case, the stress ratio

h required to cause initial liquefaction for the combined horizon-

k tal rotions would be about ten percent less than that causing
n

initial liquefaction with shaking in only one direction. It

f would seem appropriate, therefore, to apply a correction factor

of this magnitude to test data obtained from one-directional

shakang or simple shear tests and to corresponding data obtained,

k fren cyclic triaxial tests. This is equivalent to reducing the
4
y values of c shown in Fig. 3-7 by a further ten percent, leading ir
d, to the values shown in Fig. 3-12 as being appropriate for two- j

'
1

n di ensional shaking conditions. These values range from about
I'

0.59 for motions producing five equivalent cycles to about 0.55 '

for =otions producing about 30 equivalent cycles.

3.4 I?! FLUE!;CE OF I?;ITIAL STRESS CO!;DITIO:;S O!! LIQUEFACTIC!!

CHARACTERISTICS

It has been recognized from the earliest stages of cyclic

load testing of soile that the initial stress conditions acting

on a test specimen have a large influence on the additional

| stresses to which it can be subjected before developing a con {i-

$ tion of ini tial liquef action or significant cyclic strains. This

is cae of de primary ro .wns for the dif ferences in stress I

; latics determined in cyclic triaxial and cyclic simple shear !
tests previously discussed and is attributable to the different !

d
initial nlues of K , the coefficient of earth pressure at rest,

o
used in these tests. Correspondingly, it may readily be shewn

a that different initial values of K will lead to quite differr !J o

h results in cyclic simple shear tests due to the difforent stress i

,

, ,

1 corditions involved. I
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In fact, this result has been concluded implicitly or

directly by many investigators of the behavior of saturated sands 3
'

under cyclic loading conditions. Direct experimental evidence of -

J

the large effects of K on the stress ratios required to cause (
initial liquefaction and large strains was first provided by Seed

and Peacock (1971), who tested samples of saturated sand in a v
.

simple shear box af ter inducing different degrees of overconsoli- -

dation, with overconsolidation ratios varying from 1 to 8, to
,

produce different values of Ko, Fig. 3-13. It was found that for i
?

F values of overconsolidation ratio greater than about 5, the ?,
F stress ratios required to cause liquefaction were increased by at p
I least 50 percent. Previous work by Hendron (1963) shows that t

values of overconsolidation ratio of 6 to 8 would be likely to i
produce values of K of 1 or more. Thus, it was concluded that ;

I o
p(! values of OCR suf ficiently large to increase the OCR to a value

. of unity would produce. stress ratios in simple shear tests very ,g'i
i similar to those ob'.ained in triaxial tests conducted with ,

I anblent pressure conditions. *

.

A somewhat similar effect is shown by the cyclic torsional [
shear and sicole shear data presented in Fig. 3-4. Even allowing ,

for some dif ferences in the properties of the sands and methodsi

h
'-

of sample preparation used in different investigations, the

cyclic stress ratios determined by Ishibashi and Sherif (1974) j

using a value of K = 0.6 are substantially higher than those Oo y
j determined by other investigators for nornally consolidated sands

,'in which K was probably closer to 0.4.g ,

J 3
| na

j In addition to experimental evidence of this type, the re- 3
A1 suli.s of all analytical studies conducted to determine the re-

lationship between cyclic stress ratios in uni-directional cyclic

simple shear tests and .yclic triaxial compression teste have led i ?

} to the conclusion that the results of these tests would be about f3
1. Thus, in the relationship f y;fj the same for conditions where K =

o
} s

{ [x \ [*da O" "
r1 c' 2a'3

f
-h

,j i / field i triaxial fi

3 <

h 72 e
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values of a hhvo been dotermined as shown in the following [,

> ,

tables enj '

Investigator a Value of a for Kn =1-

w

Finn, Pickering, & 1+2K o 1,o a
,

4
Dranshy (1971) 3 ' ,

e v
1

Seed and Peacock Varies ;

(1971) 1.0 $
:J

c

(1 + K)Castro (1975) g 1.15 >
}I

3/3 |,-
-

t
s

Accordingly, it is appropriate, on both theoretical and ex- p
,

p perimental grounds, to uso higher values of a for sands known to '{
' be overconsolidated, with values of a becoming equal to 1.0 for
i

i.
conditions whero the overconsolidation ratio is about 6, a value lh

'
'

shown by liondron to produce a K condition of about 1.0. This
-o .,

would indicate a correction factor e of 1.0 in applying triaxial R
r -+-

test data to field conditions of this type. Ilowever, it would ' O
..,

"
still be noccusary to reduce this factor by about 10 percent to

allow for tha ef fects of nulti-directional shaking leading to a ,

correction factor for field conditions of about 0.9.

O

On this basis, it would seen reasonable to adopt correction 3
factors for triaxial compressica test data as shown in Fig. 3-14, 7

with values ranging from c, = 0.57 for OCR = 1 to c = 0.9 for (r
OCR 6, in applying the data to field conditions. This assumes

that the correction facter c will vary linearly with the over-
~r

| consolidation ratio, but this assumption would appear to be ade- ,

-

quate for all practical purposes at the prasent tine. "
|

I f ' . <

4
Similarly, correction factors c to account for overcon-

ssr
W solidation effects in cyclic,si=ple shear tests are presented in .'

a

$1 Fig. 3-15. The correction factors were developed on the basis j .')

