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Abstract

For the accurate design of geotechnical structures subjected to static and dynamic loadings, precise estimation of elastic wave veloc-
ities and hence, small strain stiffness of soil is essential. However, the interpretation of elastic wave velocities propagating in deformed/
sheared soil has not been comprehensively explored. In this research, shear (Vs) and compression wave velocity (Vp) measurements have
been undertaken on three kinds of uniformly graded sands during drained triaxial compression by keeping minor principal stress con-
stant. Planar piezoelectric transducers have been used to overcome the limitations associated with the more commonly used bender ele-
ments, such as distortion of transducers during specimen shearing. This technical note reveals that the increase of major principal stress
in the wave propagation direction has a more significant influence on Vp in comparison to Vs. The axial strain (ea) at which peak Vs is
noted is comparable to the ea at which specimen dilation or phase transformation takes place. The Vs values show a substantial drop after
phase transformation, although there is an increase in the mean stress level. However, Vp increases even after specimen dilation takes
place, and it is the major principal stress that dictates its evolution during triaxial compression. Moreover, for a given material and initial
stress level, elastic wave velocities of specimens prepared at different initial densities approach one another during shearing and later
merge at a large ea.
� 2021 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 measurement of elastic wave velocity and
hence, small strain stiffness of soil is essential for designing
foundations, earth dams, deep excavations, tunnels etc.
Due to the relative ease of installation, piezoelectric devices
such as bender elements (BEs) pioneered by Shirley &
Hampton (1978) are widely deployed to measure shear
wave velocities of soils (Dyvik & Madshus, 1985;
Viggiani & Atkinson, 1995; Lee & Santamarina, 2005;
https://doi.org/10.1016/j.sandf.2021.02.002
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Gu et al., 2015). However, owing to their invasive nature,
past studies have described certain limitations of this tech-
nique and proposed the use of planar piezoelectric trans-
ducers (e.g., Brignoli et al., 1996; Suwal and Kuwano,
2013; Dutta et al., 2019). Moreover, BEs are not suitable
for performing wave measurements of soils subjected to tri-
axial compression, because of the possibility of distortion
of the BEs during shearing, and non-uniform deformation
of the soil specimen around the BEs.

The influence of anisotropic stress state on elastic wave
velocity and small strain stiffness of soil was explored by
past researchers. Lawrence (1965) concluded that shear
wave velocity (Vs) of Ottawa sand is slightly sensitive to
the deviatoric stress (q) and is predominantly influenced
Japanese Geotechnical Society.
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Nomenclature

a,b,c Fitting parameters of Eq. (3)
B Skempton’s pore pressure parameter
C Constant in void ratio correction function (Eq.

(2))
BEs Bender elements
D50 Median particle size
Dr Relative density
DTs Disk shaped piezoelectric transducers
e Specimen void ratio
emin Minimum void ratio
emax Maximum void ratio
eo Initial void ratio
E Specimen Young’s modulus
ea Axial strain
er Radial strain
ev Volumetric strain
fin Input frequency
fe Void ratio correction function (Eq. (2))

G Specimen shear modulus
Go Small-strain shear modulus
h Specimen height
LT Travel length of propagating wave
p0 Mean effective stress
ptp Peak-to-peak method
PTP Phase transformation point
u Diameter
q Deviatoric stress
sts Start-to-start method
r

0
pro Effective principal stress in propagation direc-

tion
r

0
osc Effective principal stress in oscillation direction

r
0
1 Effective major principal stress

r
0
3 Effective minor principal stress

TT Travel time of propagating wave
Vp Compression wave velocity
Vs Shear wave velocity
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by mean effective stress (p0) and void ratio (e). Roesler
(1979) reported that Vs is influenced by the stresses in both
directions of wave propagation and particle motion, but
the effect of out-of-plane stress component is negligible.
Tatsuoka et al. (1979) concluded that during triaxial com-
pression at a constant p0 in a torsional shear device, the

effect of stress ratio (axial stress/radial stress, r
0
1/r

0
3) on

the small strain shear modulus (Go) of Toyoura sand is

insignificant at r
0
1/r

0
3 < 4. Yu & Richart (1984), by perform-

ing resonant column tests on sands, observed a reduction
of Go of about 20–30% with increasing stress ratio; how-

ever, such a drop is minimal at r
0
1/r

0
3 < 2. Hoque &

Tatsuoka (1998) stated that Young’s modulus (E) of gran-
ular materials is a function of normal stress in the direction
of increase of major principal strain. Kuwano & Jardine
(2002) mentioned that Vs of granular materials drops at a
stress ratio higher than 2.2. By performing constant p0

