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Abstract. Bulk density and soil stiffness moduli are vital physical parameters related to soil compaction, porosity,
moisture storage capacity, soil penetration resistance and structural integrity. Conventional methods for measuring soil
density and stiffness moduli are destructive, time-consuming, complex, expensive and often require skilled operators to
conduct the tests. A new soil density and stiffness moduli measurement technique that can evaluate soil density and
stiffness moduli more rapidly, efﬁciently and precisely, at a low cost is introduced here. This study evaluated the use of
shear wave velocity measurements using the piezoelectric extender and bender elements as a viable alternative to
measure soil density and stiffness moduli of soil. To test this idea, soda-lime glass beads of <0.002, 0.04–0.07 and
1.00–1.30 mm in diameter were used to develop the empirical relationship between the shear wave velocity and the bulk
density of soil in laboratory conditions. These empirical equations were then tested on sands and clayey soils for
validation. Accuracy in terms of coefﬁcient of determination (R2) and root mean squared error (RMSE) from the current
and existing studies ranged within 0.91–0.93 and 0.073–0.177 g cm–3 respectively. Both shear and Young moduli were
compared with the shear wave velocity of soil, with R2 and RMSE of 0.96–0.97 and 0.48–3.5 MPa respectively. The
major advantage of this technique is that input and output signal data can be stored in a computer that can be used to
calculate soil density and stiffness moduli automatically. This technique could play a vital role in improving crop yield
and soil management practices.
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Introduction
Bulk density is one of the major soil physical parameters that
indicate the soil’s capability to support its structural integrity
and the movement of air, water, heat and solutes (Kramer and
Boyer 1995). Bulk density can be an indication of soil
compaction, which determines the rate of seed germination
and root penetrability (Bengough et al. 2006). In addition, soil
physical, chemical and biological measurements require
density measurement in order to convert from a mass basis
to a volumetric basis for soil quality assessment, such as soil
carbon stocks (Arshad and Martin 2002; Adhikari et al. 2014).
Bulk density of soil is usually measured gravimetrically or
indirectly using a gamma-ray absorption instrument. Core, clod
and excavation methods are commonly used for direct
techniques based on the gravimetric analysis. However, there
are problems and shortcomings with the gravimetric basis
method. The accountability of laboratory tests depends
mostly on the ability to recreate the conditions found in the
ﬁeld. Because these tests require soil sampling, there is
always a possibility that the samples will be disturbed in
the sampling process, which could result in inaccurate test
Journal compilation  CSIRO 2021

results. Another possible source of error in sampling is
disturbance in the soil by compression during the insertion
of the ring sampler.
Although gamma radiation is highly accurate, its radiation
source limits its practical application (Lobsey and Viscarra
Rossel 2016; Pires 2018; Sun et al. 2019). All types of
nuclear gauges are potential health hazards, and strict
regulations must be maintained during the measurements
(Lobsey and Viscarra Rossel 2016). Similar to the methods
based on gravimetric analysis, a small amount of disturbance
can take place during this operation, where an access hole is
required. The presence of stones in the soil causes difﬁculties
either by preventing the insertion of access holes to the full
depths or affecting the source–detector separation. In general,
the bulk density of soil in the presence of stones may be
overestimated. Also, the initial cost of gamma-ray gauges is
very high compared with methods based on gravimetric
analysis (Al-Shammary et al. 2018).
Strain level is the measure of deformation resulting from
the application of an external stress (Puttlitz et al. 2019). Soils
generally behave as a nonlinear and plastic material, but at
www.publish.csiro.au/journals/sr
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strain levels below 0.001% are usually considered to be elastic
and linear in nature (Raja and Maheshwari 2016; Camões
Lourenço et al. 2017; Haeri and Fathi 2018; Mucciacciaro and
Sica 2018). Soil exhibits a quasi-elastic behaviour at the
strain range of ~106 to 105 (Danne and Hettler 2017;
Mandolini 2018). Both the Young and shear moduli behave
independently with the strain amplitude, related to a maximum
limit value, and are known as initial shear (G0) and Young’s
(E0) moduli. The G0 and E0 are essential parameters for
evaluating the shear modulus and Young modulus of soil
and are both related to soil bulk density.
There is a need for efﬁcient and rapid soil density
evaluation, at a low cost, which also must be balanced with
appropriate precision and accuracy. This study will evaluate
the use of shear wave velocity (VS) measurements using a
piezoelectric sensor as a viable alternative to soil density and
stiffness moduli estimation. Few studies have been conducted
in which piezoelectric sensors were used to generate VS for
engineering purposes (Chan n.d.; Zeng and Hlasko 2005;
Muñoz and Caicedo 2013; Park et al. 2018; Yang et al.
2018). In this study, a low-cost system using a BitScope
Micro Oscilloscope and Analyzer (BitScope Designs, St.
Leonards, NSW, Australia) was used to automatically
calculate soil density and stiffness moduli.
Background study and theory
The strain is the deformation in the direction of the applied
force divided by the initial length of the material (Eqn 1)
(Gilmore 2014). When the deformation in the material is too
small, the material will return to its original state after
withdrawing the stress applied to it, which is known as
elastic deformation.
Deformation
Strain ¼ Original
Length

