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Abstract

Cohesionless granular soils display stiffness anisotropy, and accurately characterizing it is essential for numerous geotechnical appli-
cations. The inherent anisotropic behaviour of geomaterials is not comprehensively understood; hence, research on the development of
novel geophysical testing methods for assessing multidirectional stiffness is important. This contribution presents an innovative arrange-
ment of vertical and horizontal planar piezoelectric transducers to describe the stiffness anisotropy of soils. The transducer assembly can
be used to measure nine different elastic wave velocities of a soil specimen in three directions of principal axes having a wide range of
median particle sizes. To describe the performance of the developed transducer assembly, four different types of cohesionless granular
materials: Toyoura sand, Kashima river sand, glass beads, and Oiso gravel were tested in a large-sized triaxial apparatus having a rect-
angular specimen of size 235 � 235 � 500 mm. All the tested materials displayed considerably stiffer responses in the horizontal direction
as compared to the vertical direction. Except for the coarse gravel, natural sands and glass beads demonstrated isotropic behaviour in the
horizontal direction. No significant influence of specimen dimension on the measured vertical wave velocities was detected when the large
triaxial test results and medium-sized triaxial test results were compared. The paper also provides a comparison of the vertical stiffness
evaluated using planar piezoelectric transducers with those measured statically by applying small-amplitude vertical cyclic loading.
� 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

Precise investigation of the site and assessment of the
material properties of the soil are necessary to acquire
the information relevant to the stability and deformation
of geotechnical structures. The elastic wave velocities and
small strain stiffnesses of soils are essential parameters that
are used in the design of foundations, earth dams, deep
excavations, tunnels, etc. The direct strains induced in the
https://doi.org/10.1016/j.sandf.2020.08.002
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ground under the working conditions of various geotechni-
cal structures seldom exceed 0.1% (Burland, 1989). Hence,
a sound understanding of the small strain stiffness beha-
viour is vital for the prediction of ground movements that
may influence nearby structures and buried infrastructures
(Clayton, 2011).

Cohesionless granular soils are observed to be anisotro-
pic in nature with dissimilar stiffness in the horizontal and
vertical directions. The two main reasons for stiffness ani-
sotropy are: (a) inherent anisotropy, due to the deposition
of the specimen fabric, (b) stress-induced anisotropy,
caused due to anisotropic stress states (Hoque and
Tatsuoka, 1998). Previous researchers have mounted an
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arrangement of vertical and horizontal bender elements
(BEs) (Pennington et al., 1997; Kuwano et al., 2000;
Sadek, 2006; Wang and Mok, 2008; Escribano and Nash,
2015) to measure the inherent stiffness anisotropy of soils.
However, owing to the invasive nature of bender elements,
they can cause significant disturbance of the fabric near the
place of insertion and are not suitable for coarse-grained
materials, undisturbed and cemented specimens (Brignoli
et al., 1996). Hence, planar piezoelectric transducers (also
referred to as shear plate transducers) were installed into
the top cap and bottom pedestal of conventional triaxial
apparatus to measure the small strain stiffness in the verti-
cal direction (Ismail and Rammah, 2005; Suwal and
Kuwano, 2013a; Otsubo and O’Sullivan, 2018). Neverthe-
less, there is an absence of research undertaken on the
development and utilization of planar piezoelectric trans-
ducers in the horizontal directions to quantify stiffness ani-
sotropy of soils.

This paper discusses two main contents: (a) development
of a novel arrangement of vertical and horizontal disk-
shaped piezoelectric transducers (DTs) for a large-sized tri-
axial apparatus, having specimen dimensions of
235 � 235 � 500 mm (b) assessment of stiffness anisotropy
of granular materials using DTs. The developed transducer
assembly can measure nine different elastic wave velocities
of a soil specimen in three directions of principal axes. The
use of large-sized specimens allows wave velocity measure-
ments of a wide range of particle sizes (from fine sands to
gravels). The performance of the developed transducer
assembly is demonstrated by quantifying stiffness aniso-
tropy of four different cohesionless materials with median
particle sizes (D50) from 0.24 mm to 11.8 mm. Numerous
existing literatures posited that the mechanical response
of soils evaluated by applying small-amplitude cyclic load-
ing (at a strain range around 0.002%) is elastic, and the
induced deformation is almost fully recoverable (e.g.,
Tatsuoka et al., 1995; Hoque et al., 1996). Hence, a com-
parison of vertical small strain moduli evaluated using
DTs and by applying small-amplitude vertical cyclic load-
ing is also discussed in this paper. Moreover, the influence
of specimen dimension on the measured elastic wave veloc-
ities is explored by testing the same materials in a medium-
sized triaxial apparatus having specimen size of 75 mm in
diameter (u) and 150 mm in height (H). Although numer-
ous researchers had explored the topic of stiffness aniso-
tropy of granular materials, there is a lack of consensus
amongst them, as discussed in the following section. Hence,
the present research adopts DTs to assess multidirectional
stiffness using more planar waves compared to the widely
used bender or extender elements.

2. Review of previous research

Even though orthorhombic anisotropy is assumed to be
a typical behaviour of soil element in the ground, evaluat-
ing nine independent elastic parameters is challenging, and
therefore, this model is rarely used in geotechnical research.
Instead, the cross-anisotropic model is popular to describe
the stiffness anisotropy of soils (e.g., Yimsiri and Soga,
2002). Based on continuum mechanics, cross-anisotropic
elastic models require five independent variables out of
seven to describe its compliance matrix (Love, 2013) as:
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where, e = normal strain; c = shear strain; r0 = normal
stress; s = shear stress; m = Poisson0s ratio; G = shear mod-
ulus; and E = Young0s modulus. The subscripts h and v

indicate horizontal and vertical directions, respectively.
From the symmetry of the compliance matrix, mhv=Eh=

mvh=Ev; Gvh= Ghv and Ghh = Eh
2ð1þmhhÞ.

