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Abstract

Accurate design of geotechnical structures requires precise estimation of the shear wave velocity (Vs) and the small-strain shear mod-
ulus. However, the interpretation of Vs data measured in deformed/sheared soil has not been extensively considered. This study used a
triaxial apparatus equipped with planar piezoelectric transducers to monitor the evolution of Vs during triaxial compression of cohesion-
less soils. Recognizing that the grain shape and surface characteristics affect the overall mechanical response of granular materials, var-
ious natural sands and glass bead samples were considered. Discrete element method (DEM) simulations using spherical particles were
carried out to compute particle-scale responses that cannot be measured in the laboratory. The experimental results revealed that the Vs

values for samples with different initial densities tend to approach one another and have similar values (merge) at large axial strains. This
merging occurs at a lower strain level for spherical particles in comparison with non-spherical particles. The linear Vs-void ratio relation-
ship, which is often developed and used for homogeneous and isotropic stress states, is no longer applicable during shearing. It is the
mean coordination number that dictates the evolution of Vs during triaxial compression. Furthermore, the axial strain at which the peak
Vs is achieved is found to be comparable to the axial strain at which specimen dilation takes place.
� 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The precise assessment of shear wave velocity (Vs) and
small-strain shear modulus (Go) is essential for the com-
plete geotechnical characterization of sediments and accu-
rate design of geotechnical structures (e.g. Clayton,
2011). Accurate measurement of these properties has been
benefited from the development of novel geophysical test-
ing methods. In the field of geotechnical engineering, the
use of bender elements to measure Vs was pioneered by
Shirley and Hampton (1978). The bender element tech-
https://doi.org/10.1016/j.sandf.2020.07.008
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nique has been extensively employed to determine Vs

(Dyvik and Madshus, 1985; Viggiani and Atkinson, 1995;
Kuwano and Jardine, 2002; Gu et al. 2015), but it has cer-
tain shortcomings; it causes significant disturbance to the
soil fabric in the vicinity of the penetrated element, and it
is not suitable for undisturbed or cement-treated soil spec-
imens (Brignoli et al., 1996; Ismail and Rammah, 2005;
Suwal and Kuwano, 2013). Moreover, the bender elements
may become distorted due to the deformation of soil spec-
imen during triaxial compression. Hubler et al. (2017;
2018) stated that bender elements were easily damaged
while testing gravelly soils in a cyclic simple shear device
and were required to be frequently replaced. To overcome
these limitations, disk-shaped planar transducers as
Japanese Geotechnical Society.
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Nomenclature

B Constant in void ratio correction function (Eq.
(2))

CN Mean coordination number
D50 Median particle size
Dr Relative density
e Specimen void ratio
emin Minimum void ratio
emax Maximum void ratio
eo Initial void ratio
E Young’s modulus of a specimen
Ep Particle Young’s modulus
ea Axial strain
eVs;peaka Axial strain at peak shear wave velocity
Vs, peak Peak shear wave velocity during triaxial com-

pression
ePTPa Axial strain at phase transformation point

fin Input frequency
fe Void ratio correction function (Eq. (2))
G Shear modulus of a specimen
Go Small-strain shear modulus of a specimen
Gs Particle specific gravity
l Inter-particle friction coefficient
p0 Mean effective stress
PTP Phase transformation point
q Deviatoric stress
q Specimen dry density
Sq Root mean square surface roughness
r10 Major effective principal stress
r30 Minor effective principal stress
Uc Coefficient of uniformity
Vs Shear wave velocity
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detailed in Dutta et al. (2019) have been adopted in this
study.

A number of previous studies have considered the influ-
ence of stress-induced anisotropy on soil stiffness.
Lawrence (1965) performed wave velocity measurements
on Ottawa sand using planar piezoelectric elements and
found that Vs is unaffected by shear stress, but it is sensitive
to mean effective stress (p0) and void ratio (e). Hardin and
Black (1966) conducted resonant column tests on round
grained silica sand and concluded that Go is independent
of deviatoric stress (q) and it varies proportionally toffiffiffiffi
p0

p
. Roesler (1979) revealed that Vs is dependent on the

stress state in both directions of propagation and polariza-
tion, but is independent of the stress perpendicular to those
directions. Tatsuoka et al. (1979) performed torsional shear
tests on Toyoura sand and found that for triaxial compres-
sion, under constant p0, the influence of the stress ratio (ax-

ial stress/radial stress, r
0
1/r

0
3) on Go is negligible if r

0
1/r

0
3 < 4.