ð1Þ

Because agricultural soil is generally subjected to low
stresses compared with those that carry the foundation of a
structure, a small amount of strain is produced. Thus, it is useful
to study the stiffness moduli of soil at a low strain level. The
stiffness moduli of soil (Young and shear moduli) are
mechanical properties of soil that have a strong relationship
with water content and bulk density of soil (Kézdi 1980).
Bravo et al. (2012) studied three clay soil samples collected
from a sugarcane ﬁeld at different depths. They found that the
Young modulus declined gradually when the water content
exceeded 25% and increased rapidly under dry conditions;
also, the state of plastic deformation was achieved by the loose
soil at an average Young modulus of 40 MPa. Bravo et al.
(2012) also found a nonlinear relationship between water
content and the shear strength of a clayey soil at different
depths of a sugarcane ﬁeld. The shear strength of the soil
decreases rapidly with the increasing water content. After 20%
of water content, the void spaces between the soil particles are
mostly ﬁlled with water, and the strength of soil mainly
depends on pore water pressure.
In the laboratory, the triaxial test has been used to measure
the stiffness modulus of soils (Kokusho 1980); however, this
instrument is limited in its measurable response of strain range
and has accuracy restrictions. Wetting deformation of coarse-

grained soil varies typically with the cell pressure and
wetting stress level, which is challenging to maintain in the
triaxial test (Song and Jun-Gao 2007). Additionally, the
principal stress on the soil specimen in triaxial tests does
not continuously rotate, and the two loading conditions
(compression and extension) are applied alternatively during
each leading cycle. Moreover, the parts of the triaxial
apparatus that are subjected to continuous movement are
affected by mechanical friction and can become highly
sensitive. As a result of the internal energy loss, it becomes
unreliable for measuring soil modulus at a small strain level
(Kokusho 1980).
Many studies have been done to overcome these issues. The
VS is one essential parameter for determining the dynamic
properties of soils. Like other types of body waves, shear
waves (S-waves) travel through the inner layers of the soil
surface (Voigt et al. 2005). The VS of granular soils at strain
levels less than 0.001% has been widely used to evaluate
different moduli of soil (Richart et al. 1970; Jardine and Sparks
1984; Burland 1989; Shibuya et al. 1992; Moore et al. 2003;
Choi and Stewart 2005; Patel et al. 2008; Muñoz and Caicedo
2013; Gilmore 2014; Lee et al. 2014; Park et al. 2018; Yang
et al. 2018). Also, VS can be used as a primary function of the
bulk density of soil (Gardner et al. 1974; Potter and Stewart
1998; Keceli 2012).
A piezoelectric sensor is a type of sensor that exploits the
piezoelectric effect. It monitors the variations of several
physical properties such as pressure, acceleration, temperature,
strain or force by converting the received signals into an
electrical charge. Pierre Curie ﬁrst noticed the piezoelectric
effect in 1880; however, industrial application of these sensors
did not start until nearly a 100 years later in the 1950s (Katzir
2003). The major component of a piezoelectric sensor is a
piezoceramic material. When a high voltage passes through the
piezoelectric sensor, its dimensions change due to expansion of
the piezoceramic material. There are different piezoelectric
materials that can be used for producing acoustic wave
sensors. Among these, the most common materials are quartz