.f
of tho information presented in Fig. 3-13. As with the triaxial j 1|

, : .,

} $,; tests, the correction factors are ussumed to vary linearly with*

t the overconsolidation ratio. '/. ,.'

y
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CHAPTER 4 1 o'

.<
1

INITIAL LIQUEFACTION WITH LIMITED STRAIN POTENTIAL OR"

CYCLIC MOBILITY FOR LEVEL GROUND
. . ,

7

Two of the most significant deficiencies of the cyclic load;

) triaxial test are: .

a. The test cannot be used reliably to investigate the of-

fects of cyclic stress ratios greater than 0.5, since
beyond this point, the upward application of the devi-
ator stress tends to lift the cap off the specimen, and .

e
stress concentrations then lead to premature failure. Hi

t
To some extent, the cap may succeed in applying a ten- 4

sion force to the top of the sample by suction, but ,

this is of a limited and dubious nature, and the re-
#

sults cannot be considered reliable in this range.

1

b. The test cannot be used to determine reliably the axial
5

strains resulting from cyclic stress applications once

the sample starts to neck durino the upward application [
of a stress cycle. In a well conducted test, the defor- <

mations are reasonably symmetrical about the initial

height, although there will always tend to be a slightly -

greater deformation in extension rather than compres-

sion. Usually there is no significant tendency for

stress concentrations to cause non-uniform deformations j
until at least a condition of initial liquefaction and !;

, *

h| cyclic strains exceeding about +2.5 percent have been
I reached. Thus, the data are reasonably roliable and -

t

a consistent up to this point. For loose samples, defor- 2

mations increase so rapidly beyond this stage that the
~

I
accuracy of their rate of incrnase is not usually sig-

~

nificant. However, for dense sampler, the specimen will
usually tend to neck soon after initial liquefaction of ;

Y
.

|
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strains of about +2.5 percent are reached, and oncei

j necking occurs, the stress conditions in the sample can

no longer be determined and the extension strains become,

; totally unreliable. Thus, there is no Jay to measure
,

j accurate values of axial strains in excess of about +2.5
9ercent for dense samples. In some cases, this necking

, may occur near the top of the sampic (Castro,1975) , but

{ this is not always the case. Regardless of where it

occurs, however, strain amplitudes beyond this points

becoce unreliable. It should be noted, however, that

measurements of non-uniformities developed in test,

;

specimens after this stage is reached are not indicative i

fof any potential errors in data up to this point, and

I furtherrore, since necking is the primary cause of the j
errors, this deficiency does not occur in tests using

9

anisotropic consolidation of triaxial test specimens, s

such as those used for conditions below sloping ground

surfaces and strains are primarily compressive. $
I

Nevertheless, it was the recognition of the above deficien-

cies and the need to test denser materials under conditions pro-
ducing larger strains that influenced the development of cyclic
simple shear and cyclic torsional shear tests of various types.
While few of these have explored the strains developed in denser
samples, the large-scale study by De Alba, Chan, and Seed (1975) |

-

has provided data on the behavior of dense sands at relatively
.

high stress ratios. In particular, the tests provided clear data

f to show that for sand at any given relative density, there was s

i apparently a limited amount of shear strain that could be de- ' '

! veloped, regardless of the magnitude of the applied stress ratio (
'

or the number of stress cycles. Typical results for tests on |

Monterey No. O sand at different relative densities are shown in
{

t Figs. 4-1 and 4-2. As may be seen from the figures, at relative
,

Idensities less than about 45 percent, the application of cyclic1

" '!

stress ratios sufficiently high to cause initial liquefaction ,

I I
>
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3 will also cause extre.ely high and probably unlinited strains in [

L the soil. This corresponds to a condition of liquefaction. Ilow- I
y

?j
~

ever, for relative densities greater than about 45 percent, the

f dpplication of stress ratio 3 and numbers of Cycles sufficiently |
'

f high to cause initial liquefaction would result in only a liruted

] amount of shear strain, the limiting strain pctential decreasing
,

with increasing relative density. Thus for exa.rple, the limiting

| strain potential for a sanple with a relative density of 50 per-~

t

f cent night be about +35 percent, but a sample with a relative ,

density of 90 would have a liniting strain potential of only

about +6 percent.
|

| 1

|

|
The cond3 cion of " initial liquefaction with limited strain ,

! potential" as used above is directly analagous to the condition ,

'

I

| of " cyclic mobility" used by Casagrande and Castro (1975). Ilow-
,

I ever, the authors prefer the use of the former tern for several'

;

f
4- reasons:

I
'

, >

a. " Cyclic mobility" does not serve to indicate that high ;

residual pore water pressures exist in the soil, whereas
'

" initial liquefaction" clea.ly indicates such a condi-

tion.

b. " Cyclic rx,bility" covers a wide range of conditions with
| . <

potential stra.ns ranging from almost zero to many tens

of percent. Thus under some situaticns, a condition of
|

g cyclic mobility rsy be perfectly acceptable, whereas in

I others, it would be totally unacceptable. A statement

f that a soil is in a condition of " initial liquefaction
*t with a liniting strain potential of I percent" seems to

provide a nore specific and graphic description of the
3}

.

situation than a statement that the scil is cyclically,
4

mobile.
,

d 4
* .

i ' floweve r , in the long run, it matters little which termin- ]
f-

ology is used so long as the phenomena are understood and used in ;

;
q t, .
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t*.o same etaner throughout the profession. It is hoped that the
k '

above explanation will serve to clarify any misunderstandings J,
#

g which day have arisen through the ?'s3 of different terminology by

[ dif ferent investigators and enphasize that there is > fact ap-

if parently a high degree of agreement on many aspect.sM). the soil
' '

liquefaction phenomenon.
,

'

3A special word of caution vot.ld seem to be in ordor, how- *

cvisr, in discussing the poi.sibility of " liquefaction" or " initial ,

'

'Iliquefaction with a limitini shear strain potential" for sands
'' 5having a relative density of say 60 parcent. Test data for such

sands >btained by tests on relatively uniform samples under lab- -
,

oratory conditions clearly indicate that they may have a limiting
_

.;
.

strain potential of about 20 to 25 patcoat (see Figs. 4-1 and j

;| 4-2). In tha field, however, such a sand may be overlain by a >

*

-) considerably more impervious and fino-grained deposit so that
*
-

I high pore water pressures equal to the overburden pressure can g?

