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Abstract. A new computer-controlled 
ow pump is developed to continuously mitigate
the adverse e�ects of membrane compliance in conjunction with the implementation of
image processing for volume change measurement. The 
ow pump eliminates the membrane
compliance by injecting or pumping out the required volume of water into or from the
gravelly specimens to compensate for the erroneous volume change associated with the
membrane compliance during undrained cyclic triaxial tests. This error is compounded in
gravelly soils due to the large size of the grains and voids. In order to measure the volume
of the specimen during the isotropic consolidation stage and calibrate the 
ow pump for
cyclic loading, an image processing technique was used for measuring the volume change
during the isotropic consolidation stage of loading while calculating membrane compliance
associated with the amount of input water from the 
ow pump into the specimen. The
results of image processing show that an increase in the density of the specimens leads to
an increase in the ratio of volumetric skeletal strains to axial strains and a decrease in the
normalized membrane penetration. The study yields promising results that minimized the
errors associated with membrane compliance during undrained cyclic loading on gravels.
© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

Volume changes due to membrane penetration into
a cylindrical granular specimen tested in a triaxial
system can lead to erroneous measurement of soil
mechanical properties. This phenomenon, known as
membrane compliance, signi�cantly a�ects the results
of undrained triaxial tests conducted on gravelly spec-
imens [1-4]. The e�ect of membrane compliance
becomes more pronounced as the grain size increases.
As a result, ignoring such an e�ect in interpreting
test results of granular materials, especially gravelly
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soils, leads to erroneous results. Therefore, it is of
great importance since naturally coarse-grained soils
are widespread in many parts of the world. For years,
it has been supposed that these materials could not
liquefy. Limitations of laboratory testing techniques,
such as the membrane compliance, uniformity of the
specimens, and requirements for the specimen size,
have contributed to the widely believed idea that
gravelly soils are not lique�able. However, there are
several case histories where liquefaction of gravels and
gravelly soils has been observed [5-9]. The generation
of pore water pressure during undrained loading in
u-
ences the membrane penetration into the specimen by
membrane rebound. Membrane rebound is, in fact, the
consequence of lateral outward 
ow of water from the
central parts to the peripheral area of the specimen to
compensate for membrane penetration. The compen-
sating volume of water for membrane rebound results in
a reduction in the volume of soil skeleton. Therefore,
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the assumption of constant volume during undrained
loading becomes questionable under the impact of
membrane compliance. In addition, changes in pore
water pressure become less than they would appear
under the ideal constant volume condition [3,4,10].
Consequently, cyclic resistance of the soil specimen will
be overestimated.

E�ect of membrane compliance on the results of
undrained triaxial tests is a function of some factors
including soil grain size and gradation, con�ning pres-
sure, density, soil fabric, preparation technique, and
membrane properties [2,3]. According to Evans and
Seed [2] and Nicholson et al. [3], mean grain size of the
soil and con�ning pressure have the most signi�cant
e�ects on the membrane compliance, and the e�ects
of other factors appear to be marginal. In addition,
a number of research studies have studied the e�ect
of membrane compliance on monotonic shear strength
(e.g., [11,12]), dynamic shear strength (e.g., [1,4,13]),
and shear modulus and Poisson ratio [14].

Although some methods have been developed
to account for the e�ect of membrane compliance
on granular material in triaxial and hollow cylinder
tests, there are some limitations and/or shortcomings
in implementing these techniques when coarse grain
soils, especially gravelly soils, are tested. As a result,
the non-compliant cyclic loading resistance of gravelly
soils and the behavior of such materials in natural
and in-situ states cannot be easily determined. The
literature review is divided into two parts; the �rst
part summarizes previous studies on the measurement
of membrane penetration, and the second part brie
y
reviews the research performed on mitigation of mem-
brane compliance. This is due to the fact that some
mitigation methods require measuring the amount of
membrane penetration into the specimen.

2. Previous studies on the measurement of
membrane penetration

Volume changes caused by membrane penetration into
the granular soils under varying e�ective con�ning pres-
sures were �rst recognized by Newland and Alley [15].
By assuming that true skeletal volume strain is equal
to three times the axial strain (during hydrostatic
compression or rebound of triaxial specimens), New-
land and Alley [15] suggested that the volume changes
caused by membrane penetration could be determined
in isotropic compression tests on saturated specimens
according to Eq. (1):

�Vm = �VT ��VS ; (1)

where �Vm, �VT , and �VS are volume changes caused
by membrane penetration, total volume changes, and
soil skeletal volume changes, respectively. �VT can

be measured by a volume change transducer during
drained tests on saturated soils, and �VS is determined
by multiplying soil skeletal volumetric strain (�"sk =
3�"a) by the total volume of the specimen (�VT ).
However, the assumption of the isotropic deformation
of the specimen under isotropic loading for measuring
�VS is a challenging issue as isotropic loading of gran-
ular soils can lead to anisotropic deformation [16,17].
Therefore, a more accurate method is required to
evaluate the volume changes of the specimens and
volume changes caused by membrane penetration.