shear tests using hollow cylinder and triaxial apparatus
equipped with BEs and local deformation transducers
(LDTs), Chaudhary et al. (2004) observed a reduction of
both E and shear modulus (G) of Toyoura sand specimen
after phase transformation, i.e. after specimen moves from
contraction to dilation regime. A significant reduction in Vs

of Fraser river sand was reported by Styler and Howie
(2014) once the specimen evolves from contractive to dila-
tive phase. Payan et al. (2016) stated that for a given p0, Vs

for anisotropic stress conditions is larger than Vs for isotro-
pic stresses. By performing extender element tests on sands,
Senetakis et al. (2017) reported a similar observation as
Payan et al. (2016) from compression wave velocity (Vp)
measurements. Dutta et al. (2020b) demonstrated that the
evolution of Vs during triaxial compression is governed
by the mean coordination number, i.e. the number of con-
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tact points per particle, of the packing using discrete ele-
ment method simulations.

However, there is limited research available on the con-
tinuous monitoring of both Vs and Vp during drained triax-
ial compression of sands. Dutta & Otsubo (2019) briefly
presented the variations of both Vs and Vp during triaxial
compression tests. Building on Dutta & Otsubo (2019), this
technical note describes an extended experimental investi-
gation on the simultaneous measurement of Vs and Vp dur-
ing drained triaxial compression of three kinds of sands
using disk-shaped piezoelectric transducers (DTs) to iden-
tify the influence of shearing history on the propagating
stress waves.
2. Material properties and test setup

The laboratory tests were performed on three different
uniformly graded sands, i.e. Toyoura sand, Kashima river
sand and silica sand, having median particle sizes (D50) of
0.24 mm, 1.72 mm, and 1.8 mm, respectively (Fig. 1).
Although all three sands have a high degree of silica con-
tent, the term ‘silica sand’ is generally used in Japan to refer
to the artificially produced sands from the quarry. On the
other hand, Toyoura sand and Kashima river sand (later
referred to as river sand) are naturally deposited by sea
and river, respectively. From scanning electron microscope
(SEM) images, the shapes of Toyoura sand, river sand and
silica sand are sub-angular, sub-rounded and sub-angular,
respectively. In this technical note, the full data set has
been provided for Toyoura sand, and the data for river
sand and silica sand are used to validate the generality of
the observed experimental trends. Table 1 presents the
material properties of the tested sands. The minimum (emin)



Fig. 2. Test setup (a) Schematic of disk transducers (DTs) inside metal
housing of bottom pedestal (b) Soil specimen with attached radial
deformation gauges.Fig. 1. Grain size distribution of three tested sands.
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and maximum void ratios (emax) of the tested sands are
obtained following the Japanese Geotechnical Society
(JGS) standard (JGS 0161, 2009), but by using a larger
sized mould having a diameter (u) of 80 mm, and height
(h) of 60 mm to accommodate coarse sands.

The DTs were composed of shear (S-) and compression
(P-) types of piezoelectric elements combined on either side
of an acrylic disk and were placed inside a hollow stainless-
steel cylinder and supported by epoxy glue and silicone
(Fig. 2a); the same design was used in Dutta et al. (2019).
The polarization of P-type disks is perpendicular to the
direction of electrodes, whereas S-disks are polarized paral-
lel to the electrodes’ direction. The hollow stainless-steel
cylinders with DTs were carefully installed to the top cap
and bottom pedestal of a standard triaxial apparatus.
The piezoelectric disks have u = 20 mm and thickness of
2 mm. Referring to Fig. 3, the sinusoidal waveforms were
produced by a digital function generator and were later
amplified by using a bipolar amplifier to ±70 V. The aug-
mented excitation signals were sent to the transmitter ele-
ments of the DTs. The transmitted and received signals
were recorded using an oscilloscope at a sampling interval
of 2 � 10�6 s.

The triaxial setup used in this research has a specimen
size of u = 75 mm and height (h) = 150 mm (Fig. 2b).
The specimen preparation was carried out in a split mould,
and gentle side tapping was given to the mould to compact
the specimens to the target relative density (Dr). Three
radial displacement transducers (clip gauges) were placed
Table 1
Properties of tested materials.