and lithium tantalate (Drafts 2001). Commonly, piezoceramics
are used as actuators, and polymer piezo ﬁlms are used as sensing
materials. For self-sensing actuators, piezoceramics can be used
for both sensing and actuation (Dosch et al. 1992).
Farrar and Leonard (1965) demonstrated one of the ﬁrst
applications of piezoelectric transducers in S-wave testing
in sand and clay. For generating and receiving signals,
he used shear-plate transducers. That was the ﬁrst time he
used S-waves, rather than longitudinal waves, to study the
possibility of stress wave propagation through soil.
In 1978, VS and S-wave attenuation in kaolinite clay
sediments were measured using a ceramic bender transducer.
For measuring VS, a single-cycle pulse with a peak-to-peak
amplitude of 600 V and a frequency of 338 Hz was used. The
received signal from the transducer was ampliﬁed by 40 dB
before displaying it in an oscilloscope. Also, a bandpass
ﬁlter of 200–1500 Hz was used to remove the electrical and
environmental noise. A unique type of transducer was
employed, consisting of two transverse-expansion mode
piezoelectric crystals that can generate and receive signals
from S-waves. Those bender transducers have been preferred
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to shear-plate transducers in many other studies (Horn 1980;
Schultheiss 1981; Alba et al. 1984; Dyvik and Madshus 1985).
Based on earlier development in the ﬁeld of piezoelectric
transducers, Horn (1980) studied different dynamic properties
of unconsolidated sediments in the laboratory. In that
study, saturated sand sediments were subjected to S-wave
propagation in a specially designed sedimentation chamber
using a pair of piezoelectric ceramic transducers.
The working principle of all piezoelectric transducers is
based on two different types of body waves: compressional
(P) and S-waves. The wave generated when energy is applied at
right angles to a medium is known as a P-wave. A particle
moves in the direction of propagation of the wave (Fig. 1). Thus,
the soil particles are subjected to alternative compression and
tension or are pulled apart as the waves propagate. These are the
fastest among the body waves. The S-wave is another type of
body wave that generally forms when energy is applied in a
direction parallel to the surface of a medium (Fig. 1). The
S-waves do not propagate through ﬂuids.
Gardner et al. (1974) found a strong correlation between VS
and bulk density (r) and established the following empirical
relationship:
r ¼ a Vs

b

ð2Þ

Potter and Stewart (1998) estimated coefﬁcients a and b on
a shale-ﬁlled and a porous sand-ﬁlled channel in Alberta,
Canada, and obtained a = 0.37 and b = 0.22.
Asten and Boore (2005) analysed data from previous
studies and summarised two equations for different ranges
of VS and P-wave velocity (VP) for determining r of soil.
When VP < 1.50 km s–1, r = 1.93 g cm–3
When 1.50 km s–1  VP < 6.0 km s–1,
r ¼ 1:74VP0:25

Compressions

ð3Þ

Rarefactions

P-wave

Wavelength

S-wave
Fig. 1. Propagations of P and S waveforms through a three-dimensional
grid (after Onajite 2014).
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When VP  6.0 km s–1
r ¼ 1:6612VP  0:4721VP 2 þ 0:0671VP 3
 0:0043VP 4 þ 0:000106VP 5

ð4Þ

For VS, the same equations as for VP can be used to
determine r.
For 0.30 km s–1  VS < 3.55 km s–1
r ¼ 1:74VP0:25

ð5Þ

For 3.55 km s–1  VS
r ¼ 1:6612VP  0:4721VP 2 þ 0:0671VP 3
 0:0043VP 4 þ 0:000106VP 5

ð6Þ


VP km s1 ¼ 0:9409 þ 2:094VS  0:8206VS 2
þ 0:9409 þ 2:094VS  0:8206VS 2
þ 0:2683VS  0:0251VS
3

ð7Þ

4

Keceli (2012) modiﬁed Gardner’s equation using
sedimentary rocks, which can be expressed as shown in Eqn 8.
r ¼ 0:44 VS 0:25

