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In this study, extender and bender element tests were conducted investigating the small-strain Poisson’s
ratio of variable sands, with a focus on the effect of stress anisotropy in order to quantify the sensitivity of
Poisson’s ratio to the applied deviatoric stress. Four different uniform sands were tested, including a
biogenic sand, a crushed rock and two natural sands, covering a wide range of particle shapes. From these
sands, eleven samples were prepared in the laboratory and were tested under variable stress paths,
maintaining a constant mean effective pressure while increasing the deviatoric compressive load. Under
the application of these given stress paths, the data analysis indicated that the sensitivity of Poisson’s
ratio to the stress ratio was more pronounced for sands with irregularly shaped particles in comparison
to sands with fairly rounded and spherical grains. For sands with very irregularly shaped particles, the
increase of Poisson’s ratio from the isotropic to the anisotropic stress state reached 50%, while this in-
crease for natural sands with fairly rounded particles was in the order of 20%.
� 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Dynamic properties of soils at small strains are of great impor-
tance to geotechnical earthquake engineering, seismic ground
response analysis as well as prediction of geo-structures de-
formations. Over the past five decades, the dynamic properties of
soils have been extensively studied, with a particular focus on the
small-strain shear modulus, Gmax. From the early stages of sys-
tematic studies on Gmax of sands, it was recognized that particle
shape plays an important role in modeling soil modulus (Hardin
and Richart, 1963). In the recent study, Payan et al. (2016a) incor-
porated a previously suggested variable to account for the particle
shape of sands proposed by Cho et al. (2006) and recommended a
complete expression that correlates Gmax of sand with the grading
characteristics expressed in terms of the coefficient of uniformity,
the particle shape descriptor of regularity as well as the mean
effective confining pressure. Payan et al. (2016a) conducted a
comprehensive set of tests on variable sands and it was highlighted
that particle shape plays a major role in the sensitivity of small-
strain shear modulus to pressure. Similar to this study, Payan
is).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
et al. (2017) found consistent trends with respect to the effect of
particle shape on Young’s modulus of sands, Emax, with a general
trend of greater sensitivity of Gmax or Emax to the applied pressure
for sands of irregular particle shape in comparison to sands with
fairly rounded and spherical grains.

Soil modulus is directly linked to wave velocity. Previous works
have highlighted that shear or primary wave velocity is controlled
by the stress in the direction of wave propagation and the direction
of particle motion (Roesler, 1979; Knox et al., 1982; Yu and Richart,
1984; Santamarina et al., 2001). Payan et al. (2016b) quantified the
effect of the applied stress ratio on Gmax of sands and reported that
the sensitivity of soil modulus to the stress anisotropy is more
pronounced for sands with irregularly shaped particles as well as
well-graded soils in comparison to uniform sands with fairly
rounded particles. In that study, the stress ratio was expressed in
terms of q=p0, where q is the applied deviatoric stress and p0 is the
mean effective pressure.

An important soil dynamic property but with insufficient re-
searches in the literature is the Poisson’s ratio (n). The Poisson’s
ratio of the soil has been taken as a constant value in most of the
geotechnical projects and modeling (e.g. n ¼ 0.25). However, the
Poisson’s ratio was found to be affected by the effective confining
pressure in previous works (e.g. Kumar and Madhusudhan, 2010;
Wichtmann and Triantafyllidis, 2010; Payan et al., 2017). Payan
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ksenetak@cityu.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2017.06.005&domain=pdf
www.sciencedirect.com/science/journal/16747755
http://www.rockgeotech.org
https://doi.org/10.1016/j.jrmge.2017.06.005
https://doi.org/10.1016/j.jrmge.2017.06.005
https://doi.org/10.1016/j.jrmge.2017.06.005
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 2. Top-view of the pedestal with bender/extender element implemented.
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et al. (2017) proposed a model for Poisson’s ratio of sands, as a
function of particle shape. They focused on sands which were iso-
tropically consolidated, thus there was no information provided
with respect to the possible effect of stress anisotropy on Poisson’s
ratio, or the potential role of particle shape on the sensitivity of
Poisson’s ratio to the applied deviatoric stress. In this study, the
Poisson’s ratio of variable sands is investigated focusing on the role
of sand type in terms of particle shape on the sensitivity of the
Poisson’s ratio to the applied stress ratio. In particular, the present
paper extends the previous work by Senetakis et al. (2017) who
studied two quartz sands in the laboratory and reported data
associated with the effect of stress anisotropy on the constrained
modulus. In this study, four different sand types were examined by
quantifying Poisson’s ratio through measurements of shear and
primary wave velocities. Thus, a set of piezo-element tests
including extender and bender element modes was conducted on
dry samples in a triaxial apparatus with piezo-element inserts
implemented (see Figs. 1 and 2). A local strain gage system (see
Fig. 3) was used for all the tests in order to track the volume change
of the samples during the testing procedure.
Fig. 3. Photo of the local strain gage system attached on a soil sample.
2. Materials and methods