By performing resonant column tests, Yu and Richart
(1984) reported that Go decreases by 20–30% with increas-
ing stress ratio, but the reduction is insignificant if

r
0
1/r

0
3 < 2. Santamarina and Cascante (1996) conducted res-

onant column tests and declared that stress component in
the direction of particle oscillation plays a more dominant
role compared to the propagation direction on the Vs.
Kuwano and Jardine (2002) observed a definite reduction

in Vs at larger stress ratios (r
0
1/r

0
3 > 2.2) when the specimen

experiences dilation. By performing constant p0 shear test
in hollow cylinder and triaxial apparatus, Chaudhary
et al. (2004) found that both Young’s modulus (E) and
shear modulus (G) of a Toyoura sand specimen decrease
substantially after dilation of specimen started. Ohkawa
et al. (2011) conducted constant p0 shear test on Toyoura
sand in hollow cylinder apparatus and revealed that E
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for isotopic and anisotropic stress states are almost same
in the contraction region, but it reduces rapidly after dila-
tion during torsional shearing. Payan et al. (2016) per-
formed bender element tests on several types of sandy
soils and concluded that Go for anisotropic stress state is
higher than isotropic stress state at an equivalent p0. Never-
theless, there has been a paucity of research conducted on
the measurement of Go during monotonic triaxial compres-
sion. Styler and Howie (2014) noticed a drop in Vs of Fra-
ser river sand, once the specimen progresses from
contractive to dilative phase. Prashant et al. (2019) con-
ducted bender element tests during undrained shearing of
gap-graded sands and reported that Go increases with the
increase in p0 and q.

Previous experimental research has shown that Vs is
lower for roughened spherical particles compared to
smooth surface spherical particles at a given void ratio
(Santamarina and Cascante, 1998; Sharifipour and Dano,
2006; Otsubo et al. 2015; Otsubo and O’Sullivan, 2018).
However, the peak deviatoric stress (qmax), tends to be lar-
ger for an assembly of rough spheres than the smooth
equivalent at large strain levels (Santamarina and
Cascante, 1998; Lee et al., 2013), which can probably be
attributed to the increased inter-particle friction caused
by roughened surfaces. Nevertheless, the axial strain level
(ea) dependency of the influence of surface roughness on
Vs, and hence Go has not hitherto been investigated.

In this contribution, Vs is measured using disk-shaped
planar transducers at both isotropic and subsequent aniso-
tropic stress states induced by monotonic triaxial compres-
sion. Vs measurements are carried out on both spherical
particles and sands to investigate the influence of particle
shape at various strain levels. Furthermore, complemen-
tary discrete element method (DEM) simulations are
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performed on spherical particles to relate the specimen fab-
ric to the evolution of Vs during triaxial compression.
2. Materials and sample preparation

The main dataset considered here was developed by test-
ing four types of cohesionless granular materials having a
similar median particle size (D50): nominally smooth glass
beads, mechanically roughened glass beads, silica sand,
and Kashima river sand (referred to as river sand)
(Fig. 1). Each of these four materials is categorized into
one of two shape classes: spherical (smooth and rough glass
beads) or non-spherical (silica sand and river sand). The
physical properties and the shape parameters of the tested
materials are listed in Table 1. The specific gravity (Gs),
small strain, single particle Young’s modulus (Ep) and Pois-
son’s ratio (mp) of the tested glass beads (GB) are 2.5, 71.6
GPa, and 0.23, respectively according to the manufacturer
datasheets. Table 1 also includes the material properties of
three additional materials, i.e. Toyoura sand, fine silica
sand, and non-spherical glass beads. The Toyoura sand
data were used to explore the influence of input frequency
(fin) on Vs and to determine a relationship between Vs and e

for sands. The fine silica sand and the non-spherical glass
beads were included in the study to confirm the generality
Fig. 1. SEM images of tested materials (a) Nominally smooth glass beads (b) M

1359
of some of the observations. The shape parameters
(sphericity, aspect ratio, and convexity) listed in Table 1
were obtained using QICPIC image analysis apparatus
(Witt et al., 2004; Altuhafi et al., 2013). The shape factors
given are representative values which correspond to the
50% cumulative distribution (i.e. they are median values).
Although all the samples of the primary four tested mate-
rials were obtained by sieving between 1.4 and 2.0 mm
openings, the image analysis revealed a slightly wider range
of particle sizes (1.0 to 2.6 mm) for the non-spherical par-
ticles as compared to glass beads (1.4 to 2.2 mm), giving a
marginally higher coefficient of uniformity (Uc) for the
non-spherical particles (Table 1). The discrepancy of Uc

evaluated between sieve analysis, and QICPIC analysis
was also observed by Fonseca et al. (2012) and Altuhafi
et al. (2013).

The rough glass beads were prepared by milling smooth
(as-supplied) glass bead with finer silica sand
(D50 = 0.28 mm) in a ceramic container for 50 h following
Cavarretta et al. (2012). The mixture was sieved through a
sieve with a 1.4 mm opening size, and the retained glass
beads were carefully rinsed with distilled water. This tech-
nique changes the surface roughness of the glass beads
while preserving the overall shape, as can be seen from
the scanning electron microscope (SEM) image presented
echanically roughened glass beads (c) Silica sand (d) Kashima river sand.