During the last six decades, considerable progress
has been made in developing methods for measuring
the amount of error arising from membrane penetration
into the specimen. Roscoe et al. [18] used hydrostatic
loading tests on several soil specimens where dummy
brass rods of the same height and di�erent diameters
were placed coaxially inside each specimen. For dif-
ferent values of cell pressure, the total volume changes
versus the volume of the sand specimen were plotted.
As suggested by Roscoe et al. [18], the membrane
penetration could be estimated by extrapolating this
plot for the diameter of a rod equal to that of the
specimen. The linear extrapolation for a rod diameter
and the induced anisotropy in the soil specimen as a
result of the inclusion of metal rod within the specimen
were the main disadvantages of this method [11,17].
Vaid and Negussey [17] proposed another procedure
to evaluate the membrane penetration based on the
assumption that the specimen radial strains are equal
to the axial strains (i.e., isotropic deformation) dur-
ing the unloading steps of an isotropic consolidation
test. Although this procedure has become the most
popular one mainly because of its simplicity [3,19], the
assumption of isotropic volume changes needs to be
validated. For example, Seed et al. [20] showed that
specimen strains were not completely isotropic during
unloading; however, they tended to be more isotropic
than that in loading stages. Therefore, the assumption
of isotropic strains in loading and unloading stages may
also lead to signi�cant errors.

A more accurate method for determining the
amount of membrane penetration is to measure the
axial and radial strains directly by strain gauges and,
hence, to determine the true skeletal strain. Girth
belts can be used to measure the specimen radial strain
accurately; however, the measurement of radial strain
at only one point is not enough to stand for the average
radial strain along the specimen height. At least,
three belts are required to achieve this purpose. In
addition to the mechanical and electrical di�culties
in installing girth belt, it is almost impossible to
apply this technique to smaller specimens (with the
diameter equal to or smaller than 100 mm). Another
method that has been developed recently to measure
the axial and radial strains directly is the image
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processing technique. Using high-quality images and
digitizing them properly in a computer, this technique
can measure the strains in triaxial tests with su�cient
accuracy. Macari et al. [21] employed a method to
correct the perspective and magni�cation e�ects caused
by refraction of light within the triaxial cell 
uid and
Plexiglas. Digital image processing is, hence, used in
the present study to determine the ratio between radial
and axial strains during the consolidation loading
stage. This ratio is used afterwards to determine the
true soil skeletal volume change of the specimens and
the volume changes caused by membrane penetration
according to Eq. (1).

3. Research on the mitigation of membrane
compliance

Membrane penetration is a function of the ratio of
the lateral area to the volume of the specimen [1].
Therefore, a method for reducing membrane compli-
ance e�ects is to increase the specimen size while
keeping the height-to-diameter ratio of the specimen
constant. Wong et al. [22], Martin et al. [23], and
Nicholson et al. [3] used specimens with diameters of
up to 300 mm for mitigating the e�ect of membrane
compliance in triaxial tests on sands. However, for soils
coarser than sands, even such large specimen diameters
cannot e�ectively mitigate the e�ects of membrane
compliance.

Other researchers, on the other hand, developed
some di�erent methods for the mitigation or elimina-
tion of the in
uence of membrane compliance on pore
water pressure generation during various loading stages
in triaxial tests, which can be classi�ed into two major
categories. The �rst category of eliminating the mem-
brane compliance e�ects uses a post-testing correction
procedure (passive methods). In these methods, results
of the tests are processed after the completion of the
experiment without any special modi�cation to testing
equipment and/or procedures [4,24,25]. Despite some
developments, these methods may not be able to model
all of the events in undrained cyclic loading, especially
in the last cycles of loading of cyclic triaxial tests where
the shear strains are large. In the second category,
some procedures or modi�cations are enforced on the
specimen before or during the test to eliminate the
e�ect of membrane compliance (active methods). This
category can be divided into three groups as follows.

In the methods of the �rst group, the lateral
surface of the specimen is coated and smoothed with
various materials and using a variety of procedures
to prevent membrane penetration into the peripheral
voids of the specimen. Chan [26] used high-density
polyethylene plates to reinforce the membrane and
reduce membrane penetration. Lade and Hernan-
dez [27] placed brass plate over the specimen's surface

before the second membrane was wrapped. Raju and
Venkataramana [28] used greased polyethylene stripe
and thin �lm of polyurethane to reduce membrane pen-
etration. Although these methods reduce membrane
penetration, they may not completely eliminate it. On
the other hand, the sti�ening e�ect of membrane on
the axial load should be considered [2]. Kiekbusch and
Schuppener [29], Lo et al. [30], and Ismail and Ran-
dolph [12] coated the specimen-membrane interfaces
with a thin layer of latex rubber. This method is not
applicable to gravelly soils since a thick rubber coating
may be required [2] and, still, that may not completely
eliminate the e�ect of membrane compliance.