Lee and Stokoe (1986) quantified stiffness anisotropy of
washed mortar sand in a large-scale triaxial device with a
specimen size of 2.1 m. The generation of elastic waves
was achieved by manually striking an anvil shaft at differ-
ent locations, and the waves were received by using
accelerometers. They noticed considerably stiffer response
in the horizontal direction and the average values of
Ghh=Gvh, Ghv=Gvh and Eh=Ev under an isotropic stress state
were 1.28, 1.11, and 1.20, respectively. They attributed
the discrepancy between the symmetry compo-
nentsðGhv–Gvh) of the cross-anisotropic model to experi-
mental scatter in wave measurements. Agarwal et al.
(1992) conducted wave velocity measurements using ben-
der bimorphs on glass beads and mentioned a contradic-
tory observation, i.e., Ghh=Gvh= 0.92 and Mh=Mv = 0.80,
where;Mv = vertical constrained modulus, and Mh = hori-
zontal constrained modulus. Bellotti et al. (1996) installed
miniature geophones on freshly deposited Ticino sand
which can generate and receive both P- and S-waves in
the vertical and horizontal directions. Bellotti et al.
(1996) observed that the stiffnesses in the horizontal direc-
tion (Ghh, Eh) are 20–30% greater than the vertical equiva-
lents (Gvh, Ev). Hight et al. (1997) conducted in-situ seismic
wave velocity measurements (a series of cross-hole and
down-hole surveys) on London clay and clayey silty sands.
They noticed that Ghv=Gvh = 1.11–1.25, indicating that soil
behaviour may not be cross-anisotropic. They ascribed this
inconsistency between the symmetry components to the
layering of soil.

Jiang et al. (1997) performed experiments on a crushed
sandstone in a large square prismatic specimen of size
230 � 230 � 570 mm. To measure Ev, they applied
small-amplitude vertical cyclic loading by maintaining con-
stant horizontal stress. Conversely, to determine Eh, they
utilized small-amplitude horizontal cyclic loading by keep-
ing the vertical stress constant. The vertical and horizontal
strains were measured locally by using local deformation
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transducers (LDTs). Jiang et al. (1997) observed
Eh=Ev = about 0.45 at an isotropic stress state. By utilizing
a similar approach, Hoque and Tatsuoka (1998) also
described a stiffer response in the vertical direction relative
to the horizontal direction for various granular materials.

Kuwano and Jardine (2002) evaluated cross-anisotropic
stiffness parameters, where BE tests were performed to
determine shear moduli (Gvh, Ghv, and Ghh), whereas
small-amplitude cyclic loading and unloading in the verti-
cal and horizontal directions were conducted to measure
Ev and Eh, respectively. They observed that Ghv > Gvh for
both sands and spherical beads, confirming the observation
of Hight et al. (1997); however, from the small-amplitude
cyclic loading, they found that Ev > Eh, which agrees with
the observation of Jiang et al. (1997) and Hoque and
Tatsuoka (1998).

Santamarina and Cho (2004) found that
Ghv=Gvh = 1.69–2.25 for mica and 1.23 for rice by using
BEs. Wang and Mok (2008) also described a stiffer
response in the horizontal direction as compared to the ver-
tical direction by employing a true triaxial apparatus
equipped with BEs. Wang and Mok (2008) mentioned that
for isotropic stress states, the average values of Ghv=Gvh are
1.12 for Toyoura sands, and 1.39 for rice, casting further
uncertainty on the cross-anisotropy assumption.
Escribano and Nash (2015) carried out BE measurements
in a triaxial apparatus and found that for isotropic com-
pression of Houston sand, the average value of Ghh=Gvh is
1.19 and Ghv=Gvhis 1.12.

The previous researchers attributed the discrepancy
between the symmetry components to the particulate nat-
ure of granular materials, rather than the homogenous con-
tinuum which is required for the assumption of cross-
anisotropy (Jardine, et al. 2001; Kuwano and Jardine,
2002; Sadek, 2006). On the contrary, Fioravante (2000),
by using BEs in a triaxial apparatus, reported that the sym-
metry parameters are comparable for both Kenya and
Ticino sands (Ghv=Gvh = 0.994–1.0). Hence, the inherent
stiffness anisotropy of granular materials is not comprehen-
sively understood, and research focusing on the develop-
ment of novel geophysical testing methods for assessing
multidirectional stiffness is essential.

Table 1 shows a compiled database of the previous
research conducted on the inherent stiffness anisotropy of
granular materials at isotropic stress states under different
specimen preparation techniques. As the previous studies
mostly adopted BEs to estimate elastic wave velocities,
the tested materials were limited to fine and medium-
grained soils. Therefore, the present research employs an
assembly of vertical and horizontal planar piezoelectric
transducers to quantify inherent stiffness anisotropy from
fine sands to coarse gravels.

3. Tested materials

The paper describes the experimental results of four dif-
ferent uniformly graded cohesionless granular materials:
Toyoura sand, Kashima river sand, glass beads, and Oiso
gravel, having corresponding D50 values of 0.24 mm,
1.72 mm, 1.80 mm and 11.8 mm, respectively (Fig. 1).
Table 2 shows the material properties of the tested soils.
Toyoura sand is sub-angular fine sand (Fig. 2a), having a
specific gravity (Gs) of 2.642 and the uniformity coefficient
(Uc) of 1.36. For Toyoura sand, the minimum void ratio
(emin) is 0.569, and maximum void ratios (emin) is 0.936.
Kashima river sand is a sub-rounded, coarse sand and will
be later referred to as river sand (Fig. 2b). River sand has
Gs of 2.62, Uc of 1.25, emin of 0.552, and emax of 0.798.
Glass beads (GB), which are commercially manufactured,
are relatively spherical and smooth (Fig. 2c). The Gs, par-
ticle Young0s modulus (Ep), and particle Poisson0s ratio
(mp) of GB are 2.5, 71.6 GPa, and 0.23, respectively, based
on the manufacturer-supplied datasheet. The emin is 0.582,
and emax is 0.684 for the glass beads. Oiso gravel is a sub-
rounded, medium gravel (Fig. 2d) having Gs, Uc, emin, and
emax of 2.57, 1.22, 0.480, and 0.624, respectively. Fig. 2
shows the scanning electron microscope (SEM) image of
the tested materials except for Oiso gravel, due to its con-
siderably coarser grain size. The emax and emin of the tested
sands and glass beads were measured based on the JGS
standard (JGS 0161, 2009) but by using a larger mold
(u = 80 mm, H = 60 mm). The emax and emin of the Oiso
gravel were obtained using Proctor compaction mold
(u = 150 mm, H = 125 mm). The emin was measured by
pouring the gravel in ten layers, and each layer was com-
pacted by applying 25 blows using a standard hammer of
weight 2.5 kg.