Table 1
Properties of tested materials.

Smooth glass beads Rough glass beads Silica sand River sand Toyoura sand Fine silica sand Non-spherical glass beads

Gs 2.5 2.5 2.64 2.62 2.64 2.64 2.5
emin 0.581 0.602 0.681 0.552 0.569 0.719 0.461
emax 0.684 0.717 0.983 0.798 0.936 1.062 0.667
D50 (mm) 1.80 1.80 1.80 1.72 0.24 0.52 0.961
Uc 1.14 1.14 1.29 1.28 1.36 1.52 1.30
Sphericity 0.943 0.943 0.885 0.888 0.892 0.857 0.937
Aspect ratio 0.962 0.962 0.703 0.703 0.740 0.719 0.842
Convexity 0.988 0.988 0.967 0.986 0.933 0.935 0.984

Fig. 2. (a) Representative two-dimensional surface topographies of smooth and rough glass beads (GB) (b) Root mean square surface roughness (Sq) data
for smooth and rough glass beads measured for 10 different particles illustrated with their mean values.
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in Fig. 1. Representative two-dimensional surface topogra-
phy data for the smooth and rough glass beads obtained
using an optical interferometer are shown in Fig. 2(a).
The method of surface roughness measurement is detailed
in Otsubo (2016). Although the assessment area was small
(a square of side 80 lm), the effect of curvature had to be
eliminated to accurately quantify the surface roughness
and the motif analysis procedure implemented in the Fogale
3D software was used adopting a size of shape motif of
20 lm. The root mean square surface roughness (Sq) values
were measured for ten different particles (Fig. 2(b)), and the
average values for the smooth and rough glass beads were
about 43 nm and 460 nm, respectively.

The standard mold prescribed in Japanese Geotechnical
Society (JGS) standard (JGS 0161, 2009) to measure the
maximum and minimum void ratios (emax and emin), with
a diameter (u) of 60 mm and height (h) of 40 mm, is small
relative to the maximum grain sizes tested (>2 mm). Hence,
emax and emin were acquired based on the JGS standard but
by using a larger mold (u = 80 mm, h = 60 mm). The emax

and emin values for rough glass beads were larger than those
for smooth beads, which is in agreement with Altuhafi et al.
(2016) and Otsubo and O’Sullivan (2018) (Table 1). The sil-
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ica sands which had the lowest sphericity and convexity
values are the most angular particles (Table 1 and
Fig. 1). The range of attainable void ratios (emax - emin)
for smooth glass beads, river sand, and silica sand are
0.103, 0.246 and 0.302, respectively. The variation reflects
the reduced mobility of the angular particles and their
inability to achieve denser packing (Cho et al., 2006).

For the triaxial tests, cylindrical soil specimens 75 mm in
diameter and 150 mm high were prepared using a split
mold. Dry materials were poured into the mold in five
equal layers, and side tapping was applied consistently to
each layer to control the relative density (Dr). Three clip
gauges (radial displacement transducers) were positioned
at three distinct heights (1/5, 1/2 and 4/5 of length of spec-
imen (Ls)) to compute the average radial strain during tri-
axial compression. As samples were tested under dry and
drained conditions, the volumetric strains were estimated
from the vertical strains measured by external linear vari-
able differential transducers (LVDT) and the radial strains.
The spherical particle specimens were prepared at two dis-
tinct Dr values, while the non-spherical particle samples
were tested at three Dr values, i.e. nominally dense, medium
and loose packing (Table 2).



Table 2
Initial void ratio (eo) and relative density (Dr) for monotonic loading tests.

Smooth glass beads Rough glass beads Silica sand River sand

eo 0.617 0.648 0.616 0.657 0.712 0.835 0.921 0.559 0.632 0.722

Dr (%) 72 35 88 52 90 49 21 97 67 31
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3. Laboratory test setup and data interpretation

The disk transducers (manufactured by Fuji Ceramics
Corporation) included both compression (P-) and shear
(S-) type elements as detailed in Dutta et al. (2019). This
study focuses on the S-type elements whose polarization
direction is parallel to the electrodes, generating shear
deformation. The dimensions of the piezoelectric elements
are 20 mm (diameter) � 2 mm (thick). Fig. 3 presents a
schematic of the assembly for wave velocity measurement
and the disk transducer where the S-type element touches
the specimen. The excitation wave signals were generated
using a digital function generator and amplified by a bipo-
lar amplifier. Single period sinusoidal waveforms of nomi-
nal input frequencies ranging from 5 to 30 kHz were
applied to the specimens with a double amplitude voltage
of 140 V, and the input and output voltage signals were
recorded using a multi-channel oscilloscope. The peak-to-
peak method was adopted to evaluate the arrival time for
S-wave signals as the rise points are affected by the presence
of a near-field effect (Sanchez-Salinero et al., 1986; Arroyo
et al., 2003; Yamashita et al., 2009). The Vs values obtained
from the peak-to-peak method are found to be in good
agreement with those acquired from the start-to-start
method when fin is adjusted to a dominant frequency of
the output signal (Dutta et al., 2019).