Rashidian et al. [31] and Haeri and Shakeri [4]
used �ne materials (e.g. a mixture of silt, clay, and
sand) to smooth the lateral surface of the specimens.
According to their method, the coating material is
applied to smooth the surface of the specimen after
removing the mold surrounding the specimen. How-
ever, the stability of soil specimen should be assured
when the mold is removed. This procedure was used by
Rashidian et al. [31] for frozen gravelly specimens and
by Haeri and Shakeri [4] for cemented gravelly spec-
imens. There are, however, some limitations and/or
drawbacks in these procedures. Cemented specimens
can only be used for cemented soils to model the
behavior of the tested material, and frozen specimens
may not remain stable throughout the completion
of the specimen coating and initial setup if thawing
starts to happen. A double-pane mold was recently
developed by Haeri et al. [32] to coat the lateral
surface of soil specimens with �ne-grained materials.
Although membrane penetration can be signi�cantly
improved, the sidewall coating may sti�en or soften the
soil specimen. However, it was experimentally shown
that sti�ening e�ects of coating on shear strength
and volume changes under drained conditions in the
monotonic triaxial test were negligible for strain levels
below 10% in the case of gravelly soils [32].

In the methods of the second group, the slurry of
water and a �ne-grained material is used to sluice the
coarse-grained materials [2]. The results of their study
showed a signi�cant reduction in strength of the tested
sluiced material; however, there are two limitations: a)
the e�ect of sluicing material on the strength and pore-
water dissipation in the specimen cannot be recognized,
and b) this method can only be used for uniform coarse
materials [4,13].

The method in the last group in this category
for the mitigation or elimination of the membrane
compliance concerns injecting additional water into the
specimen during the test [1,13,28,33-35]. The required
additional water corresponds to the volume changes
due to the membrane penetration in the compression
stage. The error associated with membrane penetra-
tion can be correlated with the e�ective pressure or
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pore water pressure through a calibration isotropic
pressure test program. This procedure was �rst man-
ually implemented by Raju and Venkataramana [28]
in monotonic tests and by Ramana and Raju [33] in
cyclic tests. In each step, the volume of additional
water is determined by monitoring the changes in
pore water pressure during undrained loading. This
is an iterative correction process that will continue
until the pore water pressure is stabilized. This step-
by-step procedure proved to be e�ective in obtaining
more accurate test results by a signi�cant reduction
in membrane compliance. However, the relatively
long time up to several minutes required for manual
correction limited the number of iterations to two or
three times in each test. Therefore, a sudden increase in
pore water pressure as a result of the lack of continuity
between the iterations and the obligation to performing
low-frequency tests have been the major shortcomings
of the manual compensation technique [13]. With the
advancement of computer-controlled testing systems,
the mentioned shortcomings can be overcome by using
a closed-loop algorithm to allow complete and contin-
uous mitigation of membrane compliance [1,13]. This
methodology may apparently give satisfactory results,
provided that the volume changes caused by membrane
penetration are accurately measured.

In the present research, a computer-controlled

ow pump is developed and utilized as an ancillary
device to a cyclic triaxial apparatus to mitigate and
eliminate the e�ect of membrane compliance during
cyclic tests on gravelly soils. The image processing
technique is also used to plot membrane compliance
curves to provide input data to be used by the 
ow
pump in a speci�c e�ective con�ning pressure.

4. Tested material and specimen preparation

The soil used in this study was obtained from the
outskirts of the Kan River, west of Tehran. This soil
mainly consists of sand and gravel and is classi�ed as
GW according to the Uni�ed Soil Classi�cation System
(USCS) with uniformity and curvature coe�cients of
Cu = 16:7 and Cc = 2:2, respectively. Gravel content
(> 4:76 mm) is 60%, and Mean grain size (D50) is
5.5 mm. The maximum grain size of the tested material
is limited to 12.5 mm to satisfy the requirement of the
specimen size used. The grain size distribution of the

Figure 1. Grain size distribution of the tested soil.

soil is shown in Figure 1, and a summary of its physical
properties is given in Table 1.

Specimens were prepared by compacting four
layers of the test material with a speci�c density
that implemented the wet tamping method in a split
mold. The under-compaction procedure proposed by
Ladd [36] was used to produce a uniform specimen.
The water content of the compacted soil was about 5%.
Following the preparation of soil specimens, they were
transferred inside the mold to a freezer and remained
there for 18 hours. Soil specimens were then taken out
from the mold. Visual observations of the specimen
surface con�rm that the usage of wet tamping method
prevents soil segregation. The dimensions and weight
of the reconstituted frozen specimens were measured.
These measurements were used to determine the initial
void ratio and density of each specimen. Finally, the
frozen specimens were installed on the base pedestal of
the triaxial apparatus for starting the main tests.

After setting up the triaxial system and applying
10 kPa of con�ning pressure, the saturation of the
specimen was initiated by 
ushing CO2 gas into the
specimen for at least 20 minutes. The purpose of ap-
plying this con�ning pressure is to prevent the collapse
of soil structure during the saturation process. The
de-aired water was then 
ushed through the specimens
gravitationally for more than four hours to melt all
the frozen parts of the specimens. Saturation of the
specimens was continued by applying a step-by-step
back pressure scheme to obtain a B-value greater than
0.95. After the completion of saturation, the specimens
were isotropically consolidated, and the volume change
and the axial strain were recorded during consolidation.

