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IiQUEfaction stability analyses.

e “steady state” method for analysis of

F,{,5,;---1icp.uef,z_u:tif::m stability proposed by
Poulos et al. (1984) has been increasingly

applied tO analysis of dams and structural
toundations since its initial development
in the late 1960s. This method of lique-
faction stability analysis is based on the
premise that post—liquefaction shear de-
formations will occur under "steady state’
conditions. The concept of steady state
deformation is closely analogous to the
critical state concept, and is defined as
a state of plastic flow at constant

volume, constant normal effective stress,
constant shear stress (constant undrained
residual strength), and constant rate of
shear strain. If the driving shear stresses
within 2 soil mass are less than the un-
drained steady state shear strength, then
:he 80il mass is considered not to be
usceptible to liquefaction failure with

“8Sociated large deformations.

c:;i the heart of the steady state con-
f&t;o:a it is currently applied to lique-
Castro analyses (Poulos et al. 1984;

that (a§t al. 1984), are the assumptions
and effe steady state residual strength
Sonably :;;ive stress conditions are rea~
fatio aﬁd que functions of initial void
initi;l v (b) their relationship with

On QOntrﬁ?iddratiﬂ can be evaluated based
R s erefestrsin 10U triaxial
n::::i?ﬂper presents the results of an

| ' ga”"_“ of these assumptions.
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?nevaluaFion of post-liquefaction "steady
5 are investigated, including soil

initial stre '
tmndling'methods, and membrane compliance effZitznlsOtropy‘ ratecof stratn;

+he potential significance of each of these factor
ramificatioﬂs with respect to the use of steady state methods as a basis for

Suggestions are made regard-
s, and (b) the possible

post-

Several factors which may affect steady
state residual strength and effective
stress conditions and/or their evaluation
based on laboratory testing are consid-
ered, and these are: (a) soil fabric or
method of sample preparation, (b) re-use
of bulk samples, (¢) rate of strain,

(d) initial stress anisotropy, and
(e) membrane compliance effects.

1.1 The steady state analysis method

The steady state analysis method proposed
by Poulos et al. (1984) consists of five

steps: (1) determination of in-situ void
ratio (e), (2) determination of steady
state strength as a function of void ratio
based on controlled-rate-of-strain IC-U
tests of compacted bulk samples, (3) 1C-U
testing to determine steady state strengths
of "undisturbed" samples, (4) correction
of these "undisturbed” test results for
void ratio changes which occur during
sampling and subsequent test preparation
to arrive at estimates of in-situ steady
atate strengths, and (5) determination of
in-situ driving shear STTEesSSES. The cor-
rection in step 4 1is accomplished by

plotting the logq of either steady state
strength (T¢ gg) OF offective confining

stress (Ué,cj vs. void ratio from step 2

on the same plot with 1¢ gg OF cgic values
from step 3, and then asduming the samples

tegted in step 3 can be "corrected” for
vold ratio changes by assuming their T¢ g8
or o} ve. void ratio relationships are

"paraiiel" in semi-log space to those of
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Samples were prepared by two different
techniques: (a) dry pluviation and
(b) moist tamping in layers. Following
vacuum/backpressure saturation to B-values
of greater than 0.985, samples prepared by
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5 EFFECTS OF INITIAL STRESS ANISOTROPY

Unpublished research at the University of
California at Berkeley involving AC-U tri-
axial testing of extremely loose sands

suggested the possibility that the degree
of initial sample stress anisotropy might
influence the steady state conditions for

very loose sandy soils. Accordingly, AC-U
triaxial tests were performed on tamped
samples of Sacramento River sand to inves-
tigate this possibility.

Five "extremely loose" samples were pre-
pared, with void ratios of approximately
e = 0.85, and were consolidated to initial
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Figure 6. "Apparent” influence of initia]
stress anisotropy on steady state Strength
of Sacramento River sand.

effective confining stress conditions with
varying degrees of initial stress aniso-
tropy. All samples were subjected to an
initial minor principal stress of 0y & =
29.4 psi, and the initial principal con-
solidation stress ratios of the five
samples were . R R 3 1e25, 2.0,
and 2.5 where K, = o i/gé . Figure b
shows the results of Ehese’%ive tests,
which initially appeared to support the
possibility that initial stress anisotrony
affected steady state strength, as these
samples all had void ratios of e = 0.83

£ 0.01 and showed a consistent trend of
Increased steady state strength with
increased k_,
i Closer Exgmination, however, showed that
minor" void ratio increases during aP
cation of increased anisotropic major
Principal consolidation stresses had
caused a consistent trend of increased
Initial void ratio with increased K¢
ghﬁm in Fig. 7 where tests Nos. 1 I
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v;rithI‘OUgh 2.5, respectively. These€ = -
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D?ZZ ngsanisntrnpically consolidate sam=
4 Cnnditiaaramento River sand to as loose
s ?n as that represented by 1C~U
chia sii‘ht ;n Figs. 6 and 7 as a result of
initialg ensification due to drained
follﬁgj anisotropic stress application
g ng preliminary isotropic consolida~-
teZiSSZ?wg in Fig. 7, additional AC~U
-por 74 denser gsamples of Sacramento
- Driﬂ iwith K. > 1 show that the ini-
enﬁ neipal stress ratio has no influ-
; e on steady state strengths for demser
5 _{ sands either. It was thus concluded that
\ initial stress anisotropy does not appear

ti be a significant factor in performing
steady state analyses of pnst—liquefactiﬁn

