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SYNOPSIS: Undrained loading tests are widely used to assess the susceptibility of soils to lique
faction. Variation, with changes in effective confining stress, of the penetration of the membrane 
confining a soil sample into the voids between the particles (membrane compliance) invalidates the 
assumed testing conditions of constant volume without drainage. This can have a serious detrimental 
impact on the accuracy and validity of such tests. This paper describes the development of new 
testing procedures to fully and continuously mitigate adverse membrane compliance effects during 
undrained testing . These procedures are then employed and verified by means of small-scale and 
large-scale IC-U triaxial tests of saturated coarse sands. Finally, undrained cyclic loading tests 
of coarse sands are performed, with and without compliance mitigation, to demonstrate the potential 
importance of membrane compliance effects on the results of undrained cyclic loading tests.

1.0 INTRODUCTION

Implicit in the performance of all undrained 
loading tests of saturated soils (both mono
tonic and cyclic) is the assumption that no 
sample volume changes occur during the test, 
except for a nominal compression of pore water 
as a result of increased pore pressure. As 
first observed by Newland and Allely (1959), 
however, penetration of the rubber membranes 
used to confine the samples into the surficial 
voids of test specimens of coarse-grained soils 
varies as a function of the effective confining 
pressure. Thus, when the effective confining 
pressure decreases as a result of sample pore 
pressure increases, the corresponding reduction 
in membrane penetration results in changes in 
sample volume (membrane compliance) during 
"undrained" testing. This can lead to a 
serious overestimation of the resistance of the 
sample to liquefaction, and can also lead to 
potentially serious error in evaluation of 
stress-strain and steady-state behavior.

The potential significance of this is a func
tion of sample grain size distribution and 
sample scale. Thus, with fine sands and silts, 
membrane compliance effects may be negligible 
since even thin membranes cannot penetrate sig
nificantly into the small surficial voids 
(Martin et al., 1978; Ramana and Raju, 1982). 
Similarly, the use of larger samples, which 
have a larger ratio of total volume to peri
pheral surface area, reduces the impact of mem
brane compliance on pore pressures. Typical 
triaxial tests using samples two to three 
inches in diameter provide good results, with 
minimal influence of membrane compliance 
effects, for silts and fine sands (Seed & 
Anwar, 1986). In most conventional triaxial 
test apparatus, however, membrane compliance 
effects can be significant for medium and 
coarse sands. Medium to coarse sands can be 
successfully tested, at significant cost, in 
the few large-scale (> 12 -inch diameter)

triaxial testing facilities currently in 
existence, but even these few large-scale 
facilities are not able to perform represen
tative undrained tests on coarser, gravelly 
soils. In fact, it is virtually impossible to 
demonstrate the occurrence of liquefaction in 
laboratory tests on even very loose coarse 
gravelly soils because of membrane compliance 
effects— though field evidence indicates that 
this is not representative of the in-situ 
behavior of these soils, as coarse soils such 
as gravels have been observed to liquefy in the 
field under earthquake loading (e.g., Ishihara, 
1984; Coulter and Migliaccio, 1966; Chang, 
1978; Youd et al., 1984; and Harder, 1984).

A number of approaches have been employed in 
attempting to mitigate the effects of membrane 
compliance during undrained testing (e.g., 
Moussa, 1973; Pickering, 1973; Kiekbusch & 
Shuppener, 1977; Lade & Hernandez, 1977; Raju & 
Venkatamura, 1980; Wong, 1983; Seed & Anwar, 
1986). Many of the techniques employed have 
been at least partially successful in 
eliminating membrane penetration effects, but 
none prior to 1986 had been fully successful 
without introducing new testing problems. 
There are, in addition, a number of theoretical 
techniques available for post-testing correc
tion of undrained test results to account for 
the effects of membrane compliance (e.g., 
Martin et al. 1978; Raju & Venkatamura 1980; 
Vaid & Negussey 1982; Baldi & Nova 1984). In 
the absence of an effective method of mitigat
ing membrane compliance effects during testing, 
however, it has not previously been possible to 
perform tests on identical samples (with and 
without mitigation of compliance effects) and 
so it has not been possible to verify the 
accuracy of these theoretical post-testing 
correction methods and/or their ability to 
reliably predict compliance effects on soil 
liquefaction resistance, steady-state strength 
evaluation, pore pressure generation and 
stress-strain behavior, etc.
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2.0 COMPLIANCE MITIGATION