'
build up at the contact bcundary. In such casos, it is doubtful J

L 9
i that dilation of the sand during shoar would be able to reduce ;
'

the pore water pressure since deformations cou.'4 take plaes ?
entirely along the contact surface with no accompanying dilation. -'

leading to the appaara.cc of liquefaction and flow even though a 1

homogeneous deposit of tno sanc' involved would be incapable of

such field performance. It is interesting to note that many
, ,

.,

cases of slides due to liquefact.ivn durina earthquakes, involving.
'

large lateral translations of scil masses, have occurred in ]
'-

stratified deposits of sand and finer-grained sollr (Set d, 19 68 i*
y

Seed, Martin, and bysmer, 1975). <,
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CHAPTER 5 ,

FAC.%R OF SAFETY IN EVALUATING LIQUEFACTIO i POTE!? RIAL C

&

k
i

} In evaluating tha liquef action potential of a saturated sand
s

,

deposit under some postulated carthquake condition, it is custom-
g

ary to cypress the result in terms of a f actor of safety expres- 9
"

0
A sed as: k
]' fUniform shear st. css required to cause

initial liquefaction cr an acceptabic j
limit of strain in N cycles |.

Pactor of Safety a average shear stress induced by $ ,,'

carthquake for N cycles h
-

'

| .i
This requires determinations of the stressos induced by tne { l]

i
carthquake and the otrossos which must be applied to the sand to q

j

Icause initial liquef action (or sono selected degree of strain if h
tt.is is considered more appropriato). | y

J

'

|
If the carthquake motions are specified at the ground sur-

| face, then the stresses developed in the upper 40 feet of a soil ;

;

[ icporit can '.c assessed (Sced and Idriss, 1971). The preceding [ ]
Y'

pagca have discussed at length the procedures required to make t.

good assersment of the scrossos requited to cause initial liquc-
.

faction or a given degree of strain. The final acceptable factor
of safety will c1carly de.,2na on the accuracy with which each of ,'

n

I these individual assesscents can be made in any giver. case.
*

i

f
The discussion of " limiting strain potential" in Chapter 4

of this report emphasizes a further consideration which m tst be
\

I taken into account in determining what value constitutes an ac- 4
,,

(; ccptable factor of sefetyr that is, the consequences arising, if y a

for some reason the actral fact.or cf safc.ty should be reduced to'

.j.
unity. Clearly, this is very different in the case of a locse j.

'

sand with a ralativo density of about 55 percent ar.d the same ,

r .n
r
1 sand in a denso condition, say with a relative *ensit y of 32 per- ,q ;

Jent. It may be scen fror. Figs. 4-1 and 4-2 tnat the limiting :

;
.

,
<

'

'
'

.
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''Jstrain for Montorey No. O sand at 54 percent ralativo density is
130 porcent, while the limiting strain for the s.mo sand at 82 g,

g ';t

percent, relativo density is only 110 porcont. The stress condi- f
p, -

!

tions producing these conditions are shown graphically in N g.
@

;
'

'

5-1. It is apparent that if the stress ratio causing fivo por- O
I

cent strain at a relative density of S4 percent is ever slightly h ,''
cxcoeded, then the sand will undergo strains up to 130 percent
with almost certain catastrophic consequences. However, if the

stress ratio causing five percent strain at a relativo density of
i

82 percent is slightly exccoded, the only result would be to
, ,4cause a strain of perhaps six percent and no more than ten por- !

'

;

cent even if the factor of safety should drop to 0.5 or even 0.2.
.

..,

This differenco in consequences, if for any reason the 4
G

actual factor of safety reaches a value of unity, is clearly an 'l
j iraportant factor in determining an allowable factor of safety and d

y,

in many casos warrants the uso of lower factors against initial
,.',

liquefaction or low strains in dealing with denso sands than in;

I i

dealing with loose sand deposits.
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CIMPTER 6

USE OF LARGE-SCALE TEST DATA TO SUPPLEMENT KNOh*N CASES OF
i

LIOUTTACTION IN TIIE FIELD
,

,

.

It was shown previously in this report that there is a ,

scarcity of reliable field data concerning the liquefaction po-

tential of sands with high densitics or penetration resista.tco
,

values subjected to high cyclic stress ratios by carthquakn ;

ground moticns. Since there has been no opportunity to collect i

data of this type from the fi ad, it would seem desirable that *

. ,

some attempt be made to explore the possibility of outaining the '

data by means of laborasory tests which closely simulate field ,,f.
no

conditions. c
,

.

. j

The data obtained by Da Alba, Chan, and Seed (1975) in S ,

large-scale simple shear touts provide a basis fo. studies of

this type, provided they are suitably modified for other signifi-

cant factors known to affect the results under field conditions.

N
Thus for example, the data presented by De Alba, Chan, and g

Seed (1975) were obtained by uni-directional simple shear teste ;

on samples of Monterey No. O sand deposited by pluvial compaction

and tested under a confining pressure of 8 psi. The data in
.