10 100 200 stability.
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7. gteady state strength of Sacra- 6 EFFEC :
ﬁﬂmu'er sand VS- void ratio based on TS OF MEMBRANE PENETRATLOR
Since the early work of Newland and Allely

(1959) it has been known that during

1c-v
; undrained testing of saturat d

Ligh void ratios (f-‘—DrYESPOHdmg to variation of thegpenetrationeofsili'ils;u;tr

i iy~ loos€ conditions), the slope membrane used to confine a triaxial sample
of steady state strength g void into the peripheral sample voids (membrane
stio felatim‘&hip beCOmE.S very flat. compliance) due to variation in 533 results

there is, in fact: 2 limiting value of in sample volume changes which violate the
ritical paximum void ratio (ec, <) above assumed “undrained” testing conditions.
ghich gacramento River sand samples col~ The potential gsignificance of this is a
13088 letely and exhibit no measure- function of sample grain size distribution
shle steady state strength under undrained and sample scale. The use of larger Ssam—
10ading. The value of e, .o for Sacra- ples which have a larger ratio of total
sento River sand is appréﬁmﬂtely 0.86. volume toO peripheral surface area reduces

It is mgested that observations of the impact of membrane compliance O pore

£ initial stress ratio pressures. Typical triaxial tests using

pﬁiblﬂ jnfluence O
on steady state strength may be explained
25 follows: (1) Such observations have
seen made only for samples of "extremely’
lsose sand. (2) When extremely loose sam~
' loose samples

amounts of incremental tus,
can be significant £

gamples two TO three inches in diameter
provide good results, with ainimal influ-
ence of membrane compliance offects, for
silts and fine cands (Seed & Anwar 1986) .
In most conventional rriaxial test appara-

however , membrane compliance effects
or medium and coarse

application of ai g to achieve values of sands-

lt’ 1; these 4increases in consolidation A number of approaches have been

in samples of (statistically) employed in attempting tO mitigate the

dm}y lower initial void ratios than offects of membrane compliance during

samples with no o 4 application beyond yndrained testing (e.g., Moussa 19733
Pickering 1973; Kiekbusch & Shuppenerl

the initial ua :
N g g value. (3) Sandy soils y |
m‘m limiting value of e, pax and the 1977; Lade & gernandez 19773 Raju & :
state str gy (ec’VB- 10810 Venkatamura 1980; Wong 1983; Seedls Anﬂﬂed
£.gg) 18 very flat at high void ratios 1986). Many of the rechniques &0 T, 3 4
e 11f have been at least partially successful in
tion effects,

' may» 80 that these ~sinor” void
a0 eliminating membrane penetra
to 1986 had been fully suc~

B . . & gignificant effect o1
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4y & Venkatamura ot 1;3;,), In the

g 987: di & No tigat-
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. sible to perform n
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gt < fects) and so 1t has

compliance ef -
::en pguible to verify the accur:izcgim
these theoretical post-testing cﬂ.edict
methods and/or their ability to pr |
compliance effects on gteady state

strength evaluation. =
A recently developed method for continu

ous cmwter-controlled compensation for

membrane mpliance-induced volumetric >
error appears to represent an accurate an

reliable method for mitigation of compli-~-
ance effects during undrained testing

(Seed & Anwar 1986). IC-U triaxial tests,
performed with and without implementation

of this compliance compensation method,
serve to illustrate the potential influ-
ence of membrane compliance on steady
state strength evaluation.

The compliance mitigation methodology
developed represents a modification of an
approach originally proposed by Ramana and
Kaju (1981), and consists of (a) first
pre-determining the volumetric magnitude
of membrane compliance for a given soil of
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conventional” undrained test, and r
second test of each pair computer- e

controlled compliance compensation was
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uf of factors were considered which

A Mb:ffect the assessment of Steady
ﬂight und.rained strength (Tf SS) assess-

dy soils. One factor, strain
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e
d to have no effect on the

: and void ratio.

uppﬂrts the contention of Sladen et
hat critical state and steady
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for ol factor considered, initial

A S€ 4] stress anisotropy was also found
Prmcip . influence on the e vs. T
tatmve . Earlier evidence sugggéﬁ?ng

nshi
relat::is factor might have had some

o was explained as possibly resulting
effe . dqifficulty associated with

¢
fl"'-?':wri extremely loose sample fabrica-
gch i anisotropic consolidation, and

gion + that very small changes in void

fac
result in large changes in T far

1y loose soils.
bric or method of sample prepara-

found to have a potentially sig-
Jjficant effect on the relationship
sotween € and T¢ gg> 35 shown by tests on
camples Of gacrménto River sand prepared
either moist tamping or dry pluviation,
chough it was observed that this factor
does mot appear to be significant for all
«oils. This suggests that the potential
ffects of soil fabric or method of sample
pmparation should be investigated for any
given soil prior to basing correction of
steady state strength tests of “undis-
rurbed” samples for sampling void ratio
changes on "parallelism™ with e vs. T .
relationships developed by testing bulk
samples reconstituted by some given proce-
dure.