Table 1. Physical properties of the tested soil.

D50
i (mm) D10

ii (mm) CU iii = D60=D10 CS iv Gs emin emax FCv (%) GCvi (%)

5.5 0.45 16.7 2.2 2.544 0.232 0.479 0 61
i D50: Medium grain size; ii D10: E�ective grain size; iii CU : Uniformity coe�cient; ivCS : Curvature coe�cient;
v FC : Fine content; vi GC : Gravel content.
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5. Measurement of membrane penetration

The volume change caused by membrane penetration
was evaluated by implementing both the automatic
volume change device and the digital image processing
technique during the isotopic consolidation tests. For
this purpose, sixteen specimens with di�erent densities
were isotropically compressed up to 500 kPa to deter-
mine the amount of membrane penetration in di�erent
pressure values. Grid lines were marked on the mem-
branes before starting the tests to facilitate tracking the
measuring points. The amount of the water seeping out
of the specimens during isotropic loading was measured
by the automatic volume change device, yielding the
total volume change (�VT ) of the specimen. The
image processing technique determines the true skeletal
volume change (�VS) of the specimen. Images of
the specimen in a triaxial cell were captured every
minute automatically with a precise digital camera
with a resolution of 12 megapixels (2736H: 3648V). The
results of isotropic consolidation tests are summarized
in Table 2, which are described in the next paragraphs.

The multiple refraction of light rays passing
through the triaxial cell 
uid and the Plexiglas re-
sults in an apparent magni�cation of the size of the
specimen. Macari et al. [21] used the two-dimensional

procedure developed by Parker [37] to correct such per-
spective and magni�cation e�ects, a procedure which
is also used in the present study. It is assumed in
this procedure that a camera can be modeled as a
pinhole, and the triaxial cell is perfectly cylindrical
and oriented perpendicular to the axis of the pinhole
camera. As the distance between the camera and the
specimen increases, the perspective e�ect wears o�, and
the refraction e�ects over the height of the specimen are
reduced [21]. In this study, the distance between the
camera and the specimen was set to be about 4.0 me-
ters. The relatively long distance between the camera
and the specimen helped minimize the errors involved
in the perspective and magni�cation e�ects [21]. The
inner radius of the triaxial cell employed was 84.2 mm,
and its outer radius was 100.1 mm. Figure 2 shows
the variation of the true specimen radius compared
with the radius calculated based on the procedure
proposed by Macari et al. [21]. Details of the method
of calculations can be found in Macari et al. [21].
As shown in Figure 2, the relationship between the
calculated and the true radii can be assumed linear
for a reasonable range of specimen radii. Therefore,
the strains in the two-dimensional images taken from
the specimens can be equal to the strains in the actual
specimens.

Table 2. Result of isotropic consolidation test.

Test no. Dr (%) Correction
ratio

"sk="a Error (%) S (cm3/cm2)

1 0 1.000 2.11 2.76 0.0378

2 0 0.999 2.18 3.13 0.0329

3 0 0.0315

4 0 0.999 2.16 4.41 0.0340

5 0 1.001 2.23 2.26 0.0300

Ave. 0 2.17 0.0332

6 30 1.000 2.30 1.38 0.0183

7 30 1.001 2.49 1.69 0.0227

8 30 1.001 2.57 2.35 0.0231

9 30 1.000 2.31 1.61 0.0187

10 30 1.000 2.52 1.82 0.0267

11 30 1.001 2.35 4.63 0.0258

Ave. 30 2.42 0.0225

12 50 1.001 2.73 5.62 0.0154

13 50 1.000 2.85 0.52 0.0133

14 50 1.001 3.11 2.41 0.0190

15 50 1.001 2.71 0.09 0.0186

16 50 1.001 3.05 2.56 0.0203

Ave. 50 2.89 2.5 0.0173



3186 S.M. Haeri et al./Scientia Iranica, Transactions A: Civil Engineering 26 (2019) 3181{3195

Figure 2. The variation of true specimen radius (r) with
calculated radius according to refraction e�ect of light in
Plexiglas and water.

Figure 3. Using digital image processing for measuring
the axial and radial strains in test no. 16. Images of
specimens under con�ning pressure of (a) 10 kPa and (b)
500 kPa.