Table 2-3 show that stress ratios causing initial liquefaction or

prescribed strains for undisturbed samples are conservatively

about 15 percent higher than those of samples prepared by moist j

tamping, and the data by Mulilis show that for Monterey sand, l
samples prepared by moist tamping are about 60 percent stronger

than those prepared by pluvini compaction. Thus, if the simple |

shear tests had been performed on undisturbed field samples of I

Monterey aand, the cyclic stress ratios causing liquefaction

would probably have been higher than those measured by a factor N

of 1.6 x 1.15 or about 1.85.

a,
,

f
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At the same time, cyclic load tests are normally conducted f
[] at confining pressures higher than F psi, and data by Mulilia, f

h Chan, and Seed (1975) show that the stress ratios causing lique- bt
i] faction at presse of about one ton per square foot would be 1

r

[

about 10 percent ;eus than those at a pressure of 8 psi, while i,

for two components of motion, as developed ir. the field, the
!1 stress ratios caasing liquefaction would be reduced by an addi- d :

tional 10 percent. Thus, cyclic stress ratios causing liquefac- I
tion at confining pressures of about one tsf in ths field would

)
require that the data by De Alba, Chan, and Seed (1975) be multi- ;

[ plied by a correction factor of 1.85 x 0.9 x 0.9 : 1.5.
[

W !
! (
) Finally, it should be noted that Monterey sand is by no g
)) means the poorest type of sand from a liquefaction point of view, 9.

( and available data indicate that stress ratics causing liquefac-
t .tion of some sends under comparable conditions 2:ay be about 15 D

percent less than those for Monterey sand. Thus, a lower bound

j value of cyclic stress ratios causing liquefaction of natural [
deposits of sands under field conditions might be obtained by b

applying a final correction factor of 1.5 x 0.E5 2 1.20 to the '

test data by De Alba, Chan, and Seed (1975) sh wn in Fig. 3-1.

"1 This would lead to the following results for the lower bound ),

>1] stress ratios causing initial liquefaction.
a

$-'{ 5 Cycles 15 Cycles n

1 *

l
4

J T T 1 T 1

J Relative I') I') I'I I') [Ia o c oO O U O{ Density test field test field
i p
: 54 0.17 0.22 0.135 0.17 4

68 0.215 0.275 0.17 0.22 !j
82 0.29 0.37 0.22 0.28 11

j 90 0.35 0.45 0.26 0.33 f.1
2 l

j. 1

g Five uniform stress e /cles might be considered rcpresenta- )
j tive of earthquakes with magnitude ranging fren 5 to 6, and 15

}jj uniform cycles might be considered representative of carthquakes
:

..
,
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with magnitudes of 7.0 to 7.5 (Sced, Idriss, Madkdisi, and-

Banerjee, 1975).

In order to relate these results to those for field cases of
liquafaction shown in Fig. 1-5, it is necessary to establish a
relationship between the relative densities of samples deposited
by pluvial compaction and the ccrrected penetration resistance
N. The only available basis for determining such a relationship1

at the present time appears to be the correlation between Stand-
ard Penetration Resistance values and relative density proposed
by Gibbs and Holtz (1957;. Gibbs (1971), Bazaara (1967), and
Schultze and Melzer (1965). Based upon these results, it might
be estimated that the relationship between relative density and
Standard Penetration Resistance under an overburden pressure of
one ton per square foot would be approximately as follows:

Relative aansity of Sand Standard Penetration Resistance !Depos!.ted by Pluvial under Overburden Pressure of '
Compaction 1 ton /sq. ft., N

54 12
68 19
82 26
90 3C

Combining these results with those determined above leads to
the following approximate lower beund correlation between the

$,

stress ratio likely to cause liquefaction in the field and the '

corrected penetration resistance N :

Stress Ratios, T/c'o, Causing
Initial Liquefaction under

Field Conditions
N i - blows /ft. M = 5 to 6 M= 7 to 7.5

12 0.22 0.1719 0.275 0.2220 0.37 0.2830 0.45 0.33

i
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3*These values, superimposed on the field data from Fig. 1-5,'

k'
are chown in Fig. 6-1. It may be seen that they are in reason-

able agreenent with conditions known to cause liquefaction in the g
j tiald and provide a basis for ertablishing a lower bound curve N *

N }
$ for cyclic stress ratios causing initial liquefaction for sands

j with high penetration resistance values. The initial liquefac- _,

f i

tion condi' Lans of such sands will clearly be such that they will

| only be accompanied by limiting shear strains, the latter depend-
't

i
i ing upon the relative dersity of the sand, and for case of refer-
4

) ence, the limiting shear strains determined for Monterey sand are

plotted in the upper part of Fig. 6-1, again using the Gibbs andi

1, lioltz correlation between relative density and penetration re-

sintance to establish the N values.
s a
f

Thus the data in this figure might well be used as a summary

of past field performance concerning liquefaction and as a guide

i to probable future performance. Supplemented by detailed evalua-

j tion.s of stress conditions and liquefaction characteristics at

any given site, it provides a basis for an overall evaluation of
'

probable performance. i

l

.
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fj SUMMARY AND CONCLUSTONS j
U N 1
9

,

9
,.
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1 7.1 SUMMARY 3

k |

| 7.1.1 Definitions

The term " liquefaction" as used in this report uascribes a | ]

[ phenomenon in which a cohesionless soil loses etrer.gth during an [ -|
4 earthquake and acquires a degree of mobility scfficient to permit '

', movements ranging from several feet to revaral thvused feet. '

I
i It is ncw generally recogni cd that the basic cause oft
U liquefaction of saturatcd cohesionless soils during carthquakes

is the build-up of excess hydrostatic pressures due to the appli-
cation of cyclic stresses induced by the ground motions. These j