ð8Þ

Most studies for measuring r using piezoelectric sensors
have been performed on sands for engineering purposes (Park
et al. 2018; Yang et al. 2018). It is notable that this technique
has not been utilised for measuring soil density in agricultural
contexts.
Both time and frequency domain signal analysis techniques
are used to evaluate shear and Young moduli of soil (Viggiani
and Atkinson 1995; Greening and Nash 2004; Da Fonseca
et al. 2008). The bender elements used in these studies were
made of piezo-ceramic materials, and the maximum strain
generated by a piezoelectric sensor was 0.001%, which lies
within the elastic range of soils (Dyvik and Madshus 1985).
Many other studies have been conducted on the measurement
of small strain stiffness modulus by the velocities of elastic
waves propagating through soil particles (Richart et al. 1970;
Jardine and Sparks 1984; Burland 1989; Shibuya et al. 1992;
Moore et al. 2003). The advantage of using elastic waves for
the determination of stiffness modulus, and S-waves, is that the
tests can be performed both in laboratory and ﬁeld conditions
in a non-destructive manner.
Materials and methods
Piezo bender and extender elements are the main components
of the piezoelectric technique for soil density measurement.
These sensors were used as a transmitter for input signals
and receiver for output signals. A standard quick-mount piezo
bender (Q220-A4–303YB) (Fig. 2) and a piezo extender
(Q220-A4–303XE) were used to produce and transmit the
S-wave through the soil and to receive the S-wave and then a
bitscope was used to convert from an electrical (analogue) to
a digital signal.
The transmitter and receiver of the piezo bender and
extender sensors were attached to two steel probes. The
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Display

Bitscope

Preamplifier
Linear amplifier
Low pass filter

Fig. 2. Standard quick-mount Piezo Bender (Q220-A4–303YB) sensor
that transmits shear wave velocity through the soil surface.

sensors were separated by a distance of 60 mm. There was no joint
between the probes to avoid the transmission of the waves through
the joints (Fig. 3). In the future, the probes will be attached
together using a steel connector with rubber vibration isolation
joints to maintain constant clearance between the sensors.
After setting up the bender and extender elements at a
separation distance of 60 mm, BitScope software was used
to trigger the input signal from the transmitter. Square waves
were produced as input signals using a BitScope Micro
Oscilloscope and Analyzer. The elastic stress waves released
when activated by an alternating electric charge from the square
waves caused one layer of the piezo sensor to expand and the
other to contract, thus causing the sensor to ﬂex (Fig. 4).
The transmitted signal was then received by the piezoelectric
receiver to measure the strength and frequency of the waves. A
linear ampliﬁer was used to amplify the voltage before sending the
signal to the receiver. The BitScope Micro Oscilloscope and
Analyzer was used to collect the electrical signal, convert to a
digital signal and produce a time-domain signal. The output
signals were received and analysed as sine waves. A low pass
ﬁlter was used to ﬁlter noise and unwanted electrical drift from the
observed input and output signals. Both transmitting and receiving
signals were ampliﬁed by a preampliﬁer before displaying the
signals in the BitScope Micro Oscilloscope and Analyzer (Fig. 5).
The polarity of the input signal was changed to obtain the
sine wave in the opposite direction. Theoretically, VS can be
measured by dividing the distance between the sensors with the
time required by the S-wave to travel this distance (Eqn 9)
(Dyvik and Madshus 1985):
VS ¼ LS =tS

ð9Þ

where LS is distance between the tip of the transmitter and the
tip of the receiver and tS is travel time of the S-wave through
distance LS.

Bender element

Extender element

Fig. 3. Schematic diagram of the setup of the piezoelectric sensor probe
system embedded in soil in a glass beaker.

Transmitter

S-wave

Receiver

Bender element

Transmitter

P-wave

Receiver

Extender element
Fig. 4. Mechanism of wave propagation of two-layer piezoelectric
bender and extender elements between the transmitter and the
receiver.
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P-wave arrival

Transmitter
Receiver

Low pass
filter

Preamplifier
9V
Bitscope

1.65

Fig. 5. The closed system of the piezoelectric sensor.

The S-wave arrival time was determined by measuring
the time required by the wave to travel from the trigger and
the ﬁrst intersection between the sine waves obtained from
different polarities. Fig. 6 shows the square waves in blue and
red lines that were used as input signals. A trigger point was
considered when the amplitude of the input signal started
declining from the peak of the square wave.
The P-wave arrival time is considered to be the time
required by the wave to travel from the trigger and the ﬁrst
point when the sine wave starts to form. The P-wave arrival
time also helps to identify the S-wave arrival time when it is
difﬁcult to trace the ﬁrst intersection point between the sine
waves obtained from different polarity due to noise:
VP ¼ LP =tP

Amplitude

0.65

Input signal

−0.35
−1.35
−2.35
−3.35
−4.35

Trigger
S-wave arrival
550 556 562 568 574 580 586 592 598 604 610 616 622

Time (ms)
Fig. 6. Arrival times calculated from the distance between the trigger
and the ﬁrst point when the sine wave starts to form for P-wave, and the
intersection between the sine waves obtained from different polarities for
S-wave.