Samples were consolidated to isotropic confining pres-
sures of 50 kPa and then 100 kPa under dry and drained
conditions, and Vs measurements were performed at both
stress levels. The specimens were later compressed mono-
tonically at a strain rate of 0.0003%/s while keeping the

minor effective principal stress ðr0
3Þ constant at 100 kPa,
Fig. 3. (a) Schematic of assembly for wave measurement system (b
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and Vs measurements were conducted at selected values
of axial strain (ea). The generally accepted equation for
obtaining the small-strain shear modulus from Vs is given
as:

Go ¼ qV 2
s ð1Þ

where q is the dry sample density.
Eq. (1) is derived based on the theory of elasticity and

assuming an isotropic and homogeneous medium. How-
ever, no consensus has been achieved on the applicability
of Eq. (1) for soils subjected to shearing beyond small
strain elasticity; hence, the discussion in the present study
has been made in terms of Vs.
4. DEM simulation procedure

A modified version of the LAMMPS molecular dynam-
ics code was used for the DEM simulations (Plimpton,
1995). The particle size distribution (PSD) and single-
particle Young’s modulus (Ep), Poisson’s ratio (mp) and
specific gravity (Gs) of the as-supplied glass beads were
used. The particles were assumed to be perfectly spherical
in DEM, and a coefficient of friction (l) of 0.4 was
assumed during shearing and wave propagation. The l
value of 0.4 was selected considering particle-scale shearing
test results using both smooth and rough surface glass
beads in Cavarretta et al. (2010). The top and bottom
boundaries of the rectangular virtual specimen were rigid
walls, to represent the rigid caps in the experiments,
whereas the lateral boundaries were periodic to generate
planar elastic waves (Fig. 4). Referring to Otsubo and
O’Sullivan (2018), the S-wave excitation was generated by
) Schematic of disk-shaped transducer with the metal housing.



Fig. 4. Representative DEM sample (eo = 0.592) composed of spherical
particles. Colors indicate particle diameters.

Fig. 5. Variation of Vs with input frequency (fin) at an isotropic stress
state r

0
1 = r

0
3 ¼100 kPa.
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translating the entire bottom cap (transmitter) sinusoidally
with a double amplitude of 5 nm. A simplified Hertz-
Mindlin contact model (Itasca Consulting Group, 2007)
was used to compute the inter-particle contact forces and
the contact forces between particles and the rigid caps.
To create the DEM specimens, non-contacting spheres
were randomly generated and then compressed using a
servo-control algorithm, and gravity was not applied.
Three specimens with eo of 0.555, 0.592 and 0.615 at

r
0
1 ¼ r

0
3 = 100 kPa were prepared by using l values of

0.01, 0.05, 0.1, respectively. The mean coordination num-
bers (CN), i.e. the mean value of number of contacts per
particle, were 5.58, 5.29, 4.98, respectively. Before shearing
the samples, the l values were increased to 0.4. During
shearing, the samples were compressed axially at a strain
rate of 0.005%/s by increasing the major effective principal

stress (r
0
1Þ while keeping r

0
3 = 100 kPa. Shear wave propa-

gation simulations were performed during the monotonic
triaxial compression. No damping was included consider-
ing Mouraille et al. (2006), who reported that stress wave
velocities are not affected by damping. To estimate the tra-
vel time, the variation in shear stress on the transmitter and
receiver caps were compared.
Fig. 6. Variation of Vs with void ratio (e) at an isotropic stress state
r

0
1 = r

0
3 ¼100 kPa (dashed line is the best-fit trend line obtained for silica

sand, river sand and Toyoura sand).
5. Results and discussions

5.1. Influence of surface roughness and shapes

The influence of input frequency (fin) on the assessment
of Vs and a discussion on the accurate estimation of shear
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wave travel time were reported in Dutta et al. (2019). For
the materials considered here, the data on Fig. 5 (which
includes data for Toyoura sand specimens measured using
the same apparatus and the same method) show that when
fin varies from 5 to 40 kHz, there is a 3% variation in Vs at

r
0
1 ¼ r

0
3 = 100 kPa. A fin value of 7 kHz, which closely

matches a dominant frequency of the received signals was
adopted during the shearing process. At

r
0
1 ¼ r

0
3 = 100 kPa and eo � 0.62, Vs values for the rough

glass beads are lower than the smooth glass beads. This
observation also agrees with the findings reported in
Sharifipour and Dano (2006), Otsubo et al. (2015) and
Otsubo and O’Sullivan (2018). Santamarina and Cascante
(1998) attributed the reduced wave velocities to the soften-
ing effects of the asperities on the rough surfaces (Fig. 2(a)
illustrates the surface geometry).



