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It is well known that a uniformly graded soil is highly susceptible to liquefaction than a well graded soil.
Although there is a popular belief that the uniformly graded soil being highly susceptible to liquefaction
because of its inability being densely compacted, there would be other mechanical reasons, for example
the anisotropy of soil fabric, by which the difference of gradation results in different seismic responses of
sand leading to liquefaction. The effect of anisotropy on the liquefaction behavior still needs to be
studied.
In this paper, the difference of liquefaction strength for the same sand but having two different gradations,
poor and well gradations produced by artificial mixing, is examined by hollow cylinder testing of
horizontal shearing and triaxial testing. The difference of liquefaction strength between the hollow
cylinder and the triaxial tests was much smaller for the well grade sand. Thus the effect of fabric
anisotropy is very large for the well graded sand. Additionally a series of hollow cylinder monotonic
loading tests were carried out for these two soils by subjecting the soils to different shearing directions
respect to the bedding plane. Through the test results, it was found that the yielding and failure
characteristics of the soil differ very much for the different gradations. Also carried out in this study were
AE measurement to study the yielding behavior and DEM analysis to study the particle contact
orientations. From these studies, it was found that the difference of gradation would contribute greatly to
the liquefaction strength difference because of fabric anisotropy.
Keywords: Liquefaction strength, hollow cylinder test, anisotropy, yielding, DEM

The Niigata Earthquake of 1964 has started a rigorous academic investigation on liquefaction strength for
clean fine sand, Seed and Idriss (1967). Then the Great Hanshin3Awaji Earthquake of 1995 has prompted
a revisit to the strength for coarse & well graded sand, Ishihara et al. (1996). Although it is well known
that the liquefaction strength of a uniformly graded soil is lower than that of a well graded soil, the
difference of the strength is often discussed in terms of the compactability difference and the increase of
strength due to the fines content. The behavior of soils differs fundamentally due to the difference in soil
gradation or different soil fabric structure. In this viewpoint, many liquefaction studies have been carried
out to examine the effect of anisotropy on the liquefaction strength difference, Yamashita & Toki (1993) .
The study on anisotropic behavior of soil is also the key to develop a rigorous numerical soil model.
However, the soil model for liquefaction analysis is often developed without inclusion of the soil’s
anisotropic response. For the granular soil, there is a strong evidence of fabric anisotropy affecting the
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static strength, e.g., Oda (1972). By contemplating the interrelationships among the liquefaction strength,
anisotropy, and gradation, the question then to be posed is “what degree the anisotropy being affected by
the difference in soil gradation?, and subsequently its effects on the liquefaction strength?”.
This paper examines the liquefaction strength in terms of the gradation difference that in turn would
affect the fabric anisotropy of soils of poor or well gradation. The methodology is to compare the
liquefaction strength of artificially prepared poorly and well graded sands by cyclically shearing the soil
either horizontally (i.e., hollow cylinder test) or at 45 degree angle (i.e., triaxial test). The well graded soil
is artificial produced by crushing a clean sand with uniform gradation to finer particles and then mixing
the crushed material with the same original soil to have a soil with well gradation. Also the effect of
fabric anisotropy is examined by monotonically shearing the soils having two different gradations along
the various inclined planes having different angles from the bedding plane (i.e., horizontal). During the
shear, the yielding behavior of soil is examined by the acoustic measurement (AE), which identifies the
onset of yielding by detecting the initiation of minute particle movements. Also a numerical analysis of
DEM (Distinct Element Method), Sakaguchi et al. (1993), is used to study the microscopic mechanism of
soil anisotropic fabric that resulting
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A clean sand from Misaki Park in the western part of Kobe is used for the test material of experiment.
The sand has originally the maximum particle size, Dmax, of about 5 mm and nearly a uniform gradation.
For testing, the original sand was sieved to have a uniformity coefficient of Uc=2.36 with Dmax=2mm as
shown in Fig. 1. In addition, the same material was crushed using a mill to obtain finer particles. By
mixing these finer materials with the original, a clean sand having well gradation of Uc=13.4 is
artificially produced. The average particle size, D50, of these two sands was set to be equal, about 1 mm.
Table 1 shows the list of physical properties of test san, and Sand3P denotes the poorly graded sand, and
Sand3W for the well graded sand. As will be noted later, a DEM analysis was carried out to examine the
anisotropy and the model parameters of DEM sand is also shown in Fig.1 and in Table 2. The Kn and Kt
in Table 2 represent respectively the spring modules in normal and tangential directions of DEM model.
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Fig.1 Gradations of test material, and DEM model
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A hollow cylinder test apparatus with specimen size of 100mm (outer diameter) x 60mm (inner diameter)
and a triaxial test apparatus with specimen size of 100mm diameter x 200mm height were used for the
liquefaction test. The hollow cylinder apparatus is equipped with AE (acoustic emission) sensor to
measure the yielding behavior during the shear, as shown in Fig. 2. It is to be noted that all specimens