Toyoura sand River sand Silica sand

Specific gravity 2.64 2.62 2.64
Minimum void ratio 0.569 0.552 0.681
Maximum void ratio 0.936 0.798 0.983
Median particle size (mm) 0.24 1.72 1.80
Uniformity coefficient 1.36 1.28 1.29

543
at three distinct elevations: 1/5, 1/2 and 4/5 of the specimen
height and the average radial strain was used to process the
data. The specimens were prepared at three Dr values, i.e.
nominally dense, medium dense and loose cases. Initially,

samples were subjected to isotropic stress states ðr0
1 ¼ r

0
3Þ

of 50 kPa and 100 kPa under dry and drained conditions,
where Vs and Vp were measured at both the stress levels.
Later, the samples were monotonically sheared by increas-

ing the major principal stress ðr0
1Þ at a rate of 0.0003%/s by

keeping the minor principal stress ðr0
3Þ constant at 100 kPa.

At selected axial strain (ea) levels, Vs and Vp measurements
were performed simultaneously without stopping the triax-
ial loading.

The volumetric strain (ev) of the soil specimen is gener-
ally measured from the volume of water exiting or entering
the specimen during drained triaxial compression test. For
this purpose, the specimen has to be fully saturated, i.e. to
achieve Skempton’s pore pressure parameter (or B value)
of about 0.99. However, for specimens having B value of
about 0.99, the Vp values correspond to that of a combined
soil-water system (1666–1697 m/s) (Emerson & Foray,
2006; Naesgaard et al., 2007; Kumar and Madhusudhan,
2012), and it is challenging to accurately measure Vp of
the soil skeleton. Hence, the sand specimens were tested
in their dry state and ev values were computed using Eq.
(1) (Farooq et al., 2004; Enomoto et al., 2016; Sato and
Kuwano, 2018):

ev ¼ ea þ 2er ð1Þ
where ea = axial strain measured using linear variable dif-
ferential transducers (LVDT), and er = radial strain mea-
sured using clip gauges.
3. Data interpretation

Two conventional methods for estimating the travel
time (TT) from time-domain responses are peak-to-peak



Fig. 3. Two different methods for determining the travel time (TT) of S-wave signals.

Fig. 4. Variations of S-wave velocity, Vs, and P-wave velocity, Vp, with
excitation frequency, fin, for Toyoura sand specimens.

Fig. 5. Variations of S-wave velocity, Vs, and P-wave velocity, Vp, with
void ratio, e, for an isotropic stress state of 100 kPa.
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(ptp) and start-to-start (sts) methods (Fig. 3). Yamashita
et al. (2009) recommended that input frequency (fin)
should be selected such that ptp and sts methods give
comparable wave velocities. Fig. 4 depicts the variation

of Vs and Vp with fin from the two methods at r
0
1 =

r
0
3 = 50 kPa and 100 kPa for Toyoura sand specimens.

Considering a typical range of fin from 5 kHz to
20 kHz for stress wave measurements, adopting ptp
method significantly overestimates Vp values in compar-
ison to sts method at lower fin, whereas the sts method
showed a stable Vp value. This discrepancy increases sub-
stantially with the reduction in initial void ratio (eo) and
an increase in stress state at lower fin values of up to
15 kHz (Fig. 4). Hence, sts method has been used for
Vp measurement in this study. Both ptp and sts methods
give almost comparable Vs values (Fig. 4); here, ptp
method was used to reduce the effect of near-field compo-
nent (Sanchez-Salinero et al., 1986) that appeared to
amplify as shearing progresses. Dutta et al. (2020a)
showed that both time-domain methods (i.e. ptp and
sts) and cross-correlation methods give comparable Vs

values when fin coincides with one of the dominant fre-
quencies of the received signal. Thus, fin of 7 kHz was
adopted during the triaxial loading. The wave velocity
values were determined as the ratio of travel length (LT)
to TT.
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4. Results and discussions

4.1. Vs and Vp with void ratio at isotropic stress states

Referring to Fig. 5, the variations of Vs and Vp with void

ratio (e) at r
0
1 ¼ r

0
3 state can be approximated by a linear

relationship of the form given below (Hardin & Richart,
1963):

f e ¼ C � e ð2Þ
where C = 2.17 and 2.97 for rounded and angular sand
grains from Vs measurements, according to Hardin &
Richart (1963). In the present study, for the three tested
sands under a specific sample preparation method, the C

values for Vs and Vp are obtained as 1.70 and 1.73, respec-
tively from Fig. 5, where Vs and Vp seem to follow a similar

evolution with e at r
0
1 ¼ r

0
3 state.
4.2. Evolution of Vs and Vp during triaxial compression

The deviatoric stress (q) � ea and ev � ea responses of
Toyoura sand are shown in Fig. 6. The phase transforma-
tion points (PTP) where the specimen moves from contrac-
tion to dilation phase are also marked in Fig. 6. A
maximum q of about 425 kPa is recorded for the nominally



Fig. 6. Deviatoric stress, q, vs. axial strain, ea, responses of Toyoura sand
specimens.