This paper describes new laboratory testing 
procedures designed to fully and continuously 
mitigate membrane compliance effects during 
undrained testing. Mitigation of compliance 
effects during testing is accomplished by (a) 
first pre-determining the volumetric magnitude 
of membrane compliance for a given soil of 
given density as a function of variations in 
minor principal effective stress (a3 '), and (b) 
using a computer-controlled process to con
tinuously inject or remove water from the 
sample during "undrained" testing in order to 
exactly offset the volumetric error induced by 
membrane compliance.

This compliance mitigation methodology repre
sents a modification of an approach originally 
proposed by Ramana and Raju (1981), and appears 
to represent an accurate and reliable method 
for mitigation of compliance effects during 
undrained testing (Seed & Anwar, 1986; 
Tokimatsu and Nakamura, 1986) . It has been 
demonstrated (Seed and Anwar, 1986) that volu
metric compliance is a direct and repeatable 
function of variation in ct3 ', and that this 
relationship is not affected by soil fabric 
changes during testing, so that monitoring of 
variation of <j3 ' represents a suitable basis 
for control of injection/removal compensation 
for membrane compliance during testing.

The soil selected for illustration of the 
potential influence of membrane compliance 
effects on undrained triaxial tests for steady- 
state strength evaluation was Monterey 16 sand, 
a uniformly graded, clean medium beach sand, 
primarily quartzitic, with subangular to 
subrounded particles. Figure 1 presents a 
gradation curve for this material. Figure 2 
shows measurements of normalized unit 
volumetric membrane compliance (S; compliance- 
induced volume change per unit membrane area 
per log10 change in ff3 1) over the range of 
densities tested. This medium sand represents 
a soil with potentially significant influence 
of membrane compliance on undrained test 
results.

Five pairs of IC-U triaxial tests were per
formed on 2.8-in. (7.1 cm) diameter samples of 
Monterey 16 sand, one pair each at void ratios 
of e » 0.664, 0.700, 0.724, 0.731, and 0.743. 
One test in each pair was a "conventional" 
undrained test, and in the second test of each 
pair computer-controlled compliance compensa
tion was employed. All samples were isotropi- 
cally consolidated to ct3 = 44.1 psi prior to 
undrained testing. '

Figure 3 shows the results of these IC-U tests 
with the "conventional" tests interpreted as 
having represented undrained loading tests. 
This figure shows both the initial (a3 ^') and 
final or critical state effective confining 
stress (a3 _') for each test. It should be 
noted that'the ratio of steady-state strength 
vs. a 2 c ' is constant as the residual friction 
angle <t>T ' does not vary over the range of a3 1 
tested, so that the error in O j c ' due to 
compliance effects is directly proportional to 
the corresponding error in residual "steady- 
state" (or critical state) strengths.
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Fig. 1 Gradation of Monterey 16 Sand.

As shown in this Fig. 3, the tests performed 
without mitigation of compliance effects lead 
to a significantly different evaluation of 
steady-state or critical state conditions than 
do the tests performed with mitigation. This 
is because compliance-induced volumetric 
changes result in underestimation of both posi
tive and negative pore pressure development. 
Figures 4 and 5 show stress-strain and pore- 
pressure-strain curves for two of these pairs 
of tests: one on loose or "contractive" 
samples at e « 0.731 and one on dense or 
"dilatent" samples at e « 0.700. These figures 
show clearly the underestimation of "undrained" 
pore pressure changes in the conventionally 
tested samples.