.,

t)
stresses are generally considered to be due primarily to upward
propagation of shear waves in a soil deposit, although other
forms of wave motions are also expected to occur. As a conse-

y quence of the applied cyclic stresses, the structure of the co-

hesionless soil tends to become more compact with a resulting
,

transfer of stress to the pore water and a reduction in stress ond

i

the soil grains. As a result, the soil grain structure rebounds y
'

to the extent required to keep the volume constant, and this | ., ,

[q interplay of volume reduction and soil-structure rebound deter- i

I
,

mines the magnitude of the increase in pore water pressure in the
r ;

i

h soil, i

I| i
r.i

In an effort to clarify differences in terminology, the b

.U following qualifications of the tern liquefaction were intro- h
d !1
h duced:

d b
qq

f a. " Initial Liquefaction." Denotes a condition where, !}
I]
r

I during the course of cyclic stress applications, the
'

residual pore water pressure on completion of any full j

h stress cycle becomes equal to the applied confining $
k
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pressure; the development of initial liquefaction has
no implications concerning the magnitude of the defor-
mations which the soil rdght subsequently undergo; '

however, it defines a conditien which is a useful
basis for assessing various passibic forms of subse-
quent soil behavior.

b. _"_ Initial Liquefaction with It.nited Strain Potential"
or " Cyclic Mobility. " Denotes a condition in which
cyclic stress applications develop a condition of
initial liquefaction, and subsequent cyclic stress
applications cause IL=ited strains to develop cither
because of the remaining resistance of the soil to
deformation or because the scil dilates, the pore
pressure drops and the soil stabilizes under the
applied loads. It should be noted, however, that once
the cyclic stress applicatiers stop, if they return to
a zero stress condition, there will be a residual pore
water pressure in the soil equal to the overburden ,

,

pressure, and this will inevitably lead to an upward
flow of water in the soil which could have deleterious

; consequences for overlying layers.

.

c. " Liquefaction." Denotes a ecadition where a soll will
undergo continued deformation at a constant low re-
sidual stress or with no residual resistance, due to
the build-up of high pore water pressures which re-
duce the effective confining pressure to a very low
value; pore pressure build-up nay be due either to
static or cyclic stress applications.

7.1.2 Methods for Evaluating the Liquefaction Potential of Sand
Deposits (Level Ground)
There are basically two rethods available for evaluating

the liquefaction potential of a deposit of saturated sand sub-
jected to carthquake shaking:

92
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Iy a. Method Based on Observations of Performance ' f Sando

h
g Deposits in Previous Earthquakes. Post carthquake

}

ij curveys of the areas where liquefaction has or has not j
U occurred have been used to prepare chcrts based pel- 1

-

t 1

| r:arily on the Standard Penetration Resistance of the
'

L
deposit for differentiating between liquefiable and{
non-liquefiable conditions. Since empirical compari-

sons and evaluations of this type take no account of j[
eignificant factors, such as the duration of shaking

or the possibility of drainage, and depend upon the
'

L
.

reliability of field measurements of penetration re-

.

sistance, which, in the opinion of many engineers, is
'

open to serious question, it appears to be the general ,

'
belief among most engineers that while such correla-

tions can provide useful preliminary evaluations of

[ liquefaction potential, they will often need to be
V supplemented by detailed studies based on ground re-

aponse analyses and detailed soli testing programs in
g

"

i order to arrive at a meaningful evaluation of the

| liquefaction pctential of any particular site.

r b. Method Based on Evaluation of Stress Conditions int

the Field and Laboratory Determinations of the Stress

Conditions Causing Liquefaction of Soils. Analytical

procedures for evaluating the liquefaction potential
*

| of soil deposits involve two independent determina-
t
1 tions: 1) an evaluation of the cyclic stresses induced

at different levels in the deposit by the earthquake

h shaking and 2) a laboratory investigation to determine
i, the cyclic stresses which, for given confining pres-

sures representative of specific depths in the de-

[ posit, will cause the soil to liquefy or undergo

k various degrees of cyclic strain. The evaluation of
h
h liquefaction potential is then based on a comparison
b i

of the cyclic stresses induced in the field with the j
S{ I

t,
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H n *p stresses required to cause liquefaction or an accept-
*

able limit of cyclic strain in representative samples |,

- in the laboratory. I "

I
h' i

'

:

i, The cyclic stresses induced in the ground by an earth- j
l quake may bo cer.puted by a ground response analysis, jj

'[ by a simplified procedure based on a knowledge of the '

mr.iimum ground surface acceleration, or by deconvolu-:
, .<

tion of a known ground surface motion.
-

,f

'
.

t:
/ Various types of laboratory test equipment and pro-,e

cedures have been used to investigate the cyclic ! ,4
[ stress conditions required to cause liquefaction or '',

f initial liquefaction with limited strain potential of
'

saturated sands. These include cyclic simple shear,
[, cyclic torsional shear, shaking tabic, and cyclic - "!

|

I triaxial tests.j (1
*

i fi 1

!h It has been generally recognized since the advent of
I h cyclic load testing that virtually all types of tests: )

* are subject to some degree of error due to equipment .

|b
'

limitations.,

|

Purthermore, another important acpect of a cyclic load, r
u

test program for uso in design concerns the selection -

!
.) of representative samples for testing purposes. In f,

.

f the early stages cif cyclic load testing, it was gencr- j
| ally recognized that the liquefaction characteristics

{
.

l
; of any given sand varied greatly depending on its |
| density or relative der.sity, but the possible effects;

t
9

3 of other factors, such as seismic or geologic history,
[ soil structure, or method of sample preparat.i.on, were 'lt

:

! [ not considered likely to affect the results signifi-
I

,

cantly.
,

h a
I |\ However, detailed studies of soil liquefaction con-

Q
11

! ;-
/:
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| [' ducted during then past three years ct the University

{
of California, Berkeley, undcr the sponsorship of the g

j; U.S. Nuclear Regulatory Commissio.:, together with the
results of other investigations, have led to the fol- ] 1

lowing conclusions. y!