For measuring the axial and radial strains, an
image of a specimen with an e�ective con�ning pressure
of 10 kPa was compared with that of the specimen
with that of 500 kPa (Figure 3). More deformation or
strains are induced as the pressure increases; therefore,
the di�erence between the two images becomes more
pronounced. Therefore, the high pressure di�erence of
10 to 500 kPa was used to increase the accuracy of the
image processing technique. In order to calibrate the
image processing technique, two reference points in the
longitudinal direction of the triaxial cell were selected
on each image (Figure 3). The distance between the
two reference points at con�ning pressure rates of
10 kPa and 500 kPa was measured as a benchmark.
The ratio of these distances in the two images taken
at two di�erent cell pressures is used for calibrating
the images, which is called the correction ratio. The

correction ratios were revealed to be close to one,
as shown in Table 2. After calibrating the images,
the radial and axial strains were measured. For this
purpose, three pairs of points in the radial direction and
two pairs of points in the axial direction were marked
on both of the images before and after consolidation
(Figure 3). The three pairs of points in the radial
direction were selected at the top and bottom quarter
as well as the middle height of the specimen. The
roughness of the specimen surface becomes highlighted
as the membrane penetrates into the peripheral holes
due to pressure rise. In order to omit the error induced
by the roughness of the specimen in image processing,
two points of three pairs were selected manually on
soil grains where there was no membrane penetration
and the distance between them was measured. By
assuming zero strain at the top and bottom of the
specimen and considering the strain measured at three
levels along the specimen height, the true skeletal strain
was calculated, and the ratio between the axial and
the true skeletal strain was determined, as given in
Table 2.

In order to check the accuracy of this method,
the axial strains measured with the image processing
technique were compared with those measured with
the vertical Linear Variable Di�erential Transformer
(LVDT). The error associated with the image process-
ing method was compared to LVDT measurement in
all tests, and they are given in the last column of Table
2. The error is 2.5% on average and is limited to 6%.
The calculation procedure of volumetric skeletal strain
using the digital image processing technique for test
no.16 is shown in Table 3 as a sample. In this study,
it is assumed that the radial strains are the same in
all directions. In other words, the specimens meet
the axisymmetric conditions during isotropic loading.
This assumption is consistent with the result of the
experiments reported by Macari et al. [21]. They
used two cameras in di�erent directions to measure
the radial strains during shear loading. The volume
changes measured by the two cameras showed close
agreement, especially in small strains.

According to the measured data shown in Table 2,
the deformations of the specimens are anisotropic, and
the ratio between the volumetric skeletal strains and
the axial strains ("sk="a) is less than 3. The average
value of the ratio for specimens with an initial relative
density of zero is 2.2 and increases by increasing the
density (Figure 4). For the specimens with an initial
relative density of 50 percent, "sk="a ratio is 2.9,
and the deformations in the specimens with an initial
relative density of 50 percent are nearly isotropic. In
other words, specimens with higher densities tend to
deform more isotropically under isotropic pressure.

It can be inferred from the results of Figure 4
that the ratio between radial strain and axial strain
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Table 3. Calculation procedure of volumetric skeletal strain using digital image processing (test no. 16).

E�ective stress (kPa) 10 500
Image no. DSCN0005 DSCN0154

Reference distance (pixel) 2447.68 2445.16
Correction ratio 1.0010

Lateral distance - top quarter (pixel) 2265.68 2248.84
Corrected lateral distance 2265.68 2251.16
Lateral strain ("r;1=4) {0.6451

Lateral distance - middle height (pixel) 2246.00 2226.77
Corrected lateral distance 2246.00 2229.06
Lateral strain ("r;1=2) {0.7597

Lateral distance - bottom quarter (pixel) 2249.44 2230.67
Corrected lateral distance 2249.44 2232.97
Lateral strain ("r;3=4) {0.7376

Average lateral strain ("r) {0.4285

Axial distance (pixel) 2935.00 2919.43
Corrected axial distance 2935.00 2922.44
Axial strain ("a) {0.4298

Axial distance (pixel) 2931.00 2916.15
Corrected axial distance 2931.00 2919.16
Axial strain ("a) {0.4058
Average axial strain ("a) {0.4178

Skeleton volumetric strain ("sk) {1.2748

"sk="a 3.0513

increases with relative density and approaches unity
for the specimens with a relative density of 50 per-
cent. It means that dense specimens behave nearly
isotropically, while the loose specimens are far from

Figure 4. Variation of ratio between axial strain ("a) and
true skeletal strain ("sk) with relative density of the
specimens.

behaving isotropically under isotropic pressure. In fact,
deformation of a soil specimen under isotropic com-
pression can be divided into two components: elastic
deformation and plastic deformation associated with
the slippage of the soil grains due to isotropic pressure.
The elastic deformation, which is the main component
of deformation in dense specimens, is mostly isotropic;
therefore, the deformations of the dense specimens are
nearly isotropic. For loose specimens, the deformation
associated with slippage of soil grains is much larger
than the elastic deformation. The deformation as-
sociated with slippage of soil grains is not isotropic;
therefore, the deformations of loose specimens are
anisotropic.