Table 1Physical Properties of Test Sands
Properties
Dmax(mm)
D50(mm)
Uc
ρs(g/cm3)
emax
emin

Sand3P
2.0
0.95
2.362
2.63
0.862
0.563

Sand3W
4.0
1.20
13.40
2.63
0.509
0.302

Table 2 Mechanical Properties of DEM model
ρ s(g/cm)2.60
1.2
Uc
2.0E07
Kn(N/m)
5.0E05
Kt(N/m)
Particle friction angle
30°
Rolling friction
0.20

Fig.2 Hollow cylinder test apparatus with AE sensor, a) & b) application of maximum shear stress in
different directions of shear
were saturated by circulating CO2 gas, de3aired water, and then applying back pressure. As a result of
these procedures, the degree of saturation greater than 95% was obtained. The relative density of all
specimens was 60% in average.
For the liquefaction test, triaxial and hollow cylinder specimens with either uniform gradation, i.e., Sand3
P, or well graded sand, i.e., Sand3W, were subjected to undrained cyclic shear with various levels of shear
stress ratio between 0.2 and 0.35. In addition to the liquefaction test, a series of hollow cylinder drained
shear tests were performed on the specimens having either uniform gradation, i.e., Sand3P, or well graded
sand, i.e., Sand3W. Prior to the drained shearing, the specimens were given a history of over3
consolidation by subjecting them to an isotropic compression under 200kPa and then unloading it to
100kPa. After isotropic pre3compression, the specimens were sheared in different shearing directions by
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applying the vertical and torsional loads using various ratios between the two loads. Through this, various
angles of shear direction between +45 to 345 degrees from the horizontal were applied to the specimen.

Fig. 3 shows a typical difference in cyclic undrained shear behaviors for Sand3W and Sand3P during the
hollow cylinder test. The figure presents the results at the same shear stress level, and therefore it is
clearly seen that the well graded sand has more resistance than the poorly graded sand. The same strength
difference was observed for both the triaxial and hollow cylinder tests. The figure also shows that the
sand specimens with well graded sand, i.e., Sand3W, shows a rather ductile deformation behavior in
comparison with the uniformly graded sand, i.e., Sand3P, showing a brittle failure behavior. The shear
strain of Sand3W during cyclic loading increases very gradually from early shear stage, while the strain of
Sand3P increases very abruptly when the excess pore pressure approaches the maximum.
The difference of liquefaction strength is compared in Fig. 4, and the liquefaction strength in the figure is
defined as the number of cycles when the excess pore pressure reached 95% of confining pressure. From
the figure, it is clearly seen that the liquefaction strength of Sand3W is higher than that of Sand3P. It is
also clear that the well graded sand, Sand3W shows the strength difference between the triaxial and
hollow cylinder tests being not widely apart, while the uniformly graded sand, Sand3P, shows a rather
large strength difference.

Fig. 4 Comparison of liquefaction strength
betweentwo sands

Fig. 5 Correlation between triaxial and torsional
liquefaction strength (Yamashita & Toki 1993)

Fig. 3 Comparison of liquefaction test results between Sand-W and Sand-P
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Yamashita and Toki (1993) have studied the difference of liquefaction strength from a viewpoint of fabric
anisotropy. They have conducted a series of triaxial and hollow cylinder tests on samples that are
prepared using different sand depositional methods. The unique finding in their paper is that the degree of
fabric anisotropy controls the difference of liquefaction strengths between the triaxial and the hollow
cylinder testing. They showed that the difference between the observed compressive strain, ε . , and
the double amplitude strain,
, during the undrained triaxial test can be used as a measure of fabric
anisotropy, and their results are illustrated in Fig. 5. Also shown in the figure are the data points obtained
in this study, and they are in agreement with the results by Yamashita and Toki (1993).

For the Sand3P, a large difference in liquefaction strength was observed between the hollow cylinder test
and the triaxial test, while the Sand3W indicated nearly the same strength. The difference between the two
tests is the difference in shearing direction, and therefore the Sand3P has a strong anisotropy in strength
while the Sand3W is likely to have isotropic strength. To examine further on the anisotropic behavior of
the sands having different gradation, a series of hollow cylinder tests were carried out by shearing the
Sand3P & the Sand3W under different angles from the horizon. From the test, the yielding and failure
behaviors were studied and the AE measurement is used to examine the yielding behavior.