) '

3y 7.2 CONCLUSIONS
h N

,
'

The behavior of a saturated sand under cyclic loading con- ;
,,

'a ditions is a function vf its geologic and seismic his ory and ; ,

Ie , ,

j{ grain structure as well as its placement density, '
..

A
i

There is strong evidence that the liquefaction resistance of f ,,, ,

{
undisturbed samplas is substantial)y higher than that of freshly ! *

y

jf deposited laboratcry samples at the same density.
,

{ }j
'm

i| The resistance to liquef action of a sand deposit can but be

1 estimated by laboratory testing of undicturbed samples secovered ]
f from the field. This inevitably raises the question of the abil- -

~

{
ity of existing sampling procedures to obtain good quality un- q j

| 'h
disturbed scmples of send and the possibic errors introduced if h '1

samples are disturbed to some extent in the sampling and handlir.g I
,

process. In fact, it scens likely that procedures vary widely inf
their adequacy in this respect, and the nature of the sanpling i

i
process requires careful evaluation in assessing the qualit1 of ;

test data obtained from the resulting samples. -

|
i ,

f If samples prepared in the laboratory are to have the same ,

| characteristics as a soil deposit in the field, t..cy must be j }
prepared in a manner producing the same density and grain struc- ! s

,

r >

I ture and tested in such a way that the ir-situ value of K can be
' *

j, O

||4

}4
-taken into account in assessing their field performance.

i -

h The creation of a soil s tructure similar to that of the f
field deposit is only prasible if the structure of the field de- ( ,

i o .

;{ posit can be determined, and measurements of grain structure are
_

i i y

.
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! by no means a standard procedure in soil mechanics laboratories.
However, measurement of the " formation factor" for a sand is a

| relatively rapid and inexpensive procedure, and this method of
L. measuring particle arrangement or f abric may provido a practical
I ;

means for determining the structure of sands for a variety of ?
* purposes. Further studies of the potential usefulness of this
{ index of structure are required, however, before it could be
'

recommended for adoption as a practical tool for design studies.

Laboratory shakir7 table test results from samples large;

enough to be essentially free of undesirable boundary effects and
to which an appropriate membrane compliance correction has been

,

applied show that most shake table test results previously re-
ported in the literatur* are significantly influenced by those i

factors. The different results from this and other investiga- '

tions clearly indicate that care is required to provide correct
,

'

boundary conditions if meaningful data are to bo obtained by
means of shaking table studies. Furthermore, this method of I. <

testing cannot be used for undisturbed samples. !
'

t ''
, ,

I Carefully conducted small-scale simple shear or torsional
shear tests using good quality equipment can provide uata com-
parable to those obtained with large-scale test samples. How-

it is difficult to test undisturbed sarples in these typesever, .

of tests. '
,

Small-scale, properly conducted, simple shear laboratory {
[ tests seem to provide a suf ficiently reliable basis for correct-

ing the results of cyclic triaxial compression tests to obtain
stress ratios corresponding to one-directional simple shear con-

.

ditions on the same material and at the same maximum confining
pressure.

}

!
1,

It appears that carefully conducted cyclic triaxial tests, '

used in conjunction with aopropriate correction factors, can pro-
vide valid data on cyclic loading characteristics up to initial

l
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liquefaction and strains of the order of about 5 percent for a .

dense samples or 20 percent for loose samples. Reliable data

cannot be obtained, however, once necking occurs in any test g g

specimen or if non-uniform conditions exist in the initial sampic d
kplacement in the triaxial cell.

<
>

Based on the information dcveloped, it is reasonable to

conclude that the stress ratio rnquiied o cause initial lique-

faction for a ground motion with two equal horizcatal components

will be about 20 percer.t less than that required to cause initial

h! liquefaction with shaking in only onc dire:. tion. However, sta-
3

f tistically, the peak accelerations in two directions at right
| '

i angles are rarely equal, and if the peak acceleration in onc
I

-

e
-

direction is approaching an 85 percentile value, the peak accel- | '

eratio.1 in the other direction will probably be only about 2/3 of ;

this value, or less. In this caso, t stress ratio required to jt
.

i

cause initial liquefaction for the e ed hori:ontal raotions j
would be about ten percent less thar. causino initial lique-

'

j faction with shaking in only one dire It would seem ap-.

6

d propriate, therefore, to apply a corrr, m factor of this mag-

nitude to test dota obtained from one-airectional shaking or

3 simple shear tests and to corresponding data obtained from cyclic -

| triaxial tests.
! -

''

ii -

i j
|

The results of all analytical and experimentel studies con- w

ducted to determine the relationship between cyclic stress ratios'

in uni-directional cyclic simple shear tests and cyclic triaxial"

1i corapression tests have led to the con:lusion that the results of
.

4 , ,

j these tests would be about the same for conditions where Kg l. g

Correspondingly, it may be shown that different initial values of f
K will lead to quite dif ferent results in cyclic simple shearj a

g
'"

tests due to the differences in the stress conditions involved. 4
It is, therefore, appropriate, on theoretical and experiment al y

3 grounds, to apply correction factors to the triaxial shear test d
-

't

results which vary with the degree of overconsolidr. tion of the f
material tested. 1

'

T 4

97
:

!
- -

- =. -
. .

\ ?i R %-,8 es v'^
| i 6 U. ~ ~ '

Os, , a

J i i ~ .[. |
', ( -

.