Four different sands (from uniform to poorly-graded) were
tested in the study, including a biogenic (carbonate) sand with
origin from Western Australia (Senetakis and He, 2017; He et al.,
2017), denoted as BS (biogenic sand); a crushed rock composed
predominantly of quartz grains, denoted as CR (crushed rock); and
two natural quartz sands, denoted as SS (Sydney sand) and WS
(white sand). The basic characteristics of these four soils are
summarized in Table 1 in terms of specific gravity of solids (Gs),
mean grain size (D50), coefficient of uniformity (Cu) and particle
shape descriptors. Particularly, the particle shape descriptors used
in the study (Cho et al., 2006) consist of the sphericity (S), round-
ness (R) and regularity (r), where r is the arithmetic mean of S and
R. In the study, the method described by Payan et al. (2016a) was
adopted for the quantification of the variable particle shape de-
scriptors. Thus, a representative set of grains was randomly chosen
from each sand type, and two operators quantified the particle
shape descriptors based on visual observation of the grains from
images taken from scanning electron microscope (SEM) analysis as
well as an optical microscope, and the use of an empirical chart
proposed by Krumbein and Sloss (1963) as modified by Cho et al.
Fig. 1. Cyclic triaxial apparatus.
(2006). Typical images from the SEM analysis of all the sands are
given in Fig. 4. Based on this analysis, the mean and standard de-
viation values of the shape descriptors for all the sands were esti-
mated and are summarized in Table 1. Note that all the sands are
composed of medium spherical (CR and BS) to relatively highly
spherical (SS and WS) particles, but they cover a wider range of
regularities. This is because the values of roundness varied among
the sands, i.e. from low roundness values in sand CR to fairly high
values found in sand SS.

From these four sands, a total set of eleven samples was pre-
pared with a split mold of 50 mm in internal diameter and 100 mm
in height and tested in a stress path controlled triaxial apparatus
which houses piezo-element inserts. The piezo-element inserts
used in the study (He and Senetakis, 2016) comprise a set of piezo-
electric ceramic bimorphs which can work as both extender ele-
ments (EE) and bender elements (BE). The EE mode (Leong et al.,
2009) allows the propagation of primary (P) waves and the mea-
surement of the small-strain constrained modulus (Mmax) in a
straightforward way using Eq. (1). The BE mode (Shirley and
Anderson, 1975; Jovicic et al., 1996; Lee and Santamarina, 2005;
Leong et al., 2005; Gu et al., 2015) allows the propagation of
shear (S) waves and the straightforward measurement of small-
strain shear modulus (Gmax). Note that the quantity rs in Eqs. (1)
and (2) denotes the mass density of the soil. Based on the
computed constrained modulus (Mmax) and shear modulus (Gmax),
or alternatively, the directly measured primary wave velocity (VP)
and shear wave velocity (VS) for a given sample, Poisson’s ratio (n)



Table 1
Characteristic of sands in the study.

Sand Specific gravity, Gs D50 (mm) Coefficient of uniformity, Cu Sphericity, S Roundness, R Regularity, r

Mean Standard deviation Mean Standard deviation Mean Standard deviation

SS 2.65 0.33 2.19 0.67 0.16 0.63 0.16 0.65 0.13
CR 2.65 1.24 1.98 0.59 0.14 0.39 0.1 0.49 0.1
WS 2.65 0.25 1.75 0.74 0.09 0.59 0.19 0.67 0.13
BS 2.68 0.23 1.69 0.6 0.2 0.53 0.18 0.56 0.14

Fig. 4. Scanning electron microscope (SEM) images of sands in the study.

Table 2
Testing program.