Fig. 7. Variations of deviatoric stress (q) and volumetric strain (ev) with
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The variation in Vs with e for r
0
1 ¼ r

0
3 = 100 kPa is pre-

sented in Fig. 6 (including data for Toyoura sand speci-
mens). At similar void ratios, the Vs values for the sands
are larger than those of the glass beads. Yang and Liu
(2016) and Liu and Yang (2018) postulated that the higher
Vs values might be attributable to the higher CN values for
samples of angular particles when compared with samples
of spherical grains at the same p0, e, and Uc.

Numerous previous researchers (Iwasaki and Tatsuoka,
1977; Kokusho, 1980; Kuwano and Jardine, 2002; Yang
and Gu, 2013; Gu et al., 2015) have normalized Go with
a void ratio correction function (fe) proposed by Hardin
and Richart (1963):

f e ¼
ðB� eÞ2
1þ e

ð2Þ

where B = 2.17 for sands with rounded shape, B = 2.97
for sands with angular grains according to Hardin and
Richart (1963).

In this study, the B value was measured from the slope
of linear regression analysis on the Vs-e relationship follow-
ing the approach by Hardin and Richart (1963). Referring
to Fig. 6, the combined data set for the sands gives
B = 1.69 (R2 = 0.91); but, this does not apply to the spec-
imens of glass beads. For instance, the three data points for
the smooth glass bead specimens give B = 1.44, which is
lower than sands. Hence, a regression analysis considering
both the glass beads and sands could not be proposed, and
the wave velocities were not normalized with a universal
void ratio correction function.
axial strain (ea) during triaxial compression for spherical particles (a)
smooth glass beads (b) rough glass beads.
5.2. Stress–strain characteristics

The variations of both deviatoric stress (q) and volumet-
ric strain (ev) with axial strain (ea) for the materials tested
are illustrated in Figs. 7 and 8. The volumetric strain values
are not reported to the end of shearing because of the lim-
ited measurement capacity of the clip gauges. The clip
gauges had to be detached to prevent breakage of the strain
gauges. However, the measurement of volumetric strains in
the pre and post phase transformation region, which is of
the major interest of this research, could be achieved using
clip gauges. Referring to Fig. 7(a), a significant amount of
stick–slip is observed for the smooth glass beads, which
was also reported in Nasuno et al. (1998). In contrast,
stick–slip is absent in case of the rough glass beads
(Fig. 7(b)), suggesting that the stick–slip phenomenon is
induced by slippage at the inter-particle contacts. The
rough glass bead specimen with Dr = 52% exhibits a qmax

of 187 kPa, which is almost equal to the qmax of the smooth
glass beads with Dr = 72%. This highlights that even
though Vs is greater for smooth spherical particles at a
given void ratio (Fig. 6), qmax is considerably higher for
the rough particles, due to better interlocking of the asper-
ities on the rough surfaces. The qmax values of the sands are
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substantially higher than glass beads (Fig. 8) probably due
to enhanced interlocking between angular shapes of grains.
5.3. Vs measurements during triaxial compression

The variations of Vs with ea for specimens of smooth
and rough glass beads are presented in Fig. 9, while the
equivalent sand data are presented in Fig. 10. Comparing
Fig. 9(a) and 9(b), the Vs values initially increase slightly
with increasing ea up to 0.07% and 0.1% for the smooth
and rough glass beads, respectively. For the smooth glass
beads, the increases in peak S-wave velocity (Vs,peak) as
compared to the isotropic cases are 2% and 6% for speci-
mens having eo = 0.648 and 0.617, respectively. For the
rough glass beads, the rises in Vs,peak as compared to isotro-
pic cases are 4.5% and 7% for samples having eo = 0.657
and 0.616, respectively. However, subsequent increases in
ea lead to a monotonic reduction in Vs. While the Vs values
for rough glass beads are about 4% lower than the smooth
glass beads’ Vs values at the start of shearing; the difference
becomes more marked (about 21%) at ea � 4%, i.e. the
rough glass beads exhibit a more significant reduction in



Fig. 8. Variations of deviatoric stress (q) and volumetric strain (ev) with
axial strain (ea) during triaxial compression for non-spherical materials (a)
silica sand (b) river sand.