According to Eq. (1), the volume changes caused
by membrane penetration can be calculated by the
following equation from the results of isotropic com-
pression tests:

�Vm = �VT ��VS = �VT � "skf
"af

VT "a; (2)

where "a is the axial strain, and "skf and "af are
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true skeletal and axial strains, respectively, in the �nal
step of the isotropic compression stage. Digital image
processing was implemented to measure the skeletal
strains at the end of the compression process, and the
specimen axial strain was measured continuously by the
LVDT during the test. Since the cyclic axial loadings
were applied on the specimens that were compressed
under 100 kPa (details of cyclic tests are reported in
the next section), the membrane penetration curves
obtained for con�ning pressures of up to 100 kPa, as
shown in Figure 5, have been used. There is a linear
correlation between the unit membrane compliance
(�Bm = �"m:VT =Am) and the e�ective con�ning
pressure (�03) on a logarithmic scale [4,13,25,38-41],
where, �Bm is the unit membrane compliance, Am
is the total lateral surface area of the specimen. The
slope of the graph of unit membrane compliance versus
log �03 is called normalized membrane penetrations (S):

S =
�Bm

� log �03
: (3)

The results of isotropic compression tests on the
specimens with di�erent initial relative densities are
shown in Figure 5. For each test, the normalized mem-
brane penetration (S) was determined by curve �tting
and calculated according to Eq. (3). The normalized
membrane penetrations (S) are collected in Table 2 for
the tested material. In this table, the average values of
the normalized membrane penetrations are shown for
di�erent initial densities.

Seed et al. [20] suggested that changes in the
density of sand specimens for cases with extremely
high to extremely low densities should not change the
value of S more than 10 percent. Tokimatsu and
Nakamura [24] and Nicholson et al. [3] reported similar
results for sand. Although most of the previous studies
on sands suggest that the in
uence of the density of
specimens on membrane penetration and S value is
small with relatively minor signi�cance, results of this
study indicate that the e�ect of the density of the
specimens on the membrane penetration is signi�cant
in the case of gravels. As shown in Figure 6, the
normalized membrane penetration or S values decrease
with increasing density. According to the results, the
average value of the normalized membrane penetration
for the specimens with the initial relative density of
zero is 0.0332 cm3/cm2, while this value decreases to
0.0225 cm3/cm2 for the specimens with an initial rela-
tive density of 30% and reaches 0.0173 cm3/cm2 for the
specimens with an initial relative density of 50%. This
is in agreement with the results of Raju and Venkatara-
mana [28] and Ramana and Raju [38], indicating that
there is a signi�cant di�erence in the volume changes
due to the membrane penetration measured for the
specimens of uniform sand with di�erent densities. The
result of their study shows that the volume changes

Figure 5. Membrane penetration curve obtained from
isotropic consolidation test for specimens with di�erent
initial relative densities: (a) Dr = 0, (b) Dr = 30%, and
(c) Dr = 50%.

due to the membrane penetration of loose specimens
are more than those of dense specimens.

In Figure 7, the values of the normalized
membrane penetration of this study are compared
with those of the previous studies [2,4,13,17,22-24,27,
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Figure 6. Variation of normalized membrane compliance
(S) with relative density of the specimens.

Figure 7. Comparison of measured normalized membrane
penetration with that of previous studies: (a) All data and
(b) data with mean grain size less than 10 mm.

29,39,40,46-48]. The present test results appear to fall
into the range of data reported in the literature. Data
follow the second-order polynomial function with some
scattering. The scattering of the normalized membrane
penetration data reported by other researchers (Fig-
ure 7) may result from the di�erences in density of
the tested materials. However, more experimental tests
are required on di�erent soil specimens to quantify the
e�ect of the density of soil on normalized membrane
penetration.

6. Development of a computer-controlled 
ow
pump for eliminating the e�ect of
membrane compliance

In this study, a computer-controlled 
ow pump was
developed to compensate for the erroneous volume
change associated with the membrane compliance dur-
ing undrained cyclic triaxial tests on gravelly soils by
injecting or pumping the required volume of water into
or from the specimens (Figure 8). The 
ow pump
was connected to a standard cyclic triaxial appara-
tus, as shown in Figure 9. This technique is based
on the fact that the volumetric error resulting from
membrane penetration is a function of the e�ective
con�ning pressure. The volume change due to the
membrane penetration at each con�ning pressure is
determined by the normalized membrane penetration
or S value. As described in the previous section,
the normalized membrane penetration is measured by
isotropic compression tests and the image processing
technique for specimens with di�erent initial relative
densities. The normalized membrane penetration or
S value obtained through Eq. (3) is used as an input
for the 
ow pump. To assure the constant-volume
conditions during the undrained tests on saturated
specimens, the volume change caused by membrane
penetration is compensated by 
ow pump operation
during the test continuously. This volume change at
the current e�ective con�ning pressure is calculated
from the membrane compliance curves obtained from
isotropic tests (Table 2 and Figure 6). The corre-
sponding e�ective con�ning pressure is calculated from
continuous measurements of the pore water pressure.
These procedures are run in a computer program that
was designed to control the 
ow pump through a
feedback system for compensation of volume changes
due to membrane penetration.

The specimens used for cyclic triaxial test were
prepared in the same way as those used for isotropic
compression tests. These specimens were consolidated
to 100 kPa con�ning pressure after saturation. Cyclic
loading was applied to all of the specimens under
the undrained condition in a stress-controlled mode
with a frequency of 0.04 Hz and a sinusoidal form.
To determine the e�ect of membrane compliance, the
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Figure 8. The newly developed 
ow pump composed of a cylindrical pump and a stepping electric motor.