4. Testing apparatus

4.1. Development of vertical DT

The piezoelectric elements, which were industrially man-
ufactured, comprise of compression (P-) and shear (S-) type
ceramic disks having material composition of Lead Zir-
conate Titanate [Pb(Ti.Zr)O3]. The piezoelectric beha-
viour of such ceramics can be activated by supplying a
large direct current voltage between a pair of electrodes
(Brignoli et al., 1996). The P-type elements are polarized
normal to the direction of electrodes, whereas the polariza-
tion of S-disks is parallel to the direction of electrodes
(Suwal and Kuwano, 2013a). The piezoelectric disks have
u = 20 mm and thickness (t) = 2 mm. Fig. 3a schematically
illustrates the various components of the vertical DTs. Due
to the large specimen length (500 mm), for each layer of S-
and P-type elements, a circular configuration of four disks
was adopted to amplify the wave signal. A pair of four S-
disks with the direction of polarization in mutually perpen-
dicular alignment were attached by epoxy resin on either
side of an acrylic disk (t = 1 mm) to form an SS-type assem-
bly. Four P-disks were glued to an acrylic plate (t = 5 mm)
and were positioned farther from the soil specimen. To
protect the delicate cables of the piezoelectric elements, a
thin layer of epoxy resin was smeared at the connecting



Table 1
Database of inherent stiffenss anisotropy for cohesionless granular materials at isotropic stress states.

Reference Tested materials Sample preparation
method

Inherent stiffness anisotropy Testing technique

Ghh=Gvh Ghh=Ghv Ghv=Gvh Eh=Ev

Lee and Stokoe (1986)Mortar sand, D50 = 0.35 mm, Sub-angular to
sub-rounded

Air pluviation 1.28 1.15 1.11 1.20 Excited by striking and reordered using
accelerometers

Agarwal and Ishibashi
(1992)

Glass beads,
D50 = 0.215–0.256 mm, Spherical

Vibration 0.92 – – 0.80* BE

Bellotti et al. (1996) Ticino sand, D50 = 0.55 mm, Sub-angular Air pluviation 1.15–
1.20

– – 1.20–
1.30

Wave measurement using miniature geophones

Jiang et al. (1997) Well-graded crushed sandstone, D50 = 8 mm,
Sub-angular

Vibration – – – 0.45 Cyclic loading in vertical and horizontal
directions

Hoque and Tatsuoka
(1998)

Toyoura sand, D50 = 0.16 mm, Sub-angular Air pluviation – – – 0.90 Cyclic loading in vertical and horizontal
directionsTicino sand, D50 = 0.55 mm, Sub-angular – – – 0.95

Silver Leighton Buzzard sand, D50 = 0.62 mm,
Sub-angular

Vibration – – – 0.57

Hime gravel, D50 = 1.73 mm, Sub-angular Air pluviation – – – 0.59
Kuwano (1999) Ham river sand, D50 = 0.27 mm, Sub-angular Air pluviation 1.22 1.03 1.18 0.80–

0.85
BE for Go and cyclic loading in vertical
and horizontal directions for Eo

Glass beads, D50 = 0.27 mm, Spherical 1.14 1.03 1.11 0.85
Glass beads, D50 = 0.14 mm, Spherical 1.09 0.97 1.12 0.81

Fioravante (2000) Kenya sand, D50 = 0.13 mm, Sub-rounded Air pluviation 1.21 1.22 0.994 1.34* BE and compression transducers
Ticino sand, D50 = 0.55 mm, Sub-angular 1.09 1.09 1.0 1.30*

Ishibashi and Capar
(2003)

Virginia beach sand, D50 = 0.29 mm,
Sub-angular

Air pluviation – – – 0.82 BE for P- and S-wave measurements
Moist tamping – – – 0.97
Moist vibration – – – 0.97

Santamrina and Cho
(2004)

Mica –
–

–
–

– 1.69–2.25
1.23

– BE
Rice – –

Wang and Mok (2008)Toyoura sand, D50 = 0.17 mm, Sub-angular Air pluviation 1.18 1.05 1.12 – BE
Rice, Grain size = 7 � 2 � 2 mm3, Elongated 2.31 1.66 1.39 –

Escribano and Nash
(2015)

Houstan RF sand,
D50 = 0.35 mm,
Angular to sub-angular

Moist tamping 1.19 1.06 1.12 – BE

Present study Toyoura sand, D50 = 0.24 mm, Sub-angular Dry tamping 1.38 1.12 1.23 1.19 DT
(disk transducer)Kashima river sand,

D50 = 1.72 mm,
Sub-rounded

1.21 0.93 1.30 1.29

Glass beads, D50 = 1.80 mm, Spherical 1.24 0.98 1.27 1.28
Oiso gravel,
D50 = 11.80 mm,
Sub-rounded

1.66 0.96 1.73 1.62

* Ratio of horizontal constrained modulus to vertical constrained modulus (Mh/Mv).
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Table 2
Properties of tested materials.