τ

Fig. 7 Yielding stress as determined by Acoustic Emission (AE) measurement

Fig. 6 shows the stress3strain relationships for all specimens sheared under various shearing directions
both for the Sand3W and Sand3P. The horizontal strain axis is presented in terms of major & minor
deviator principal strain, (ε1 − ε 3 ) /2 . The vertical stress axis is presented in terms of mobilized friction
angle computed as sin−1 (σ1 − σ3 )/(σ1 + σ3 ) . These stress and strain components are computed from
measured values of horizontal shear stress and strain and also axial stress and strain. It was considered
most suitable to use these two components to represent the stress3strain relationship under varying
orientations of loading.
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Fig. 6 Stress-Strain relationship of Sand-W and Sand-P for hollow cylinder test with various shearing
direction
As clearly seen from the figure, irrespective of gradation difference, the stress3strain relationship shows a
stiffer response (i.e., smaller strain to reach a failure) for the shearing directions closer to either +45 or 3
45degrees from the horizontal. Also the comparison between the Sand3W and Sand3P shows that in
general the friction angle of the Sand3W is larger than that of the Sand3P. In order to define the yielding
stress, the AE measurement was used to detect the emission of acoustic energy released during very early
stage of shearing as shown in Fig. 7. It is clearly seen that at very small stains there is no acoustic
emission measured, and in the figure the AE starts around 0.05% strain. The stress3strain relationship
after the yielding shows more non3linear characteristics. By using the AE measurement, the yielding
stresses were determined for all specimens during the shear with different shearing directions and also for
different gradations.
Fig. 8 compares the changes of friction angles at failure and also the mobilized friction angles for all
specimens tested in this hollow cylinder testing. It clearly seen that the friction angle at failure of the
Sand3W is larger than that of the Sand3P. It is also clearly seen that the maximum or minimum values of
friction angle are observed at different shearing directions for the Sand3W and the Sand3P. The maximum
φ value is found at shearing direction of 330 degrees for the Sand3W, while the minimum φ value is found
at shearing direction of 315 degrees for the Sand3P. More interestingly, the changes of yield stress with
shearing direction has nearly identical trend with the changes of φ values for the shearing direction. These
results indicate that there is a very strong influence of different soil gradation, which in turn would result
in different anisotropy and fabric structure, on both the failure and the yielding behaviors. The
mechanism for such different behaviors needs to be studied at microscopic level, and it was decided to
carry out a DEM analysis to examine such behavior.
A three dimensional model of discrete element method (DEM) is used in this study, and DEM program
“HiDEM” developed by Sakaguchi of JAMSTEC is used. The material properties of model are given
previously in Table 2 and also the gradation of DEM soil in Fig.1. In this study, a cylindrical specimen as
shown in Fig. 9, is formed by DEM model by subjecting a group of DEM particles falling freely from a
certain height to simulate the actual forming of soil specimen in the laboratory. Although DEM can
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Fig.8 Changes of friction angle at failure and at yield for
different shearing directions and for different gradations.
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Fig. 9 DEM model for monotonic
loading test

simulate the specimen preparation method well, a simulation of highly dense soil through a large falling
height is difficult and also a simulation of soil with a very wide range of particle distribution is difficult
due to a very long computation time required to achieve a steady state after particle falling process.
Two types of analysis are made in this study. One is the simulation of a monotonic loading drained test on
uniform sand with the various shearing directions as described in the laboratory test result, and the soil
specimen is sheared under different shear directions from +30 to 330 degrees. Simulation of a well graded
soil, such as the Sand3W with Uc= 13.4 in the experimental study, could not be carried out because of the
limitation in computation time. Therefore, second study is made to compare two soils with different
gradations, i.e., a uniform soil with Uc=1.2 and a slightly non3uniform soil with Uc=2 for analyzing the
anisotropic deformation behaviors of two soils having a slightly different gradation.
Fig. 10 presents the stress3strain relationship as obtained by the DEM analysis of monotonic loading test
of the cylindrical specimen as shown in Fig.9. The vertical and horizontal axes are the same stress3strain
components as shown in Fig. 6. The obtained stress3strain relationships show reasonably stable response
except for the test with 330 degrees of shearing direction. The reason for the fluctuation of shear stress for