The ramifications of re-use of bulk
sample material saved from earlier tests
to establish the e vs. Tf . relationship
for reconstituted bulk saﬁlpies were con-
sidered, and it was demonstrated that re-
used soil may exhibit significantly dif-
ferent steady state characteristics than
those of fresh or "virgin” soil. This
change in behavior was shown to be accom-
Panied by only nominal changes in soil
eradation which might not be reliably
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membrane penetration effects
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Stresgs gl
] associat
sample vold ratio. R LT e

ACKNOWLEDGEMENTS

K

pizigzial support for these studies was

ke ed by the U.S. National Science
ation under Grant No. MSM-8451563

ng ;his support is gratefully acknowl-
géd. The authors also wish to thank Mr.

goiaain Anwar and Mr. Peter Nicholson,
0 of Stanford University, who performed

a4 number of the steady state strength
tests discussed.

REFERENCES

Baldi, G. & R.Nova 1984. Membrane penetra-
tion effects in triaxial testing. JGED
ASCE 110(3):403-420. :

Castro, G., S.F.Poulog, IW.Franes 's J.L.
Enos 1982. Liquefaction induced by cyc-
lic loading. Report by Geotechnical
Engineers, Inc. to the U.S. National
Science Foundation, Washington, D.C.

Hungr, 0. & N.R.Morgenstern 1984. Experi-
ments on the flow behavior of granular
materials at high velocity in an open
channel. Geotechnique 34(3):405-413.

Kiekbusch, M. & B.Schuppener 1977. Mem-—

brane penetration and its effects on
pore pressures. JGED, ASCE 103(GT11):

Lade, P.V. & S.B.Hernandez 1977. Membrane

penetration effects in undrained tests.
JGED, ASCE FOICETT Y2 109=127.
Martin, R.G., W.D.L.Finn & H.B.Seed 1978.

Effects of system compliance on lique-
faction tests. JGED, ASCE 104(GT4):

463-479.

Moussa, A.A. 1973.
shear tests on Fr
Geotechnical Institute, in

51505-2. Unpublished.
& B.H.Allely 1959. Volume

ained triaxial tests on
Geotechnique 9:174~

Constant=volume simple

igg sand. Norwegian
ternal report

Nno «
Newland, P.L.

182.
ion
Yo 19130 pDrained liquefact
 sising imple shear. Technical note,

ting in 8
o g 99(SM12):1179-1183.

JSMFD, ASCE
Pouloa,’S.J. 1981. The steady state of

deformation. JGED, ASCE 107(GT5):
611-624.

491




triaxial tes

on

ts Symposium.

ijon. Proc- In v
g:?;;rgzder Cyclic Transient Lo2& ng,

.
Rﬂtterdam, UO]: 2, P-zl'”;"z'g&'
Ramaﬂa K-V- & U-S-Ra Iu 1981- COHStaIlt
»

rhe ef-
volume triaxial tests to s;u:y ey
fects of membrane penetratione.

Rozfje g.H., A.N.Schofield & C.P.Wro
?

tech-
1958. On the yielding of soils. Geo

Sc::::[[;;fngf ;.B., q.J.Haas & H.C.S5axe 196

ic friction
Study of dynamic and statlcC |
failgre envelopes. JGED, ASCE 92(SM2)

i Schofield, A.N. & C.P.Wroth 1968. Critical

Rt state soil mechanics. London: McGraw-

3 Hill.
" Seed, R.B. & H.Anwar 1986. Development of
0 a laboratory technique for correcting
results of undrained triaxial shear
tests on soils containing coarse parti-
cles for effects of membrane compliance.

Report prepared for the U.S. Army Corps
of Engineers, Geotechnical Research Re-
port No. SU/GT/86-02.

Seed, R.B., H.L.Jong & P.G.Nicholson 1987.
Laboratory evaluation of undrained
cyclic and residual strengths of lower
San Fernando Dam soils. Geotechnical
Research Report No. SU/GT/87-01, Stan-
ford University.

Sladen, J.A., R.D.D'Hollander & J.Krahn

;985. The liquefaction of sands, a col-
apse surface approach. Can. Ge
22:564~578. o ety o

an, Y.P.o & D.Negussey 1982. A critical
assessment of membrane Penetration in

the triaxial test. University of British

Columbia Vanco
Seriesg N;.ﬁl. Tl P Mechani cs

wongl H*J-
complianc

1983. Investigation of

membrane
e effects on volume cha

partl niV.

Hydraulicg, 7
sin

Republic oE 8 Hua Univ., PEODIE'S