Toyoura sand River sand Glass beads Oiso gravel

D50 (mm) 0.24 1.72 1.80 11.80
emin 0.569 0.552 0.582 0.480
emax 0.936 0.798 0.684 0.624
Gs 2.64 2.62 2.50 2.57
Uc 1.36 1.25 1.14 1.22

Fig. 2. Pictures and scanning electron microscope (SEM) images of tested
materials (a) Toyoura sand (b) River sand (c) Glass beads (d) Oiso gravel.

Fig. 1. Grain size distribution of the tested materials.
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points of the cables and the elements. The amalgamated
SS-assemblies were later mounted on the top of the P-
disks and were separated by acrylic disks (t = 1 mm) to cre-
ate a triple-layered SSP-type arrangement (Fig. 3b). In this
step, the directions of polarization of all the four SS-units
must be kept same. The top faces of S-disks of SSP-unit
were glued to an acrylic plate of t = 1 mm, and which
was later screwed to another stainless-steel disk
(u = 80 mm, and t = 8 mm). A circular stainless-steel disk
(u = 86 mm, and t = 5 mm) was screwed to an acrylic disk
(t = 5 mm), which was located behind the P-faces of the
SSP-assembly. Fig. 4 portrays the developed transmitter
assembly for measuring elastic wave velocities in the verti-
cal direction. The transmitter element is given a parallel
voltage connection to generate equal input voltage to all
the transmitting disks, while the series voltage connection
was provided to the receiving elements to acquire the max-
imum output voltage.

Before using the developed transmitter and receiver
assemblies to perform experiments, a calibration exercise
was performed to examine the time lag and polarity of each
layer of the S- and P-type elements. This can be achieved
by directly attaching the transmitter element to the receiver
element and by performing elastic wave measurements. The
excitation wave signals were created by a digital function
generator and were then amplified 20 times using a bipolar
amplifier before feeding it to the transmitter unit. A multi-
channel oscilloscope was used for recording the transmitted
and received time-domain responses at a sampling rate of
2 � 10�6 sec. Several input frequencies (fin) from 5 kHz
to 40 kHz were used during the calibration process, and
a representative time-domain response for fin = 7 kHz is
displayed in Fig. 5, where a negligible time lag is detected.
However, the amplitudes of output signals of the second
layer S-disks and the third layer P-disks are smaller than
the first layer S-disks. The transmitter assembly was
screwed to a rectangular stainless-steel plate (t = 20 mm)
and it was later fixed to the top cap of the triaxial appara-
tus. On the other hand, the receiver assembly was directly
attached to the base pedestal of the triaxial apparatus.
4.2. Specimen preparation and horizontal DT

In the current research, a rubber membrane of t = 2 mm
was used, and twelve numbers of u = 20 mm holes were
made in it by using a metallic punching device. Aluminium



Fig. 3. (a) Schematic of vertical disk transducers (not to scale) (b) SSP- arrangement of vertical disk transducers.

Fig. 4. Transmitter assembly of vertical disk transducers for large triaxial
test setup.

Fig. 5. Time-domain responses of vertical disk transducers by directly
attaching transmitter and receiver elements during calibration exercise.
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Fig. 6. (a) Specimen with horizontal disk transducers and local deformation transducers (Vt. -vertical, Hz. -horizontal) (b) Schematic of horizontal disk
transducers.

Fig. 7. Schematic of soil element depicting nine different elastic wave
velocities in the directions of principal axes.
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plates of sizes 50 � 50 � 2 mm were pasted on to the
membrane (specimen side) using silicone. The use of sili-
cone enables proper sealing of the holes and allows easy
shearing motion to propagate S-waves. An adequate pre-
caution must be taken to protect the membrane by remov-
ing the sharp edges of the aluminium plates by using
sandpaper. The membrane was later attached to the base
pedestal using rubber straps, and the specimen preparation
was carried out by using a rectangular split mould. The
materials were placed inside the mould in ten equal layers,
and each layer was compacted by applying 25 blows using
a metallic tamping rod of weight 2.74 kg. A negative pres-
sure of 30 kPa was used to hold the specimen when the
horizonal transducers were attached to the specimen. On
each face of the specimen, one P- and two S-type elements
(having polarization in the mutually perpendicular orienta-
tion) were attached by using a rapid hardening adhesive
onto each aluminium plate with an acrylic disk
(t = 1 mm) sandwiched in between (Fig. 6a). Allowing a
hardening period of about 24 h resulted in greater ampli-
tudes of received wave signals. The various components
of the horizontal DTs are schematically illustrated in
Fig. 6b.

This arrangement of vertical and horizontal DTs
enables the estimation of nine different types of elastic wave
velocities in three directions of principal axes to quantify
the stiffness anisotropy of soil. Referring to Fig. 7 which
depicts the schematic of a soil element, Vs and Vp are the
shear and compression wave velocities, respectively, and
the first term in the parentheses denotes the direction of
propagation, and the second term indicates the direction
of polarization (particle motion) of the elastic waves. For
example, the notation of shear wave velocity of the form;
Vs,xz indicates shear wave propagating in the x-direction
(horizontal) and oscillating in the z-direction (vertical).
4.3. Strain and stress measurements

A total of six vertical and six horizontal LDTs were
fixed on all the four side faces of the specimen to measure
the local vertical and horizontal strains in the specimen
(Fig. 6a). The measurement of local strain is essential for
triaxial soil specimen to eliminate the bedding error of
the ends of the specimen (Jardine et al., 1984). LDTs were
developed from flexible phosphor bronze strips (for easy
bending), and on each side of the flexible strip, two strain



Fig. 8. Schematic of large triaxial (LT) test setup for measuring multidirectional stiffness using disk transducers (not to scale).
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gauges were glued on the middle portion of the strip (Goto
et al., 1991).