Fig. 9. Evolution of shear wave velocity (Vs) with axial strain (ea) during
triaxial compression for spherical particles (a) smooth glass beads (b)
rough glass beads.
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Vs compared to the smooth equivalents during shearing.
For the silica sand, the increases in Vs,peak compared to
the initial isotropic case are 15%, 6% and 4% for specimens
having eo = 0.921, 0.835 and 0.712, respectively (Fig. 10
(a)). On the other hand, for the river sand, the rises in
Vs,peak in comparison to the initial isotropic Vs are 4%,
9% and 12% for specimens having eo = 0.722, 0.632 and
0.559, respectively (Fig. 10(b)). The small initial increase
in Vs with ea which is observed for both glass beads and

sands (Figs. 9 and 10) can be attributed to the rise in r
0
1

and thus, the increase in p0 (Stokoe et al., 1985). However,
with further increases in ea, the fabric of the sample evolves,
which probably causes a reduction in Vs even though

r
0
1r

0
3

� �0:5
increases.

For specimens prepared at different eo, Vs values during
shearing tend to approach one another and have similar
values (merge) at a large axial strain level. For the glass
bead samples, the merging of the Vs data happens at ea �
0.5%, while for the sand samples, this phenomenon hap-
pens measurably more slowly and takes place at ea > 7%.
The merging of the Vs values for specimens with different
initial densities is illustrated in Fig. 11 where the
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time-domain responses of the river sand at three distinct
stages of shearing, corresponding to points A, B and C
annotated in Fig. 10(b) are presented. In Fig. 11, time is
divided by Ls to isolate the effect of specimen length during
the shearing process. The measurable difference of the S-
wave arrival times due to eo at the initial stage (point A)
becomes significant at the peak state (point B), i.e. Vs,peak;
but, the time-domain responses become similar at the end
of shearing (point C) irrespective of eo. Both the amplitude
and the overall shape of received S-wave signals for the
three specimens are remarkably identical once the merging
phenomenon takes place.
5.4. Variation in Vs with anisotropic stress

Previous researchers have established that Vs depends
on the stress components in both the directions of propaga-



Fig. 10. Evolution of shear wave velocity (Vs) with axial strain (ea) during
triaxial compression for non-spherical materials (a) silica sand (b) river
sand.

Fig. 11. Time-domain responses for river sand normalized by length of
sample (Ls) at (a) point A (b) point B (c) point C during triaxial
compression annotated in Fig. 10(b).

Fig. 12. Variations of shear wave velocity (Vs) with anisotropic stress
states during triaxial compression for spherical materials (a) smooth glass
beads (b) rough glass beads.
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tion and oscillation, and these two stress components have
comparable influences on Vs (Hardin and Black, 1966;
Stokoe et al., 1985). In this study, the propagation and

oscillation directions correspond to the directions of r
0
1

and r
0
3, respectively. The variation of Vs with the geometric

mean of these stresses r
0
1r

0
3

� �0:5
is illustrated in Figs. 12 and

13. The dashed lines for the isotropic confinement case out-
lined in Figs. 12 and 13 were obtained by extrapolating the
data points at isotropic stress states of 50 and 100 kPa that
were measured prior to shearing of the specimens. For the
anisotropic stress state, the variation of Vs diverges from
that of the isotropic stress line. This deviation is caused

not only due to an increase in r
0
1; but also due to the change

in the fabric initiated by shearing. The phase transforma-
tion points (PTP) that mark the onset of dilation of the
specimens have been indicated by means of bold arrows
in Figs. 12 and 13. The Vs values for the samples prepared
at different Dr values again demonstrate a trend of merging



Fig. 13. Variations of shear wave velocity (Vs) with anisotropic stress
states during triaxial compression for non-spherical materials (a) silica
sand (b) river sand.

Fig. 14. Variation of deviatoric stress (q) and volumetric strain (ev) with
axial strain (ea) during triaxial compression for DEM simulations.
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as shearing progresses. For the sands, the Vs values clearly
reduced once the PTP has been attained. Referring to
Fig. 12(a) and 12(b), the drop is more marked for the rough
glass beads in comparison to the smooth glass beads. Con-
sidering the dense and medium dense cases of sands
(Fig. 13(a) and 13(b)), the drop in Vs from Vs,peak is greater
for the case of river sands when compared to the silica sand
specimens. The significant post-peak softening observed in
the stress strain responses of rough glass beads and river
sands (Fig. 7(b) and 8(b), respectively) is probably the rea-
son for the considerable drop in Vs from Vs,peak for those
two materials. However, this drop can also be caused by
the reduction in the CN, which cannot be measured from
the laboratory tests.