-
- J '- a . k j .



_-,--.r,..-,,, < - - - - _ .._ 7.-,.7., -. - - . . _ -

L -9,

.y t. tn - -

Y)
- '

$t

[ )'

h Typical large shake table tests on Monterey No. O sand indi-
cate that at relative densities less than about 45 percent, the
application of cyclic stress ratios sufficiently high to cause

r

| initial liquefaction will also cause extremely high and probably
'[ unlimited strains in the soil. This corresponds to a condition

lj of liquefaction. However, for relative densities greater than
3 about 45 percent, the application of stress ratios and numbers of
1j cycles sufficiently high to cause initial liquefaction would re-
j sult. in only a limited amount of shear strain, the limiting
j strain potential decreasing with increasing relative density.
: Thus for example, the liniting strain potential for a sample with i

a relative density of 53 percent might be about 135 percent, but e

a sample with a relative density of 90 percent would have a
limiting strain potential of only about 16 percent.

f '

i
g The condition of " initial liquefaction with limited strain
{ potential" as used above is directly analagous to the condition

.

of " cyclic mobility" used by Casagrande and Castro (1975). How-
'

t ever, the suthors prefer the use of the former term for several "
i

reasons: 1) " cyclic mobility" does not serve to indicate that
;

high residual pore water pressures exist in the soil, whereas4

! " initial liquefaction" clearly indicates such a condition and 2) j

" cyclic nobility" covers a wide range of condicions with poten- a

tial strains ranging fron almost zero to many tens of percent.,

3
Thus under some situations, a condition of cyclic mobility may be l

perfectly acceptable., whereas in others, it would be totally un-
acceptable.

| A statement that a soil is in a condition of
g " initial liquefaction with a limiting strain potential of X per- '

P cent"
I seems to provide a more specific and graphic description of

the situation than a statement that the soil is cyclicallyi +

mobi]c.
0.. .

>

The " limiting strain potential" described above indicates I
3

that the acceptable value of the factor of safety against initial,

d liquefaction should vary depending upon the relative density ofi

s 1
~ '

'
t }

f
,
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the sand, sir.co the development of initial liquefaction within a c. ,',i
i; dense sand deposit may have as a consequence the development of .- }

{ only limited strains, which may be tolerable for the structures, ',5
-

j

!) while in the loose sand deposits, it may involve large, intolcr- -l

Ii able deformations.
'

H j

}(?
?!

The use of the available field data for known cases of Q
p ..
p.1 lique:' action in the field supplemented by the results ef the :1

s 1.

large-scale test d.ta might well be used as a summary of past p

{ field performance concerning liquefaction and as a guide to [

h Probable future performance. Supplemented by detailed evalua- h
*l|- tions of stress conditions and liquefaction characteristics at '4n,

t i F

yJ any given site, it provides a basis for an overall eraluation of p

k probable perfomance. f
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iCHAPTER 8 4-
'

EVALU\ TION OF LICUEFACTION POTENTIAL FOR LEVFL GRCU';D

_FECOMMENDED APPROACH

8.1 INTRODUCTION
'

As discussed in Chapter 1, there are two basic methods for
evaluating the liquefaction potential of a sand deposit. The
first method involves the comparison of the field conditions at a'

proposed site with data concerning soil conditions at sites of
known field performance in past earthquakes supplemented with the

"
data from the large-scale tests described in this-report. The

second method is based o.1 a comparison of the stress conditions (
,

,I
likely to develop 1. the field and laboratcry determinations of

'

the stress conditions causing liquefaction of the sand.

For critical structuren, it is believed that a final evalua- ,

tion of liquefaction potential should be based upon both ap-
proaches. For less critical structures, however, a comparison of y

existing site conditions with data for sites known to have de- d

veloped liquefaction may be adequate for practical purposes, de-
pending on the probable margin of safety indicated by such com-
parisons.

8.2 BASIC INFORMATION .

As a first step, the site soil conditions and the design

carthquake for which the site must be analyzed should be estab-
,

lished. The site soil conditions are more conveniently presented

as a typical profile where the various soil strata are depicted
against depth. The elevation of the ground water should r.: so be

indicated in the profile. For granular materials, such as sands,

the Standard Penetration Resistance, as it varies with depth,

should also be indicated. Additional information, such as the

grain size distribution and the proportion of fines in the sand,
is also helpful in the evaluation.

|
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The design earthquake can be established either by a maximum J

hacceleration at the ground surface or by a time history of accel-
eration either at the ground surf ace or at the base of the soil 'f

6

profile. In the first case, an indication of the duration of the }
strong ground shaking or of the magnitude of the carthquake which I

is causing the ground motion is also necessary.

8.3 EVALUATICN OF THE LIQUEFACTICN POTENTI1sL
.

y .

8.3.1 Initial Assessment Based on Empirical Data

The purpose of the initial assessment is to obtain an J

overall indication of whether the site under the prescribed *

ground motions is clearly liquefiable, marginal, or clearly safe.
1

,

In c .:=es where the initial assessment shows that the site is
i clearly liquefiable or non-liquefimble, no further analysis may

' 1be required. L rginal cases, however, should be analyzed in morei

detail.'

>

f

The initial liquefaction assessment is carried out with

the aid of the information presented in Fig. 6 - 1. It was dis-
'

cussed in the text that the data in this figure night well be
used as a su=ary of past field performance concerning liquefac4
tion and as a guide to probable future performance. Supplemented

! by detailed evaluations of stress conditions and liquefaction
I

,

characteristics of the given site, it provides a basis for an y
; overall evaluation of probable performance. [;

!
. . . .