Fig. 8 schematically depicts the large triaxial apparatus
and various transducers that were employed to perform
multidirectional stiffness measurements of a soil specimen.
The triaxial apparatus utilized an electro-hydraulic loading
actuator having a capacity of 490 kN to apply the axial
load. The loading actuator can precisely apply a minimum
strain amplitude of about 0.001%. For the precise measure-
ment of axial load and to eliminate the friction in the pis-
ton, the load cell was placed inside the triaxial cell. An
electro-pneumatic pressure transducer was used to control
the confining pressure.
5. Testing program

The prepared specimens were subjected to isotropic con-
fining pressures (p0) of 30 kPa to 400 kPa and were tested in
the dry state. For Oiso gravel, the experiments were per-
formed at p0 of 30 kPa and 50 kPa only, due to some tech-
nical difficulty with the apparatus. At each pressure
increment, after a creep duration of 1 h, all nine wave
velocities were measured using the vertical and horizontal
DTs. Subsequently, eleven numbers of small-amplitude
vertical cyclic loading were applied to the specimen, induc-
ing local strain below 0.002%. The purpose of applying
small-amplitude cyclic loading is to compare the statically
measured vertical small strain moduli with the dynamically
measured counterparts using DTs. The two different meth-
ods to evaluate the small strain stiffness are described in the
following sections.
5.1. Dynamically measured stiffness

For the dynamic approach using DTs, Vs and Vp can be
measured using the following equations:

V s ¼ L
T s

ð2Þ

V p ¼ L
T p

ð3Þ

where, L = Length of the specimen in the wave propa-
gation direction, Ts= travel time of shear waves, Tp= travel
time of compression waves.

The small strain shear modulus (Go) and small strain
constrained modulus (Mo) can be calculated for a given
propagation and oscillation direction as:

Go ¼ qV 2
s ð4Þ

Mo ¼ qV 2
p ð5Þ

where, q = dry density of the specimen.
Then, the small strain Young0s modulus (Eo) can be

determined as:

Eo ¼ Moð1� 2mÞð1þ mÞ
ð1� mÞ ð6Þ
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where, m is the Poisson0s ratio, which can be estimated
as:

m ¼ ðV 2
p � 2V 2

s Þ
2ðV 2

p � V 2
s Þ

ð7Þ

The m used for the calculation of Eo (Eq. (6)) is the aver-
age of the two m values measured from Eq. (7) with the two
Vs values for mutually perpendicular oscillation directions.

The value of L/keff (where, keff is effective wavelength) is
important in correctly evaluating the Ts of S-waves in soil.
The keff can be obtained from the ratio of Vs and feff, where
feff is the nominal frequency of the received signal (Otsubo
et al., 2019). Fig. 9 portrays the frequency domain
responses of the input and received signals of Sxz-wave sig-
nal for Toyoura sand, showing the feff of the received sig-
nal. It can be observed that most of the inserted
frequency contents propagated through the specimen and
the attenuation of high-frequency content is rather small
for the given fin. Sanchez-Salinero et al. (1986) recom-
mended that the L/keff, values should be equal to or greater
than 2 to reduce the effect of the near-field component. On
the other hand, Mancuso and Vinale (1988) documented
that the near-field component will affect the accurate esti-
mation of shear wave travel time when L/keff is from 0.25
to 4. The typical L/keff values computed from Sxz dataset
are presented for all the tested materials in Table 3. It
can be observed that L/keff values are greater than 4, which
conforms with the good practice recommended in the liter-
ature. However, increasing fin too much is not always rec-
ommended as granular materials behave as a frequency
filter removing high-frequency components of stress/seis-
mic waves with distance. The maximum transmitted fre-
quency, also known as the low-pass threshold frequency,
is influenced by the stress state, packing characteristics
and particle size (Santamarina et al., 2001; Otsubo et al.,
2017; Dutta et al., 2019). Dutta et al. (2019) showed that
when the fin exceeds half of the low-pass frequency of the
packing, considerable error in the measurement of Vs

may arise.
The two conventional methods for estimating travel

time from the time-domain responses are the peak to peak
(ptp) and start to start (sts) methods (Yamashita et al.
Fig. 9. Frequency domain responses of input and received signals for Toyoura
at p0 = 100 kPa.
2009). Another alternative approach to estimate the travel
time is the cross-correlation (CC) method (Viggiani and
Atkinson, 1995), although past studies including Ogino
et al. (2015) mentioned that the CC method has limitations
to accurately characterize the Ts of sandy soils. Fig. 10
reveals that the Vs values are not significantly affected by
the different assessment methods when the fin value is
selected to correspond to one of the dominant frequencies
of the received signal. Brignoli et al. (1996) recommended
using start to start method for the measurement of Vp.
Dutta et al. (2019) observed that there is a presence of
high-frequency contents in the received P-wave signals
from DTs; hence, the sts method is considered to give more
reliable Vp values as compared to ptp or CC method.

5.2. Statically measured vertical stiffness

The slope of the deviatoric stress (q) and local vertical
strain (ev) response from the 10th cycle of small-
amplitude cyclic loading is used to measure the statically
estimated Young0s modulus (Eo,static) in the vertical direc-
tion (Eq. (8)).

Eo;static ¼ Dq
Dev

ð8Þ

The slope of the local horizontal strain (eh) and ev
response gives the statically measured Poisson0s ratio
ðmstaticÞ as below (Suwal and Kuwano, 2013b).

mstatic ¼ �Deh
Dev

ð9Þ

The statically measured shear moduli (Go,static) can be
obtained from the following expression:

Go;static ¼ Eo;static

2 1þ vstaicð Þ ð10Þ
6. Multidirectional small strain stiffness

6.1. Toyoura sand

The time-domain responses of S- and P-waves propa-
gating in x-, y- and z-directions for a Toyoura sand speci-
sand depicting the nominal frequency (feff) of the received Sxz-wave signal



Table 3
Summary of the L/keff values computed from Sxz data for different tested materials.