In this contribution, four types of coarse-grained granu-
lar materials were tested. In a separate series of experi-
ments conducted on fine sands, Vs measurements were
carried out on Toyoura sand under triaxial compression.
A similar behavior is observed on the evolution of Vs dur-
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ing triaxial compression, supporting the applicability of the
present test results to a wide variety of sandy soils.
5.5. DEM simulation results

Fig. 14 gives the q-ea and ev-ea relationships up to ea of
2% for three DEM specimens having different eo values.
As there is no specific standard available to estimate the
emax and emin values in DEM simulation, the DEM samples
are identified in terms of void ratio alone. The lower q val-
ues recorded for the DEM simulations in comparison to
the experiments can be partially ascribed to the difference
in boundary conditions. The laboratory samples will expe-
rience the effect of the membrane (no correction was
applied); there is finite friction between the particles and
the top and bottom platens; and the experimental samples
will undergo bulging. The physical glass beads are not com-
pletely spherical, having sphericities between 0.930 and
0.946 and convexities between 0.983 and 0.990. Further-
more, the interparticle friction coefficients were not cali-
brated to match the actual value due to unavailability of
interparticle shearing apparatus (Cavarretta et al., 2010;
Senetakis et al., 2013). The accurate measurement of inter-
particle friction coefficient is challenging and is beyond the
scope of the present paper. Ng (2004) also observed lower
peak strength when periodic boundaries rather than hydro-
static boundaries were used in DEM simulations. Conse-
quently, the DEM and experimental data are not directly
comparable. Rather the DEM simulation data are included
to provide a particle-scale, fundamental explanation for the
observed experimental trends. The rate of change in q with
ea is very high up to ea = 0.05%; subsequently, there is still a
strain hardening response, but the slope is more gradual.
Referring to Fig. 15(a), the merging of the Vs values for rel-
atively small values of ea is evident for the three specimens
prepared at different eo, although the stress–strain response
does not merge for ea up to 2%. In the case of the DEM
simulations, the Vs,peak is observed at ea of about 0.01%.



Fig. 15. Evolution of (a) shear wave velocity (Vs) and (b) mean
coordination number (CN) with axial strain (ea) during triaxial compres-
sion for DEM specimens.

Fig. 16. Evolution of (a) shear wave velocity (Vs) and (b) mean
coordination number (CN) with void ratio (e) during triaxial compression
for DEM specimens.
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The reason that Vs merges prior to q can be ascribed to the
merging of CN at ea = 0.2% (Fig. 15(b)). This earlier con-
vergence of CN compared to the stress–strain response was
also detected by Thornton (2000). Initially, the CN values
drop as ea increases, but due to the increase in the

r
0
1r

0
3

� �0:5
, the Vs shows an initial small increase. However,

at higher ea, the increase in r
0
1r

0
3

� �0:5
is compensated by

the considerable reduction of CN, resulting in the observed
decline in Vs values. The drop in CN is significant up to ea
of about 0.5%, but as shearing progresses, CN tends to
reach a stable value of around 3.8. Consequently, a reason-
ably constant Vs value of about 230 m/s is detected at a
strain level of around 0.5%. Previous authors, (Lu and
Frost, 2010; Jiang et al., 2018; Zhao et al., 2017) who con-
sidered DEM simulations with non-spherical particles, also
reported a drop in the CN with increasing axial strain prior
to the CN attaining a stable (critical) value. Consequently,
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although only simulations with spherical particles were car-
ried out in the present study, it is reasonable to conclude
that the findings are also relevant for non-spherical parti-
cles. Obviously, there is still scope to explore particle shape
effects in the future DEM simulations that can investigate
the variation in Vs during triaxial compression for non-
spherical particles.

The typical relationship between Vs and e, which is usu-
ally developed for intact specimens is no longer applicable
after the commencement of shearing (Fig. 16(a)). For a
given controlled specimen preparation method, there exists
a consistent relationship between CN and e for a given PSD
of spherical particles (Otsubo, 2016). However, this rela-
tionship no longer holds when the material is subjected
to shear deformation (also reported by Barreto and
O’Sullivan (2012)); resulting in the convergence of CN to
a constant value although the change in e is insignificant
(Fig. 16(b)). The variation of Vs with CN during the pro-
cess of triaxial compression is depicted in Fig. 17. At the



Fig. 17. Shear wave velocity (Vs) and CN relationship during monotonic
triaxial loading for DEM simulations.

Fig. 18. Variation of shear wave velocity (Vs) with anisotropic stress states
during triaxial compression for DEM simulations.

Fig. 19. Relationship between axial strain at maximal Vs ðeVs;peaka ) and axial
strain at phase transformation (ePTPa ) (two eVs;peaka values that bound the true
maximal Vs are plotted at each test case).
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initial stages of shearing, Vs slightly increases with decreas-
ing CN (Fig. 15(a)). However, as shearing progresses, Vs

and CN both drop, and their trend is almost linear.