No. Sample code eo p0o(kPa)

1 SS-200 0.68 200
2 SS-400 0.65 400
3 SS-600 0.68 600
4 CR-200 0.81 200
5 CR-400 0.8 400
6 CR-600 0.85 600
7 WS-200 0.62 200
8 WS-400 0.61 400
9 WS-600 0.62 600
10 BS-100 1.17 100
11 BS-400 1.36 400
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and small-strain Young’s modulus (Emax) can be computed through
Eqs. (3) and (4).

Mmax ¼ rsV
2
P (1)

Gmax ¼ rsV
2
S (2)

n ¼ 0:5V2
P � V2

S

V2
P � V2

S

(3)

Emax ¼ Mmaxð1þ nÞð1� 2nÞ
1� n

(4)

Note that in this study, the effective stress in the direction of
wave propagation coincides with the effective axial stress. On the
other hand, the effective stress in the direction of particle motion
matches with the effective axial stress for primary waves propa-
gation and the effective radial stress for shear waves propagation.

The characteristics of the eleven samples tested in the study are
summarized in Table 2, including information for the code name of
the samples, and the initial void ratio (eo) at which the samples
were prepared. Note that all the samples were prepared by
applying dry compaction (similar to He and Senetakis, 2016) in
layers of equal mass, achieving a relatively dense state for all the
samples. Two to three different stress paths were applied for each
sand type, with one for each different sample. At first, the effective
radial stress (s0r), which is equal to the cell pressure since all the
samples were in a dry state, was increased isotropically to s0r ¼ p0o
(200 kPa, 400 kPa, or 600 kPa). Thereafter, at a givenmean effective
pressure (p0 ¼ p0o), a stress path test was conducted by increasing
the deviatoric stress q and maintaining a constant value of p0. The
anisotropic stress paths were achieved by increasing the effective
axial stress (s0a) while decreasing the effective radial stress (s0r) after
the desired isotropic confining pressurewas reached for each of the
tests. A schematic illustration of all the stress paths applied in the
study is given in Fig. 5. Particularly, the deviatoric stress increased
following the increments of the stress ratio (q=p0) equal to 0, 0.25,
0.5, 0.75, 1 and 1.2. After reaching each of the desired stress ratio
levels, extender and bender element tests were conducted which
allowed the quantification of the stress ratio effect, expressed as
q=p0 þ 1 on the Poisson’s ratio of the samples. Note that the samples
were tested in a dry state and the samples were subjected to an
anisotropic stress state, the volumetric strains of the samples were
measured based on radial local strain instrumentation (see Fig. 3)
attached to the samples and the measurement of sample axial
strain with an external vertically positioned LVDT (linearly variable
differential transformer), similar to the study by Senetakis et al.
(2017).
3. Results and discussion

All the dynamic tests were conducted applying a sinusoidal
excitation of a frequency equal to 10 kHz. Typical signal analysis
plots from the piezo-element tests are given in Fig. 6 with respect to
the CR in Fig. 6a and theWS in Fig. 6b at variable effective confining
pressures. Note that the plots in Fig. 6 corresponded to measure-
ments of P-wave velocities of the samples under an isotropic stress
state (q=p0 ¼ 0). For all the tests, the first time of arrival method
was adopted to compute VP and VS. Based on these measurements,
it was found that, for a given sample subjected to stress anisotropy,
the increase of the stress ratio (q=p0) increased both P- and S-wave
velocities, but this effect was more pronounced for VP.

Typical plots of VS- and VP-stress ratio are given in Fig. 7 for the CR
sample tested at a mean effective pressure of 600 kPa. In Fig. 7, the
horizontal axis is expressed by q=p0 þ 1, whilst the vertical axis is
expressed as the normalized wave velocities (VS, normalized and VP,

normalized), which are defined by the ratio of the wave velocity of a



Fig. 5. Stress paths adopted in the study: (a) Stress paths plotted on the ðq=p0 þ 1Þ-p0 plane; and (b) Effective axial stress (s0a) and effective radial stress (s0r) development path.

Fig. 6. Signal analysis of extender element tests: Representative results.

Fig. 7. Normalized S- and P-wave velocities against the stress ratio.
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given samplemeasured at the anisotropic stress state (q=p0 > 0), over
the wave velocity at the isotropic stress state (q=p0 ¼ 0). For sample
CR-600, the increase ofVS from the isotropic stress state (q=p0 ¼ 0) to
the maximum applied stress anisotropy (q=p0 þ 1 ¼ 2:2) was equal
to 8% approximately, whilst the corresponding increase of VP was
found equal to about 22%. These results imply that Poisson’s ratio (n)
is dependent on the stress ratio for the given stress paths adopted in
the study (i.e. constant p0 paths).