1.65

ð10Þ
Amplitude

0.65

where LP is distance between the tip of the transmitter and
the tip of the receiver and tP is travel time of the S-wave
through distance LP.
A low pass ﬁlter was used to remove all the unnecessary
noise from the output signal. Without the ﬁlter, it was a
challenge to distinguish between the actual signal and noise.
Fig. 7 shows the output signal without the low pass ﬁlter. To
obtain the travel time of both P- and S-waves, it is very
important to identify the exact position of P- and S-wave arrival.
For designing the low pass ﬁlter, the Analog Filter Wizard
(www.analog.com) was used. The low pass ﬁlter was designed
for the passband of gain 100 V/V with –1 dB and 100 Hz
(Fig. 8). Also, the stopband was selected as –40 dB and 700 Hz.
The second-order bandpass ﬁlter components (Fig. 9) from
the Analog Filter Wizard were applied to ﬁlter out unwanted
noise and to obtain smooth sine waves as output signals.
After application of the low pass ﬁlter, a considerable
reduction of the noise in the output signals was observed
(Fig. 10). The gain was optimised in such a way that the
peak amplitude did not exceed the cut-off frequency.
There was also an issue of transmitting the electric signal
through the soil medium when the sample was wet. Water
particles in the soil sample can conduct electrical signals from
the receiver to the transmitter. To counteract this problem, the
piezoelectric sensors were required to be electrically insulated,

−0.35
−1.35
−2.35
−3.35
−4.35
215 221 227 233 239 245 251 257 263 269 275 281 287 293 299

Time (ms)

Fig. 7. Amplitude vs travel time of output signal without applying low
pass ﬁlter.

but at the same time, the insulating material should not
affect the generation of the mechanical waves. To satisfy
these requirements, a liquid electrical tape was used as an
insulation material.
In this study, glass beads were ﬁrst used to develop
empirical relationships between VS and r of soil in ideal
laboratory conditions. Three different sizes of glass beads
were used. Soda-lime glass beads of <0.002, 0.04–0.07 and
1.00–1.30 mm in diameter was considered as clays, silts
and sands respectively. The experiments were done in the
physical laboratory for soil in the Biomedical building,
Australian Technology Park, Sydney. A small vibratory soil

112

Soil Research

M. O. F. Murad et al.

120

100

Magnitude (V/V)

80

60

40

20
3rd order Butterworth
(2 stages)

0
10

100
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Fig. 8. Optimised design parameters of low pass ﬁlter used in the closed system.

2nd order
Band-Pass
Multiple Feedback

2nd order
Band-Pass
Multiple Feedback

1uF

1uF
8.26 kΩ

291 Ω

9.87 kΩ
347 Ω

−
1uF

+

OUT

+
98.4 Ω

LT1178

82.4 Ω

−
1uF
LT1178

Fig. 9. Schematic diagram of low pass ﬁlter used in the closed system with piezoelectric sensor.

compaction table was used to compact the different-sized glass
beads for 10, 20 and 30 min to create different densities. The
glass beads and dry soil samples were weighed in the
laboratory with a scale. The soil r was calculated using
Eqn (11):
r ¼ M=V

ð11Þ

where M is soil mass and V is soil volume.
Afterward, sands and two types of clayey soils were used
to validate the empirical equations that were derived using
the glass beads. These soil samples were dried and crushed
before sieving through a 2-mm sieve. The characteristics of

these soils are given in Table 1. Similar to the glass beads, a
vibratory table was used to compact the sandy and clayey
soils for 10, 20 and 30 min.
The VS values obtained from tests with the glass beads and
soils were used to measure the stiffness moduli using the
empirical relationships between r and VS of soils. Shear
modulus (G) of the soil was calculated using the following
equation:
G ¼ rVS2

ð12Þ

Both G and Poisson’s ratio are functions of the Young
modulus (E). Poisson’s ratio was calculated from the
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1.65

Amplitude

0.65
−0.35
−1.35
−2.35
−3.35
−4.35
550
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562
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580

586

592

598

604
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634

640

646
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Time (ms)
Fig. 10. Improved output signal after applying low pass ﬁlter indicating the amplitude of S-wave against travel time.