Fig. 7. Variations of (a) S-wave velocities, Vs (b) P-wave velocities, Vp (c)
Vp/Vs, with axial strain, ea, for Toyoura sand specimens.
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dense specimen (Dr = 74%). At ea � 8%, due to the forma-
tion of a shear band or strain localization, a significant
strain-softening response is evident for the dense case. On
the other hand, for specimens having Dr of 37% and
13%, a strain hardening behaviour was observed without
the formation of shear band, and q values approach the
dense case at a large ea.

The Vs values of the dense case show a sharp rise with
the increase in ea of up to 0.28% and drop rapidly with sub-
sequent increase in ea (Fig. 7a). For medium dense case
(Dr = 37%), the Vs values increase with the increase in ea
of up to 0.59%, but with further increase in ea, the Vs values
reduce gradually. The Vs values of the loose case increase
with the rise in ea of up to 1.59% but later stay constant
at higher ea. The increase in peak Vs in comparison to
the Vs at the isotropic stress state are 14.7%, 9.7%, and
11.3% for Toyoura sand specimens having Dr of 13%,
37% and 74% respectively. Moreover, it can be noted that
for a given sand, the Vs values of specimens with different
initial Dr tend to approach one another and then merge at a
large ea. The overall variation of Vs with ea for Toyoura
sand is comparable with that of river sand and silica sand
used in this study, as reported in Dutta et al. (2020b).

Referring to Fig. 7b, the increases in Vp from the initial
isotropic to the peak value are about 43%, 40%, and 28%
for Toyoura sand specimens having Dr of 13%, 37% and
74%, respectively. From Fig. 7b, the ea values at which
Toyoura sand specimen shows the peak Vp are 1.8%,
2.5% and 5.2%, respectively for specimens having Dr of
13%, 37% and 74%, respectively. However, unlike Vs, a
perfect merging of the Vp values was not noticed; dense
case of Toyoura sand shows a rather higher Vp value even
at large ea. This may perhaps be attributed to the strain
localization, which was evident at ea of about 8% for the
dense case of Toyoura sand. It should be noted that for
coarser grains such as river sand and silica sand, where
the shear band was not observed, a reasonably better con-
vergence of Vp was detected (Dutta, 2019).
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Referring to Fig. 7c, for the tested range of ea (<12%),
an asymptotic relationship of the form given by Eq. (3)
can be used to estimate the ratio of Vp to Vs from ea.

V p

V s
¼ a� bcea ð3Þ



Table 2
Fitting parameters of Eq. (3) for all three tested sands.

Material a b c R2

Toyoura sand 2.29 0.56 0.43 0.95
River sand 2.83 0.93 0.42 0.96
Silica sand 2.84 0.84 0.45 0.95

Fig. 8. S-wave time-domain responses for Toyoura sand specimens at
point A, point B and point C during triaxial compression, annotated in
Fig. 7a. The first major peaks of S- waves are indicated with arrows.
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where a, b and c are fitting parameters, which are provided
in Table 2 for all three tested sands along with the coeffi-
cient of determination (R2) values.

Fig. 8 depicts the S-wave time-domain responses of Toy-
oura sand specimens at isotropic state (A), peak Vs state
(B) and end of shearing state (C) as annotated in Fig. 7a.
To eliminate the influence of LT during shearing, the time
is divided by LT for each case. The received time-domain
responses of specimens having different initial Dr exhibit
Fig. 9. Variations of S-wave velocity, Vs, and P-wave velocity, Vp, with
void ratio, e, during triaxial compression of Toyoura sand specimens.
Isotropic lines of Vs and Vp are obtained from Fig. 5.
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a measurable difference at isotropic (A) and peak Vs states
(B), where denser specimen gives earlier arrival of S-wave.
However, the time-domain responses, including arrival
times and amplitudes of S-wave signals, become almost
identical at C.