Figure 9. Schematic diagram of the cyclic triaxial
apparatus equipped with the 
ow pump.

computer-controlled 
ow pump was used in a series of
tests to eliminate the e�ect of membrane compliance.
The results of these tests are compared with those of
the second series of tests carried out with standard
cyclic triaxial tests in which membrane compliance was
not considered.

The variations of pore water pressure generation
and axial strain with the number of cycles during cyclic
loading for specimens with and without elimination of
membrane compliance are depicted in Figure 10. In
this �gure, a curve is for a specimen with elimination
of membrane compliance using the 
ow pump and
the membrane penetration curves resulting from the
image processing technique (as shown in Figure 5).
Another curve is also for a specimen with elimination
of membrane compliance using the 
ow pump while
assuming that the deformation of the specimen is
isotropic during isotropic compression. The results of
these tests are compared with those of the standard
cyclic triaxial test without any membrane compliance
measure. According to the results shown in Figure 10,
the rate of pore pressure generation of the specimen
in the standard cyclic triaxial test (without membrane
compliance elimination) is signi�cantly reduced due
to elimination of the e�ect of membrane compliance.
Therefore, the number of cycles required to trigger
the threshold liquefaction in the specimen without
elimination of the e�ect of membrane compliance in the
reported tests is eight times that of the specimen for
which the 
ow pump and image processing technique

Figure 10. The variation of (a) pore water pressure
generation and (b) axial strain with the number of cycles
during cyclic loading for specimens with and without
elimination of membrane compliance (con�ning pressure =
100 kPa and double amplitude stress = 50 kPa).

are used to compensate the e�ect of membrane compli-
ance. It can be concluded that the cyclic resistance of
gravelly soils may be overestimated if the error caused
by membrane compliance is not eliminated.

The assumption of isotropic strains in gravelly
soils leads to the overestimation of the skeletal vol-
ume change of the specimen and underestimation of
the volume changes due to membrane penetration.
Accordingly, measurements reveal that the ratio of
skeletal strain to axial strain is less than three for the
loose material tested in this study. This assumption,
also, leads to the overestimation of cyclic resistance
of the specimens, compared to the specimen tested by
implementing membrane penetration curve, which is
obtained with the digital image processing technique.
For example, the specimen with a particular membrane
compliance curve obtained with the digital image
processing technique was lique�ed in seven cycles;
however, the specimen with the membrane compliance
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curve obtained by assuming isotropic deformations was
lique�ed in ten cycles.

7. E�ect of membrane compliance on cyclic
resistance and pore water pressure
generation

In order to evaluate the e�ectiveness of the newly
developed 
ow pump, two sets of undrained cyclic
triaxial tests have been performed on reconstituted
specimens of gravelly soils without and with elimi-
nation of membrane compliance by utilizing the 
ow
pump. The membrane penetration curve used to
control the 
ow pump to eliminate the membrane
compliance is obtained from the results of the image
processing technique. The tests were conducted on
specimens with 100 mm diameter and 200 mm height,
and various sinusoidal cyclic deviatoric stresses were
applied under a con�ning pressure rate of 100 kPa. In
Figure 11, variations in the number of cycles required
for failure are shown against Cyclic Stress Ratio (CSR)
for specimens with and without the elimination of
membrane penetration. Initial liquefaction has been
observed during the tests with or without elimination
of membrane compliance; however, the number of
cycles for triggering the initial liquefaction is higher
for the specimens without elimination of the e�ect
of membrane compliance. The liquefaction curve of
specimens with elimination of membrane compliance
shifts downward in Figure 11 as a result of membrane
compliance elimination without any changes in the
shape of the curves, and the slopes of the two curves
are almost the same. Similar results were reported by
Tokimatsu and Nakamura [24].

Pore pressure generation in the specimens with-
out elimination of the e�ect of membrane compliance
is shown in Figure 12(a). Similar results for the
specimens with elimination of membrane compliance
are shown in Figure 12(b). As shown in Figure 12,
the trends of pore pressure generation are di�erent
for the specimens with and without elimination of
membrane compliance. In the specimens without
elimination of membrane compliance, the development
of pore water pressure with the normalized number of
stress cycles is highly non-uniform following an inverse
buildup trend. There is a sharp rise in pore water
pressure at the beginning of cyclic loading followed
by a gentler slope and again an increase towards the
failure (Figure 12(a)). However, in the specimens
with elimination of membrane compliance, the pore
water pressure increases more uniformly with the
normalized stress cycles following a more linear trend
(Figure 12(b)). The shape of the pore water pressure
generation curve in the specimens with elimination of
membrane compliance is similar to the results of tests
on sand with more than 30% non-plastic silt reported

Figure 11. Comparison of cyclic stress resistance of
specimens with and without elimination of membrane
compliance.