In Fig. 8, representative plots for samples CR-200, CR-400 and
CR-600 are shown, demonstrating the effect of the stress ratio on
the absolute value of the Poisson’s ratio. For the particular sand
type, the increase of the stress ratio (q=p0) from 0 to 1.2 resulted in a
maximum increase of about 50% of the Poisson’s ratio. In Fig. 9, the
Poisson’s ratios of two different types of sands (WS and CR) are
plotted against the stress ratio (q=p0 þ 1). TheWS is a soil with fairly
regularly shaped particles while the CR is angular and the average
sphericity of the grains is relatively low. In this study, the Poisson’s
ratio is expressed as a normalized quantity with respect to the
corresponding value at the isotropic stress state of the samples. The
expression is given in Eq. (5), where naniso and niso are the Poisson’s
ratio values under the application of stress anisotropy and at an
isotropic stress state, respectively:



Fig. 8. Poisson’s ratio versus the stress ratio for CR samples.
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nnormalized ¼ naniso
niso

(5)

The effect of the increasing effective stress ratio on the
normalized Poisson’s ratio shown in Fig. 9 indicates that although
the measured Poisson’s ratios of both sands increase with the in-
crease of the stress anisotropy, this effect is dominant for the CR.
Particularly, for the CR samples, the normalized Poisson’s ratio
(nnormalized) is increased by 35%e50% at with respect to the isotropic
stress state. The corresponding increase of nnormalized for the WS is
in the order of 20%.

For all the samples, power-law type curves were fitted to the
experimental nnormalized - ðq=p0 þ 1Þ data based on Eq. (6):

nnormalized ¼
�
q
p0

þ 1
�an

(6)
Fig. 9. Normalized Poisson’s ratio versus stress ratio for CR and WS samples.

Fig. 10. The effect of particle shape descriptors on the Poisson’s ratio power.
where an is a power that expresses the sensitivity of the Poisson’s
ratio, in terms of normalized value, to the stress anisotropy.

Based on this approach, the sensitivity of the Poisson’s ratio to
the stress ratio for all the samples is plotted against the particle
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shape descriptors shown in Fig. 10. Within the scatter of the data,
the results in Fig. 10 demonstrate a clear increase of the sensitivity
of the Poisson’s ratio to the stress anisotropy for sands of more
angular in grain shape (Fig. 10b) and sands of irregular in grain
shape (Fig. 10c).

Previous research works (e.g. Chen et al., 2016; He and
Senetakis, 2016; Payan et al., 2017) have highlighted the sensi-
tivity of the Poisson’s ratio of sands to the applied confining pres-
sure as well as the role of particle shape on the small-strain
Poisson’s ratio (Payan et al., 2017). The data of this work demon-
strate that the proper modeling of the Poisson’s ratio of sands must
incorporate the effect of stress anisotropy which is not negligible
for sands of both regular and irregular shape particles, even though
this sensitivity was demonstrated to be more pronounced for sands
of angular grains.

4. Conclusions

This note presents the effect of stress anisotropy on the small-
strain Poisson’s ratio of four different sands which covered a wide
range of particle shapes. The tests were conducted on the samples
of 50 mm in diameter and 100 mm in height in a stress path
controlled triaxial apparatus which houses extender and bender
element inserts. All the samples were subjected to a stress path,
initially applied with an isotropic pressure in a range of 100 kPae
600 kPa, with a subsequent increase of the deviatoric stress values
of the stress ratio q=p0 equal to 1.2. Simultaneous measurements of
shear and primary wave velocities allowed the quantification of the
Poisson’s ratio. The data analysis indicated that the sensitivity of
the Poisson’s ratio to the stress ratio was more pronounced for
sandswith irregularly shaped particles in comparison to sands with
fairly rounded and spherical grains, but for all the different types of
sands, there was an increase of the Poisson’s ratio with the increase
of q=p0. Particle shape was quantified based on sphericity (S),
roundness (R) and regularity (r) as shape descriptors, adopting an
empirical chart from the literature and using SEM imaging and an
optical microscope. All the sands in the study were poorly-graded,
which implies that further study is necessary on the topic since the
basic parameter explored in the study was the shape of particles.
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