Material p0

(kPa)
e

(–)
fin
(kHz)

feff
(kHz)

Vs,xz

(m/s)
keff
(mm)

L

(mm)
L/keff
(-)

Toyoura sand 30 0.780 7 6.4 208.3 32.5 236.1 7.3
50 0.772 7 7.1 228.6 32.2 235.2 7.3
100 0.770 7 8.2 268.7 32.8 235.1 7.2
200 0.768 7 9.5 306.5 32.3 235.1 7.3
400 0.765 7 7.6 357.1 47.0 234.9 5.0

River sand 30 0.691 7 6.2 211.8 34.2 235.2 6.9
50 0.691 7 7.0 236.5 33.8 235.2 7.0
100 0.690 7 8.1 276.8 34.2 235.1 6.9
200 0.689 7 9.8 319.6 32.6 235.0 7.2
400 0.683 7 10.0 377.3 37.7 234.9 6.2

Glass beads 30 0.640 7 5.0 205.4 41.1 235.3 5.7
50 0.640 7 6.1 243.6 39.9 235.3 5.9
100 0.639 7 7.2 291.4 40.5 235.3 5.8
200 0.638 7 7.4 336.7 45.5 235.3 5.2
400 0.637 7 7.6 389.4 51.2 235.4 4.6

Oiso gravel 30 0.499 4 3.5 198.2 56.6 237.8 4.2
50 0.498 4 3.6 210.6 58.5 237.7 4.1

Fig. 10. Comparison of Vs,xz estimated based on the three different
approaches, i.e. peak to peak (ptp), start to start (sts) and cross correlation
(CC) for the four tested materials.
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men (at p0 = 200 kPa and eo = 0.780) are depicted in
Fig. 11. The first peak of S-waves and rise points of P-
waves are indicated by blue arrows. The time-domain plots
are displayed for fin corresponding to one of the nominal
frequencies of the specimen. Referring to Fig. 11a and b,
horizontally propagated and horizontally polarized shear
waves (Sxy and Syx) arrive faster than horizontally propa-
gated and vertically polarized (Sxz and Syz) equivalents.
Moreover, the travel time of S-waves for the polarization
directions x- and y- are almost comparable (Fig. 11c).
Fig. 12a and b present the variation in deviatoric stress
(Dq) with vertical strain (Dev) and variation in horizontal
strain (Deh) with vertical strain (Dev), respectively for the
10th cycle of small-amplitude cyclic loading by keeping

the minor principal stress (r
0
3) constant at 200 kPa. The

vertical (ev) and horizontal (eh) strains are the average of
the local strains measured using six numbers of vertical
and horizontal LDTs, respectively. The maximum local
strain is around 0.002%, signifying that the specimen defor-
mation is in the elastic range.

Referring to Fig. 13a, the Go values for Toyoura sand
are Gxy � Gyx > Gxz � Gyz > Gzx � Gzy > Gstatic, whereas
the order of Eo is Exx � Eyy > Ezz > Estatic (Fig. 13b).
The dynamically measured small strain moduli are greater
(about 13–40%) than statically measured ones. Maqbool
et al. (2011) reported a similar observation by comparing
the statically measured stiffness with the dynamically mea-
sured counterparts estimated using trigger accelerometer
technique.
6.2. River sand

The S- and P-wave time-domain responses measured in
x-, y- and z-directions for river sand (at p0 = 200 kPa and
eo = 0.691) are portrayed in Fig. 14. Referring to Fig. 14a
and b, horizontally propagated, and vertically polarized
shear waves (Sxz and Syz) arrive marginally faster than hor-
izontally propagated and horizontally polarized ones (Sxy

and Syx). The Go values for river sand are Gxz � Gyz > Gxy

� Gyx > Gzx � Gzy � Gstatic (Fig. 15a), and the order of Eo

is Exx � Eyy > Ezz � Estatic (Fig. 15b), corresponding to the
case for Toyoura sand. The dynamically and statically
measured vertical small strain moduli are found to be
almost comparable for the river sand.
6.3. Glass beads

Fig. 16 presents S- and P-wave time-domain signals of
glass beads (at p0 = 200 kPa and eo = 0.640). Referring
to Fig. 16a and b, the travel time of horizontally propa-
gated and vertically polarized shear waves (Sxz and Syz),
and those of horizontally propagated and horizontally
polarized (Sxy and Syx) signals are almost comparable.



Fig. 11. Time-domain responses of Toyoura sand (p0 = 200 kPa and
eo = 0.780) propagating in (a) x- (Lx = 235.1 mm) (b) y- (Ly = 235.0 mm)
(c) z- (Lz = 499.3 mm) directions (First peak for S-waves and rise point for
P-waves indicated by arrows).

Fig. 12. (a) Variation in deviatoric stress (Dq) with vertical strain (Dev) in
the direction of loading (b) Variation in horizontal strain (Deh) with
vertical strain (Dev) (during application of small cyclic loading) for
Toyoura sand specimen at r0

3 = 200 kPa.
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From Fig. 17a, the Go values for glass beads are Gxz � Gyz

� Gxy � Gyx > Gzx � Gzy � Gstatic, and the order of Eo is
the same as river sands (Fig. 17b). The dynamically and
statically measured vertical small strain moduli are found
to be similar for the glass beads.
6.4. Oiso gravel

The time-domain responses of S- and P-waves propa-
gating in x-, y- and z-directions of Oiso gravel (at p0 =
50 kPa and eo = 0.499) are depicted in Fig. 18. The S-
and P-waves propagating in y-direction arrive earlier than
those in the x-direction (Fig. 18a and b). A lower signal to
noise ratio for the Oiso gravel as compared to the natural
sands and glass beads can be ascribed to the larger grain
size. The range of frequency propagation through the gran-
ular packing reduces significantly with the increase in D50

(Dutta et al. 2019). The absence of higher frequency con-
tents in the gravels results in a lower signal to noise ratio.
The Go for Oiso gravel in decreasing order is Gyz > Gxy

� Gyx > Gxz > Gzy > Gzx, and the order of Eo for Oiso
gravel is Eyy > Exx > Ezz.
7. Discussions

7.1. Inherent anisotropy of tested materials

Fig. 19 shows a combined plot depicting the stiffness
anisotropy of all the tested granular materials. All the four
materials exhibited considerably stiffer response in the hor-
izontal direction as compared to the vertical direction. The
average Gyx/Gzy values for Toyoura sand, river sand, glass



Fig. 13. (a) Multidirectional small strain shear moduli (Go) (b) Multidi-
rectional small strain Young0s moduli (Eo) versus mean isotropic confining
pressure (p0) (Toyoura sand).