Table 1. Characteristics of soil samples used for the tests
Site

Soil type

Sodosol
Narrabri

Dermosol
Vertosol

Clay

Silt

Fine
sand

57.5
73.8

(%)
19.7
4.3
7.5
5.1

Coarse
sand

Texture
class

18.5
13.6

Clay
Clay

After applying 20 min. vibratory compaction

relationship with G and bulk modulus (K) of soil (Eqn 15). E
and K of soil were calculated using the following equation:
E ¼ 2Gð1 þ #Þ

ð13Þ

K ¼ rðVp2  43 Vs2 Þ

ð14Þ

where,

# ¼ Poisson’sratio ¼ ð3K  2GÞ=ð6K  2GÞ

Δt
1.65

ð15Þ

No vibratory compaction
0.65

Results and discussion
VS at different compactions
Since soils act as elastic material at strain level less than
0.001%, the soil sample will return to its original shape after a
shear force is applied. Adjacent layers of soil will undergo
shear and cause propagation of the S-wave (Simic et al. 2012).
Fig. 11 shows a comparison of S-wave arrival time between
0 and 20 min of vibratory compaction of glass beads. The
S-wave travelling time decreased with the increasing
compaction applied on the glass beads using a vibratory
feeder. Due to the compaction, the glass beads were closer
to each other, which allowed the transfer of the body waves
from the transmitter to the receiver faster than in a less
compacted situation. The Dt indicates the differences

Amplitude

Signiﬁcant correlations of both K and E with VS were
observed.

−0.35

−1.35

−2.35

−3.35

−4.35
545 555 565 575 585 595 605 615 625 635 645

Time (ms)
Fig. 11. Comparison of S-wave travel time between no vibratory
compaction and vibratory compaction for 20 min.
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Predicting r
Once we established a method for determining VS, glass beads
were compacted for 10, 20 and 30 min using a vibratory feeder
to achieve r within the range of 0.59–1.48 g cm–3. The VS was
measured using piezoelectric sensors to compare with the
corresponding r of soil. In this study, three different
frequencies (10, 20 and 50 Hz) of the input signal were used to
ﬁnd the optimum frequency for measuring VS. Nonlinear
regression analysis was used to ﬁt a nonlinear model that
satisﬁed the relationship between the S-wave travel time and r.
There was a clear relationship between travel time and r
(Fig. 12). The VS at 10 Hz provided a stronger relationship
with r (R2 = 0.92); R2 values for 20 and 50 Hz were 0.89 and
0.85 respectively. This relationship indicates that the travel
time for VS decreased with increasing r because the S-wave
required more time to travel through less dense soil.
The travel time of the S-wave from the transmitter to
the receiver was then converted to VS (Eqn 9). Empirical
relationships between VS and r were derived (Fig. 13).
Relationships were developed for three different frequencies
of 10, 20 and 50 Hz. The r changed greatly with VS until
around 1 g cm–3. After that, the slope of the trend line
decreased with increasing VS.
Empirical Eqns 16–18 show the relationships between VS
and r:
r ¼ 0:38VS 0:27 ð10 HzÞ

ð16Þ

r ¼ 0:48VS 0:21 ð20 HzÞ

ð17Þ

r ¼ 0:41VS 0:25 ð50 HzÞ

ð18Þ

Maximum R2 and minimum root mean squared error
(RMSE) for r were 0.86 and 0.09 g cm–3 respectively, at 10 Hz.
The accuracy of these relationships to predict r was tested on
real soil compacted at different densities. In addition, the
empirical relationships developed by Potter and Stewart
(1998) and Keceli (2012) (Eqn 2) were also tested. The
relationships between the prediction by different models with
actual r are given in Fig. 14.
R 2 = 0.92 (10 Hz)
R 2 = 0.89 (20 Hz)
R 2 = 0.85 (50 Hz)

Vs travel time (ms)