The variations of Vs and Vp with e during triaxial com-
pression of Toyoura sand is presented in Fig. 9. The lines

for the r
0
1 ¼ r

0
3 states for the three tested sands which are

obtained from Fig. 5 are also shown in Fig. 9. Although
the reduction in e is small before phase transformation,

Vp shows a substantial rise due to the increase in r
0
1. The

dense and medium dense cases show a softening behaviour
after attaining a peak Vp value. The Vs increases when the
specimen contraction takes place, but after phase transfor-
mation, when the specimen dilation happens, Vs drops sub-
stantially with the increase in e. Dutta et al. (2020b)
revealed that there exists an almost linear relationship
between the ea at peak Vs and ea at phase transformation,
which can be applicable for Toyoura sand specimens pre-
sented here.
4.3. Variations of Vs and Vp with stress state

The variations of Vs and Vp with the geometric mean of

stresses in the directions of wave propagation (r
0
pro) and

oscillation (r
0
osc) are presented in Fig. 10. For P-waves,

the direction of wave propagation and the direction of
oscillation coincide. The dashed lines which represent the

cases for r
0
1 ¼ r

0
3 were developed by extrapolating the data

points for 50 kPa and 100 kPa isotropic confinement cases
that were recorded prior to shearing. For all three tested
sands, the Vs increases with the increase in the anisotropic
stress level up to PTP, and once specimen dilation takes
place, a significant reduction in Vs is detected. The diver-

gence of Vs for the anisotropic stress states from r
0
1 ¼ r

0
3

cases happens slightly before phase transformation for all
three sands. A significant deviation of Vp for anisotropic

stress state from r
0
1 ¼ r

0
3 condition is noted for Toyoura

sand specimens having Dr of 13% and 37%. For dense Toy-
oura sand (Dr = 74%), the Vp evolution is almost similar

for both anisotropic stress and r
0
1 ¼ r

0
3 states. On the other

hand, for loose river sand (Dr = 31%) and silica sand
(Dr = 21%), Vp for anisotropic stress state diverges from

r
0
1 ¼ r

0
3 cases, although the medium dense and dense cases

depict an almost comparable evolution with both the stress
conditions. Moreover, Vp is not significantly influenced by
PTP, i.e. a significant rise in Vp is recorded even after spec-
imen dilation takes place. The reduction in Vp is noticed
when the stress–strain curves exhibit softening behaviour.
Therefore, it can be posited that during triaxial compres-
sion, Vs is more sensitive to the change in the specimen fab-
ric, whereas the evolution of Vp is more influenced by the
stress state. However, a rapid reduction of E was recorded
by Chaudhary et al. (2004) after PTP, which may probably
be attributed to the different measurement technique



Fig. 10. Evolution of S-wave velocity, Vs, and P-wave velocity, Vp, with
geometric mean stress during triaxial compression (a) Toyoura sand
specimens (b) river sand specimens (c) silica sand specimens.
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adopted in their research, i.e. application of small ampli-
tude cyclic loading. The present study is limited to the mea-
surements of Vs and Vp during drained triaxial

compression by keeping r
0
3 constant. Therefore, future

research should explore the evolution of Vs and Vp, when
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the specimen is subjected to other stress paths. Moreover,
in this study, the wave velocity measurement is performed
only in the vertical direction. To investigate the inherent
anisotropy of the tested sands, a novel assembly of vertical
and horizontal DTs for a large triaxial setup has been
developed, and the test results on the multidirectional stiff-
ness measurements were reported in Dutta et al. (2020a).

5. Conclusions

This technical note has described an experimental inves-
tigation on the evolution of Vs and Vp during drained tri-
axial compression of uniformly graded sands using DTs.
The three materials used in the experiment would cover
the range of particle size distribution for sandy soil. The
test results indicated that Vs and Vp of soil specimen is
greatly influenced by the shearing history. The following
conclusions can be drawn based on the experiments
performed:

(a) With the increase in r
0
1 along the wave propagation

direction, a substantial increase of Vp is recorded in
comparison to Vs.

(b) During the triaxial loading, Vp demonstrates a con-
tinuous increase beyond the PTP and starts to decline
when the stress–strain curve exhibits a softening
response. This indicates that Vp is less sensitive to
the change in the soil fabric when the directions of
loading and wave propagation coincide.

(c) In contrast, Vs propagating along the r
0
1 direction

drops once the specimen progresses from contraction
to dilation regime regardless of the increase in geo-
metric mean stress. This highlights the sensitivity of
Vs to the soil fabric compared to Vp.

(d) For a given material, Vs or Vp of specimens prepared
at different initial Dr approach one another and later
merge at a large ea. This trend is confirmed for the
three kinds of sands tested, covering fine sands to
coarse sands.
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