Figure 12. Comparison of the variation of excess pore
water pressure ratio versus the normalized number of
stress cycles in test results of current study with the
models developed by other researchers: (a) Without and
(b) with elimination of membrane compliance.
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by Baziar et al. [42]. It might be concluded that the
shape of the pore pressure generation curve in mixed
non-plastic granular soils (mixture of sand and non-
plastic silt and mixture of gravel and sand) is more
uniform than that for uniformly graded soils like clean
sand or gravel.

A number of models for predicting the generation
of pore water pressure during cyclic loading have been
presented by various researchers such as Seed et al. [43]
(Eq. (4)), Booker et al. [44] (Eq. (5)), and Haeri and
Shakeri [4] (Eqs. (6)-(8)).
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These models predict the pore pressure ratio (ru) as
a function of the ratio of the number of the applied
uniform cycles of loading (N) to the number of cycles
causing liquefaction (Nf ). In addition, an empirical
parameter, a, has been used in these models, which is
a function of the soil properties and the test conditions,
and can be obtained by curve �tting.

In all of these models, the pore water pressure
is building up much faster at the beginning of cyclic
loading, and the rate of pore water pressure generation
decreases by increasing cyclic loading. Therefore,
it cannot �t experimental results, especially for the
specimens with elimination of membrane compliance.
A comparison of test results of the current research
on the specimens without and with the elimination
of membrane compliance with those of the other
researchers is presented in Figure 12(a) and (b), re-
spectively. As shown in Figure 12, the prediction
results of pore water pressure generation associated
with these models are di�erent from the results of

the tests obtained from this study. In particular, the
pore water pressure generations in the specimens with
elimination of the e�ect of membrane compliance in
this study do not completely match the predictions
from models proposed by others.

The models presented by most researchers are
based on test results on clean sand (e.g., [43]), sandy
soils (e.g., [45]), or a mixture of sand and silt [42]. The
model developed by Haeri and Shakeri [4] is based on
test results of gravelly soil. Note that a post-testing
correction procedure was used in their research to elim-
inate the e�ect of membrane compliance. As previously
shown, this model can generally predict the cyclic
resistance of gravelly soils; however, it may not be able
to capture all of the detailed events in undrained cyclic
loading. For example, the real soil behavior during the
last cycles of loading cannot be described by this model
because of the special methodology used for post-test
correction of cyclic resistance. In other words, there are
some shortcomings and limitations on previous models
to predict the pore water pressure generation during
cyclic loading on the tested material, especially for the
specimens with elimination of the e�ect of membrane
compliance. Therefore, a new model is encouraged
for a more precise prediction of pore water pressure
generation in gravelly soils during cyclic loading.

The pore water pressure generation graphs for
specimens with elimination of membrane compliance
can be modeled by the following simple equation:

ru =
�
N
Nf

� 1
a

: (9)

As shown in Figure 13(b), Eq. (9) is suitable with
a = 0:55 for the lower bound and a = 1:1 for the upper
bound for the specimens with elimination of membrane
compliance. Note that this simpli�ed model is just a

Figure 13. Modeling the variation of excess pore water
pressure ratio versus the normalized number of stress
cycles for specimens: (a) Without and (b) with
elimination of membrane compliance.
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proposal to simulate the observed trend of pore pres-
sure generation for the test conditions in this study. In
other words, further experimental results are required
to validate the proposed model for more comprehensive
testing conditions. Since modeling is not one of the
main goals of this research, further studies are required
to reveal di�erences in the mechanism of pore water
pressure generation in gravelly soils and clean sand.
A comprehensive test program is going to achieve this
purpose in the future.

8. Conclusions

The volume change in isotropic consolidation tests
was measured by a digital image processing technique,
and the membrane penetration curve of the specimens
with di�erent relative densities was determined. A
new computer-controlled 
ow pump was developed
to eliminate membrane compliance in cyclic triaxial
tests during cyclic loading in conjunction with the
implementation of image processing for volume change
measurement. Based on the results, the following
conclusions can be drawn:
1. It was shown that image processing could be e�ec-

tively used to evaluate the volume change due to
membrane penetration;

2. Deformation of the gravelly specimens under hy-
drostatic loading was not isotropic, and the ratio of
volumetric skeletal strain and axial strain ("sk="a)
was lower than 3. This ratio for specimens with a
density as low as zero was 2.2 and increased with
increasing density. In the specimens with an initial
density of 50 percent, for example, the ratio of
"sk="a was 2.9, and the behavior of the specimens
was nearly isotropic;

3. The normalized membrane penetration or S value
decreased with increasing density;

4. Membrane compliance had a signi�cant e�ect on
the cyclic resistance of the specimens. This phe-
nomenon caused an increase in cyclic resistance of
the specimens;

5. The assumption of the isotropic deformation during
the isotropic compression led to the underestima-
tion of the e�ect of membrane compliance, and
this assumption caused an increase in the resistance
of the specimens as compared to the specimen
tested with the calibrated membrane penetration
curve obtained with the digital image processing
technique.
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