The deviation of the Vs- r
0
1r

0
3

� �0:5
relationship from the

isotropic case during triaxial compression is confirmed
from the DEM simulations (Fig. 18). The relationship
between ea at Vs,peak (eVs;peaka ) and ea at minimum volumetric
strain (ePTPa ), i.e. the turning point from compression to
dilation (i.e. at PTP) is plotted in Fig. 19 for experiments
(including data of finer silica sand and non-spherical glass
beads) and DEM data. As Vs is recorded at various discrete
strain levels, a range of ea is provided for each Dr, within
which the peak value of Vs exists. For the spherical parti-
cles (glass beads and DEM data), eVs;peaka is slightly lower
than ePTPa . However, for the non-spherical particles includ-
ing smooth non-spherical glass beads (Dutta, 2019), a rea-
sonably good agreement between eVs;peaka and ePTPa has been
detected; indicating that Vs for the non-spherical particles
drops once the sample starts exhibiting dilative behavior.
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5.6. Interpretation and limitation of the present data

This study has investigated S-wave propagation in intact
and sheared/deformed soil, which has not been comprehen-
sively examined in the past research. In geotechnical earth-
quake engineering, Vs is a key parameter in seismic site
response analysis. The test results have indicated that the
measurement of Vs is greatly dependent upon the load-
deformation history present in the intact soil specimen.
Moreover, the experimental results demonstrated that
grain characteristics (such as roughness, shapes, etc.) also
influence the shear wave propagation in granular soils.

As detailed above, the three major factors that govern
the evolution of Vs during triaxial compression are the
stress state, packing density and CN. At the beginning of
shearing, i.e. in the contraction region, the CN drops,
whereas the major principal stress tends to show a gradual
increase and there is a slight increase in density. This causes
an increase in Vs measured in the direction of the major
principal stress axis at the initial stages of shearing. How-
ever, once the specimen experiences subsequent dilation,
both the packing density and the CN drop. Subsequently,
the increase in the major principal stress is not sufficient
to bring about a rise in Vs and hence, the Vs tends to
decrease. At large axial strain levels, the Vs values of the
specimens with different initial densities tend to approach
one another and have similar values as the three major fac-
tors (CN, density and stress state) for the different speci-
mens also tend to approach one another.

The present study focusses on the testing of granular
soils in their dry state to understand their fundamental
behavior. Under drained conditions, dry and fully satu-
rated specimens can be expected to show a similar response
during the quasi-static triaxial loading for the tested
coarse-grained materials. For partially saturated or
unsaturated soils, the matric suction encountered in such
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coarse-grained soils with no fines content will be relatively
low. However, future research can explore the influence of
matric suction on the Vs evolution by changing the design
of the top cap and bottom pedestal of the triaxial appara-
tus by following the method detailed in Suwal and Kuwano
(2018).

6. Conclusions

This study has considered the variation of Vs during
monotonic triaxial compression for four types of cohesion-
less granular materials using planar piezoelectric transduc-
ers. The following conclusions can be drawn from the
experimental results for the tested materials and given test-
ing method:

1) At similar void ratio, Vs is larger for sands than glass

beads at r
0
1 ¼ r

0
3 state. The optimal B values to use in

the void ratio correction function proposed by
Hardin and Richart (1963) were found to be 1.44
and 1.69 for the glass beads and the sands,
respectively.

2) For spherical particles, an increase in surface rough-

ness reduces Vs at r
0
1 ¼ r

0
3 state but increases qmax

at a given eo. As axial strain increases, the decrease
in Vs for rough glass beads becomes more significant
in comparison to the smooth glass beads response.

3) For a given granular material, the Vs values for sam-
ples prepared with different initial void ratios tend to
approach one another and merge at large axial strain.
For spherical beads, the rate of merging of Vs hap-
pens at relatively small levels of deformation (at ea�
0.5%), while for sands, the Vs tends to merge rela-
tively slowly at ea higher than 7%.

4) For non-spherical granular materials, the axial strain
at Vs,peak is comparable to the axial strain at which
changes in the fabric of the specimen take place, i.e.
the sample starts exhibiting a dilative behavior.

To gain additional insight into the micromechanical
aspects, complementary DEM analyses using perfect
spheres were also conducted and the following conclusions
can be made:

1) The Vs-e relationship that is apparent for intact spec-
imens does not hold as shearing progresses.

2) DEM data revealed that for samples prepared with
different initial densities, the earlier merging of the
Vs data as compared to the deviatoric stresses is
attributed to the earlier convergence of CN. A close
relationship between Vs and CN exists during
shearing.

3) The CN reduces with increased axial strain, but there
is an initial sharp increase in the Vs values in the con-
traction region due to the increase in mean stress and
packing density. However, after phase transforma-
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tion, the rise in the major principal stress is inade-
quate to offset the rapid decrease of CN and
packing density, causing a substantial reduction in
Vs.
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