EFFECTIVE CONFINING STRESS (psi)

Fig. 2 Unit membrane compliance vs. a3 1 for 
Monterey 16 sand.
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EFFECTIVE CONFINING STRESS: O3' (psl)

Fig. 3 Residual "steady-state" <?3 1 for 
Monterey 16 sand tested v/ith and 
without compliance mitigation.

Because the relationship between Act3 1 and 
compliance-induced volume change was predeter
mined for all of these tests (see Figure 2), it 
is possible to correctly interpret the 
"conventional" tests as partially drained tests 
with drainage and associated volume (and thus 
void ratio) changes due to membrane penetration 
variation. Figure 6  shows these test results 
re-plotted to allow for compliance-induced 
volume changes, in which case both the "truly 
undrained" tests with compliance mitigation and 
the "conventional" tests result in good agree
ment with each other with regard to establish
ing a critical state o 3  1 vs. e relationship 
for this medium sand, prividing support for the 
accuracy and reliability of the computer- 
controlled injection/correction proce-dures 
used to mitigate membrane compliance effects.

A more definitive test of the new computer- 
controled injection/removal compensation tech
nique can be made by repeating the previous 
series of IC-U triaxial tests using large-scale 
(12-inch diameter) specimens. At this scale, 
membrane compliance effects are negligible for 
Monterey 16 sand.

Figs. 4 and 5 IC-U triaxial tests of Monterey 
16 sand with e = 0.731 and e = 
0.700, respectively.

EFFECTIVE CONFNING STRESS: a' (psl)

Fig. 6  Residual "steady-state" conditions for 
Monterey 16 sand with corrections for 
volume change.

Figure 7 shows the results of IC-U triaxial 
tests of 1 2 -inch diameter samples, along with 
the results of the tests of 2 .8 -inch diameter 
samples performed both with and without 
compliance mitigation. As shown in this 
figure, the results of the large-scale tests 
are in excellent agreement with the "mitigated" 
small-scale test results, providing good 
support for the accuracy and reliability of the 
new computer-controlled injection/removal com
pliance mitigation methodology.

3.0 MITIGATION OF CYCLIC TRIAXIAL TESTS

A second series of tests were performed in 
order to demonstrate the influence of membrane 
compliance on undrained cyclic triaxial tests. 
Tests were performed on 2.8-in. (7.1 cm) dia
meter samples of Monterey 16 sand prepared to 
an initial relative density of DR = 55% and 
isotropically consolidated to o 3 = 2  ksc. 
Tests were performed both with' and without 
computer-controlled injection/mitigation of 
compliance.

EFFECTIVE CONFINING STRESS: Oj'ipsi)

Fig. 7 Residual "steady-state" conditions for 
Monterey 16 sand from small-scale and 
large-scale IC-U triaxial tests.
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The results of these tests are presented in 

Figure 8 . A shown in this figure, the tests 

performed without mitigation of membrane 

compliance effects seriously overestimate the 

resistance of the samples to liquefaction. 

Indeed, the cyclic stress ratio (CSR) necessary 
to cause failure (± 5% axial strain) in a given 
number of loading cycles is approximately 2 0 % 
to 25% higher for the tests performed without 
compliance mitigation.

4.0 SUMMARY AND CONCLUSIONS

Membrane compliance can have a significant 
deleterious effect on the accuracy of undrained 
triaxial tests of granular soils. The
computer-controlled injection/removal techni
ques described in this paper appear to repre
sent the first verifiably successful approach 
to mitigation of these compliance effects.

The results of undrained monotonic triaxial 
tests (IC-U) performed with and without 
compliance mitigation, as well as large-scale 
IC-U tests, provide excellent support for the 
accuracy and validity of this mitigation 
methodology. Undrained cyclic triaxial tests, 
again performed with and without compliance 
mitigation, serve to illustrate the potential 
importance of membrane compliance effects on 
undrained cyclic tests.
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