Fig. 14. Time-domain responses of river sand (p0 = 200 kPa and
eo = 0.691) propagating in (a) x- (Lx = 235.1 mm) (b) y- (Ly = 234.3 mm)
(c) z- (Lz = 498.8 mm) directions (First peak for S-waves and rise point for
P-waves indicated by arrows).
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beads, and Oiso gravel are 1.36, 1.21, 1.25, and 1.58,
respectively. A significant stiffness anisotropy is observed
for Oiso gravel as compared to the natural sands and glass
beads. For the river sand and glass beads which have sim-
ilar D50, the stiffness ratios are similar. By calculating the
average stiffness in x- and y-directions as the values corre-
sponding to h-direction, the average values of the stiffness
ratios are summarized in Table 1. For example, Ghh/Gvh,
Ghh/Ghv, Ghv/Gvh, and Eh/Ev are 1.38, 1.12, 1.23, and 1.19,
respectively, for Toyoura sand. Referring to Table 1, river
sand and glass beads display a similar variation but slightly
different modulus ratios. Santamarina and Cho (2004) con-
firmed theoretically and empirically that elastic waves
propagate faster if their propagation directions are parallel
to the longer axes of the grains. The cohesionless granular
materials prepared under gravitational pluviation are gen-
erally deposited with their longer axis in the horizontal
direction, which results in the faster propagation of elastic
waves in that direction. A similar observation was reported
by previous experimental researchers for various granular
materials, when wave velocity measurement was conducted
(e.g., Bellotti et al., 1996; Kuwano, 1999; Wang and Mok,
2008). However, a contradictory trend of inherent aniso-
tropy, i.e., larger stiffness in the vertical direction relative
to the horizontal direction, has been concluded in the past
studies when small-amplitude cyclic loading is applied
(Table 1). Understanding the discrepancy between the
dynamically and statically evaluated stiffness anisotropy
requires further research. The natural sands and glass
beads show horizontally isotropic behaviour (i.e.,Exx=Eyy,
Gxz = Gyz), whereas such behaviour was not observed in



Fig. 15. (a) Multidirectional small strain shear moduli (Go) (b) Multidi-
rectional small strain Young0s moduli (Eo) versus mean isotropic confining
pressure (p0) (River sand).

Fig. 16. Time-domain responses of glass beads (p0 = 200 kPa and
eo = 0.640) propagating in (a) x- (Lx = 235.3 mm) (b) y- (Ly = 235.6 mm)
(c) z- (Lz = 499.67 mm) directions (First peak for S-waves and rise point
for P-waves indicated by arrows).
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the case of Oiso gravel. The experimental results of the
Oiso gravel indicated greater stiffness in the y-direction rel-
ative to the x-direction. This is perhaps due to the larger
number of particles being deposited with their longer axis
in the y-direction, resulting in the faster arrival of the trans-
mitted elastic waves in the y-direction. Due to the coarser
grain size of Oiso gravel, the number of particles in the hor-
izontal direction is probably inadequate to achieve a repre-
sentative stiffness value along that direction. Nevertheless,
the purpose of testing Oiso gravel in this research is to con-
firm the suitability of using DTs to perform wave velocity
measurements in the coarse-grained soils. The present
experimental results do not satisfy the cross-anisotropic
assumption of soil, as Ghv is larger than Gvh, while this find-
ing is still comparable to the numerous previous researches
conducted on a wide variety of granular materials (i.e.,
sands, glass beads, rice). Therefore, further research should
continue to explore the reasons for the discrepancy
between the theory and experimental findings, where the
development and utilization of horizontal DTs, as pre-
sented in this paper, will help examine this important issue.
7.2. Stress-stiffness relationship

The stress-dependent variation of the Go or Eo of gran-
ular materials can be described by the following power
function (Roesler, 1979; Knox et al., 1982; Stokoe et al.,
1985):



Fig. 17. (a) Multidirectional small strain shear moduli (Go) (b) Multidi-
rectional small strain Young0s moduli (Eo) versus mean isotropic confining
pressure (p0) (Glass beads).

Fig. 18. Time-domain responses of Oiso gravel (p0 = 50 kPa and
eo = 0.499) propagating in (a) x- (Lx = 237.7 mm) (b) y- (Ly = 236.5 mm)
(c) z- (Lz = 499.9 mm) directions (First peak for S-waves and rise point for
P-waves indicated by arrows).
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Go or Eo ¼ a
p

0

1kPa

� �b

ð11Þ

where, a (MPa) = Go or Eo at 1 kPa, b = exponent
describing the sensitivity of Go or Eo to p0.

Table 4 presents a and b values of the multidirectional
Go and Eo for the tested materials excluding Oiso gravel,
as wave measurements were only performed at p0 =
30 kPa and 50 kPa for Oiso gravel. For Toyoura sand,
the b values are slightly larger for the vertical stiffness
(b = 0.43–0.45) relative to the values for the horizontal stiff-
ness (b = 0.40–0.42). For river sand, the b values for the
vertical stiffness range from 0.43 to 0.45, whereas the b
value for horizontal stiffness is 0.45. For glass beads, the
b values for the vertical stiffness range from 0.47 to 0.51,
while the b values for the horizontal equivalents are 0.48–
0.49. Hence, considering experimental scatter, it can be
posited that the varying isotropic stresses have an almost
similar effect on both the vertical and horizontal small
strain moduli. Furthermore, for the natural sands, the b
exponents are greater for the statically measured vertical
stiffness as compared to the dynamically measured counter-
parts, whereas a reverse trend is noticed for the a values,
which agrees with the findings of Suwal (2013).