Fig. 10 Stress-strain relationship from DEM
simulation of monotonic loading

Fig. 11 Variation of failure f value from DEM
analyses and hollow cylinder test
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this case is not clear, but the DEM particle size may be still too large to yield a smooth stress3strain
response especially for the shearing that accompanies unloading. In the figure, an estimated stress3strain
response is shown as a dotted line. Based on these stress3strain curves, the peak values of φ were
estimated and its change for different angles of shearing direction is depicted in Fig. 11. Also shown in
the figure is the laboratory test result of hollow cylinder test on the Sand3P, as given in Fig. 8. In addition
to the DEM analysis on the cylindrical specimen, a study on plane strain DEM model has been carried out
by the authors, Goan et al. (2007), and the result of plane strain DEM analysis is also shown in the same
figure. The DEM model for plane strain analysis is shown in Fig. 12. It may be noted that a similar
fluctuation of shear stress was also observed for the plane strain case. The variation of φ with the angle of
shearing direction is clearly seen from Fig.11, and the φ value shows a minimum around 315 degrees in
the angle of shearing direction. The agreement between the DEM analysis and the experiment is very
reasonable, although the magnitude of φ value as predicted by DEM analysis highly depends on the
rolling parameter of model as given in Table 2.

Fig. 12 DEM plane strain model.
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Fig. 13 DEM soils with Uc=1.2 (left) and Uc=2 (right)

Another study of DEM simulation was made to investigate the anisotropy of soils that have two different
gradations. In this study, DEM model soils with Uc=1.2 and Uc=2 were formed by the free falls of
particles and then these specimens were uni3axially loaded in vertical as well as in horizontal directions.
During the loading, the deformation responses in both directions are examined. Fig. 13 presents the two
types of DEM soil specimens with Uc= 1.2 & 2 that were formed by the free falls of particles. The
difference in the deformation response for vertical and horizontal loading is shown in Fig.14. It is clearly
seen from the figure that the horizontal stiffness is softer than that of vertical for the uniform graded
DEM soil, i.e. Uc=1.2, which the horizontal and vertical stiffness is nearly the same for the slightly non3
uniformly grade soil, i.e., Uc=2. In order to examine the fabric difference of these two DEM soils as
formed, the orientation angle of particle contacts (i.e., the direction of vectors between two particles in
contact) is examined. In Fig. 15, the distribution of the particle contact orientations is shown by
classifying the orientation angles from 0 to 180 degrees in a step of every 10 degrees. Also to be noted is
that the number of contact points are normalized for each soil by their maximum number of contact points
in each 10 degree step, i.e., 204 for Uc=1.2 and 310 while the total number of contact points for Uc=1.2
& 2 were 2127 and 4601 respectively. The difference in fabric structure is seen between the two soils,
and the Uc=1.2 soil has more concentration of particle contact orientations in vertical direction in contrast
to the Uc=2 soil having more wider orientations of particle contact from vertical to horizontal.
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Fig. 14 Stress-Strain responses for uni-axial loading of two DEM soils with Uc=1.2 (left) and 2.0 (right)

Fig. 15 Distribution of particle contact orientations
From these figures, it is clearly seen that the soils with different gradation do exhibit a different
anisotropic behavior, both in terms of fabric structure and deformation response. Consequently, the
failure response of such soil is also anisotropic as shown in Fig. 11 and the difference of dilatancy
response for different shearing direction due to anisotropic fabric should be the key to control the strength
difference.

In this paper, the liquefaction strength of soils having two different gradations was studied from a
viewpoint of anisotropic behaviour of soil. The following conclusions summarize the findings of paper.
1) The difference in liquefaction strength for soils with uniform or well gradation is studied by using the
same sand of which gradation is artificially adjusted. The degree of strength difference depends on the
orientation of shear, i.e., horizontal as in hollow cylinder or 45 degree as in triaxial test. This
difference is due to the difference in the anisotropy in fabric structure of soils with different gradation.
2) The anisotropic response of soil with different gradation is examined through laboratory tests by
subjecting the hollow cylinder specimen to shear under different angles from the horizontal. Both the
friction angle at failure and mobilized angle at yield were widely different for two types of gradation
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and also these values changed with the difference in the angles of shear direction. This finding again
demonstrates the importance of anisotropic fabric between the soils with different gradation.
3) Further analyses using DEM simulation showed that the anisotropic behaviour of uniform soil during
monotonic loading with different shear directions could be reasonably predicted by the DEM analysis.
It was also found that the fabric structure of soils with different gradation has different degrees of
anisotropy, and the uniform soil has more anisotropic fabric structure that results in more anisotropic
deformation response.
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