-; -

To use the information presented in the figure, the values
of the Standard Penetration Resistance should be corrected to an J. ,

effective overburden pressure of one ton per square foot by means '

of the exprt.ssion presented in Chapter 1; that is:

N = C, N
-

<

1 d ge
i where C = 1 - 1.25 log3 g

N = corrected penetration resistancei

N = Standard Penetration Resistance at depth '

under consideration
.
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Ojj c' = cffective overburden pressure in .ons per square Itg

foot where the penetration resirtance has the

h, value N
5

and a ' = one ton per square fooe n3

[g f
For a representative value of N,, the cyclic stress ratio

f causing liquefaction under field conditions can be determ.ned
c

[ from Fig. 6-1.
,

,

The cyclic stress ratio developed by the design earthquake
can be determined by the relationship:

,

I = 0.65 ***- .r. rg g dO o,,

where a = maximum acceleration at the ground surface
%, o = total overburden pressure on sand layer under
; consideration

c' = cffective overburden pressure on sand layerg

under consideration

d = a stress reduction factor varying from a valuer

1 of one at the ground surface to a value of

0.9 at depth of 30 feet and a value of 0.75

at 50 feet.

! -

| Thus for any given value of maxinum ground surf. ice accel-
eration, the possibility of liquefaction can readily be obtained
on an empirical basis by comparing the developed value of T/o'

g with the value shown by Fig. 6-1 likely to lead to a condition of
liquefaction. Furthermore, the limiting shear strains indicated

] by the test results for Monterey sand may be used as a guide to
judge the a=plitude of the shear otrains that may be expected at

[ the given site. '

Il

8.3.2 Analytical Evaluation of Liquefaction Potential

! The general analytical mothed for tvaluating liquefaction
s' potential involves the following st. cps:

|?y

.f e'1
.
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a. An evaluation of the cyclic stresses induced at dif- 7%
^

ferent levels in the deposit by the carthquake

shaking, h.
d+

i il

{ b. A laboratory investigation to determine the cyclic y
i stresses which, for given confining prescures repre- ,

sentative of specific depths in the deposit, will t y
i> cause the soil to liquefy or undergo various degrees ]
~ of cyclic strain. As shown in Fig. 1-6, the evalua- I) ,

tion of liquefaction potentral is then based on a

comparison of the cyclic stresses induced in the field j ,,

with the stresses required to cau e 37 n,? action or an
3

-

a

acceptable limit of cyclic strain in representative
'

,

samples in the laboratory.
j 4

-

t The cyclic stresses induced in the ground by an carthquake '

I$ may be computed by a ground response analysis (Seed and Idriss,
1967) by a simplified procedure based upon a knowledge of the "

maximum ground surface acceleration (Seed and Idriss, 1971) or by
) deconvolution of a known ground surface motion (Schnabel, Lysmer,,

| and Seed, 1972; Roesset and Whitman, 1969). The computed irregu-
3

lar time history of stresses at any given depth is then converted |
i 5

to an equivalent uniform cyclic stress series by an appropriate j
i

weighing procedure (Seed, Idriss, Makdisi, and Banerjee, 1975) j,
j for use in the analysis. !
'

)
1

Various type a of laboratory test proc _ iures may be used to I,

1
investigate the cyc).ic stress conditions required to cause '

l

initial liquefaction and the associated limiting strain potential k
of saturated sands. Since the object of the test is to reproduce

T the stresses acting on an element of sand subjected to horizontal 1
shear stresses which reverse direction many times during an

carthquake, some form of simple shear test provider the best rep- N*

hresentation of field conditions. However, since the equipment g

for conducting any type of simple shear tests is somewhat compli- i

k h
,
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cated and not readily available in most laboratories, the cyclic
loading triaxial test as developed by Seed and Lee (1966) may be jused as a practical and convenient alternative.

If cyclic simple shear tests are used, the laboratory test
results should be corrected to account for a) the effects of
multi-directional shaking and b) the overconsolidation ratio af

j the natural sand deposit. Appropriate ;orrection factors are
,

j shown in Fig. 3-15.
4
L

If cyclic triaxial tests are used, appropriate correction
t

;

factors have been presented in Fig. 3-14. Those factors account
| for both the effects of multi-directiona'' shaking and the over-
| consolidation ratio effect.
'

Whatever type of test is used, it is considered that the
tests should be performed or. good quality undisturbed samples

$ which retain the density and structure of the in-situ deposit.
However, care is required to ensure that variations in these
characteristics are net

l induced by the sampling and handling pro-
Where it can be shown that changes in these character-cess.

istics have occurred, appropriate corrections to the laboratory
test data should be applied on the basis of the known effects of
the different factors involved. ,

Finally, by comparing the shear stresses induced by the,

I

j earthquake with those required to cause liquefaction, it may be
i determined whether any zone exists within the deposit where lique-'

faction is likely to occur (induced stresses exceed those causing
initial liquefaction) and from the results shown in Fig. 4-1 and,

4-2, the probable extent of cyclic shear strains that may develop
;

can be estimated..

i

8.4 EVAL',NTION OF EFFECTS OF LIQUEFACTION

In some cases it will also be desirable to evaluate the
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effects of liquefacrion by computing the rate of increase of pore h

!t
water pressure in different layers of a deposit during earthquake j,

..

shaking and the subsequent rate of dissipation of pore pressures (i

i
following the carthquake. This will be particularly true in soil

hprofiles involving highly pervlous materials or very deep ground
water tables. For such cases an analysis such as that presented

by Seed, Martin and Lysmer (1975) may well provide a deeper i
i

insight into the effects of possible pore pressure redistribution
'

and the effects of pore pressure dissipation on the* stability of

the soil deposits involved.
);

i
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