7.3. Effect of specimen dimension on wave velocity

measurements

Due to the large specimen size used in this research,
there is a concern of attenuation of the amplitude of trans-
mitted wave signals. The subsequent discussion has been
provided to confirm whether the attenuation of propagat-



Fig. 19. Variations in stiffness anisotropy of all the tested granular
materials.

T.T. Dutta et al. / Soils and Foundations 60 (2020) 1269–1286 1283
ing waves has any influence on the estimated wave veloci-
ties. In concurrent research conducted by the authors, the
vertical DTs were also developed for a medium-sized triax-
ial (MT) apparatus having a specimen size of u = 75 mm
and H = 150 mm, as displayed in Fig. 20a (Dutta et al.,
2019). The comparative study was carried out for the tested
Table 4
Best fit parameters for small strain stiffness at isotropic stress states calculated

Ghh Ghv Gvh

a (MPa) b a (MPa) b a (MPa) b

Toyoura sand
eo = 0.780

17.59 0.42 15.77 0.42 11.00 0.45

River sand
eo = 0.691

13.49 0.45 14.68 0.45 12.44 0.43

Glass beads
eo = 0.639

12.95 0.48 12.54 0.49 10.65 0.47

Fig. 20. (a) Glass bead sample in the medium triaxial (MT) test appar
sands and glass beads except for Oiso gravel, as a
75 � 150 mm specimen would not provide a representative
stiffness value for the gravels. For MT apparatus, P- and S-
type elements (oscillating in one direction only) were com-
bined on either side of an acrylic plate of thickness 1 mm
(Fig. 20b). The merged elements were supported inside a
hollow stainless-steel cylinder by using epoxy resin and sil-
icone. The hollow cylinders were installed into the top cap
and bottom pedestal of the ML apparatus. A gentle surface
coating using epoxy was applied to the piezoelectric disks
to avert damage from sharp sand grains.

Hardin and Richart (1963) described a void ratio correc-
tion function of the form given in Eq. (12) to isolate the
influence of varying void ratio (e) on the elastic wave
velocities.

fe ¼ B � e ð12Þ

where, B is acquired from the linear regression analysis
of the Vs-e dataset measured in the present study. In the
present research, B values were measured to be 1.67 for
Toyoura sand, 1.42 for river sand, and 1.44 for glass bead
samples using the MT apparatus.

Fig. 21 compares Vs,vh/fe and Vp,v/fe values measured
using LT and MT apparatus. No significant influence of
specimen dimension on the measured elastic wave velocity
was observed when the effect of packing density is elimi-
using Eq. (11).

Eh Ev Gstatic Estatic

a (MPa) b a (MPa) b a (MPa) b a (MPa) b

43.03 0.40 31.55 0.43 6.14 0.51 17.80 0.49

37.59 0.45 28.87 0.45 9.64 0.48 21.42 0.50

34.95 0.48 23.27 0.51 10.72 0.47 28.05 0.48

atus (b) Schematic of vertical disk transducers for MT apparatus.



Fig. 21. Influence of specimen size on elastic wave velocities (a) Toyoura
sand (b) River sand (c) Glass beads (elastic wave velocities normalized by
void ratio correction function, fe) (BE-bender element for MT).
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nated. This finding confirms that the attenuation of the
transmitted elastic waves has a negligible influence on the
measured wave velocities for the propagation distance
adopted in the large triaxial specimen. Due to the large-
sized transducers used in this research compared to the tra-
ditional BEs, there is a possibility that the measured wave
velocity may be affected by the boundary conditions and
constraints imposed by the transducers. Therefore, the Vs

values of Toyoura sand were also determined using BEs
and were found to be comparable to those obtained from
disk transducer. Moreover, as the measured elastic wave
velocities using DTs are comparable from both the large
and medium-sized triaxial devices, it can be postulated that
the influence of transducer size is negligible for the exam-
ined cases.
8. Concluding remarks

In this paper, the development of a novel arrangement
of vertical and horizontal DTs for a large-sized triaxial
apparatus is presented. Introducing horizontal DTs in
addition to vertical DTs enabled assessment of multidirec-
tional stiffness of soils using more planar waves compared
to the bender elements. To describe the performance of the
developed transducer assembly, experiments were per-
formed on four different cohesionless granular materials
having D50 from 0.24 mm to 11.8 mm. The small strain
stiffness measured using DTs was also compared with stat-
ically measured vertical stiffness by applying small-
amplitude cyclic loading. The present research is limited
to the testing of soil specimens prepared using pluviation
and compacted by dry tamping method, which would
result in more particles being deposited with their longer
(major) axis in the horizontal direction. The following con-
clusions can be drawn based on the experiments
performed:

(1) The planar piezoelectric transducers can be success-
fully implemented to measure the horizontal elastic
wave velocities of soils. The received signals are clean
(having a superior signal to noise ratios), and the
wave velocity measurements of coarse-grained mate-
rials (coarse sands and gravels) can also be
accomplished.

(2) Cohesionless granular materials exhibit inherent ani-
sotropy with greater stiffness in the horizontal direc-
tion as compared to the vertical direction.

(3) Except for coarse gravel, natural sands and glass
beads demonstrate isotropic stiffness in the horizontal
direction. Due to the coarser grain size of Oiso gravel
relative to the specimen size adopted, the number of
particles in the horizontal direction is perhaps inade-
quate to achieve a representative stiffness value in
that direction.

(4) Comparable vertical small strain moduli are obtained
using DTs and by applying small-amplitude vertical
cyclic loading for river sand and glass beads. How-
ever, for the case of Toyoura sand, dynamically mea-
sured small strain stiffness values are 13–40% greater
than the statically measured counterparts.
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(5) No significant influence of specimen dimensions on
the measured vertical wave velocities is detected by
comparing the results with those obtained from a
medium-sized triaxial apparatus.
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