3.5
3.0
2.5
2.0
1.5

The R2 for 20 Hz was found to be a maximum for the
density equations obtained from the glass beads and other
studies, but the difference with other frequencies was small
(Fig. 14). Table 2 shows the statistical comparisons of the
density equations obtained from the tests with piezoelectric
sensors and models from previous studies. All models showed
a high linear relationship between the prediction using VS and
r (R2 > 0.9). However, the model from Potter and Stewart
(1998) under-predicted r. The R2 and RMSE between the
different studies and frequencies ranged within 0.91–0.93
and 0.073–0.177 g cm–3 respectively. Empirical equations
obtained from the piezoelectric sensor in this study (Eqns 2
and 18) provided minimum RMSE compared with other
studies (RMSE = 0.073 g cm–3).
G and VS
The VS is a function of G. The G of soil was calculated using
Eqn 13 and plotted against VS (Fig. 15). Similar to soil r, a
power regression analysis was done between G and VS. The G
also increased with progressive VS. A linear increment was

1.4

Bulk density (g cm−3)

between the glass beads with 20 min of vibratory compaction
and no vibratory compaction (Fig. 11).

1.2

1.0

0.8

R 2 = 0.86, RMSE = 0.09 (g cm−3) (10 Hz)
2
−3
R = 0.77, RMSE = 0.13 (g cm ) (20 Hz)

R 2 = 0.77, RMSE = 0.13 (g cm−3) (50 Hz)

0.6
50

100

150

Vs (m s−1)
Fig. 13. Empirical relationship between shear wave velocity (VS) and
bulk density of soil.
1.4

ρ (actual) (g cm−3)

114

1.2
R 2 = 0.91 (10 Hz)
R 2 = 0.93 (20 Hz)

1.0

2
R = 0.91 (50 Hz)
R 2 = 0.91 (10 Hz) (Keceli)

R 2 = 0.93 (20 Hz) (Keceli)
R 2 = 0.91 (50 Hz) (Keceli)
2
R = 0.91 (10 Hz) (Potter and Stewart)

0.8

1.0

2
R = 0.93 (20 Hz) (Potter and Stewart)

0.5

R 2 = 0.91 (50 Hz) (Potter and Stewart)

0.6
0.6

0.8

1.0

1.2

1.4

Bulk density (g cm−3)
Fig. 12. Empirical relationship between shear wave (VS) travel time and
bulk density of soil.
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Fig. 14. Comparisons between actual and predicted bulk density (r) of
soil. Comparison data from Keceli (2012) and Potter and Stewart (1998).
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Table 2. Statistical comparisons between the density equations
obtained from piezoelectric sensor and previous studies
Equation
for density

Frequency
(Hz)

R2

RMSE
(g cm–3)

Present study

0:38VS 0:26
0:48VS 0:21
0:41VS 0:25
0:37VS 0:22

10
20
50
10
20
50
10
20
50

0.91
0.93
0.91
0.91
0.93
0.91
0.91
0.93
0.91

0.096
0.073
0.119
0.141
0.162
0.147
0.177
0.139
0.172

Potter and Stewart (1998)

0:44 VS 0:25

Keceli (2012)

50

Gmax (MPa)

40

2
R = 0.97, RMSE = 0.48 MPa (50 Hz)

30
20
10
0
100

100

R 2 = 0.96, RMSE = 2.36 MPa (10 Hz)
2
R = 0.96, RMSE = 3.5 MPa (20 Hz)
R 2 = 0.97, RMSE = 1.4 MPa (50 Hz)
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Fig. 16. Empirical relationship between shear wave velocity (VS) and
the Young modulus (E) of soil.
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2
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Fig. 15. Empirical relationship between shear wave velocity (VS) and
shear modulus (Gmax) of soil.

observed until 5 MPa and the slope of the trend line rose
dramatically thereafter. The R2 and the RMSE of all three
frequencies were very close, but the maximum R2 and
minimum RMSE occurred for 50 Hz.
E and VS
The K of soil was calculated from VS and VP using Eqn 14.
Equation 15 was used to compute Poisson’s ratio from shear and
bulk density of soil. E of soil was evaluated from Eqn 13 using
G and Poisson’s ratio. Similar types of relationships were
observed between VS and E of soil because G and Poisson’s
ratio are direct functions of this modulus (Fig. 16). Similar to G,
maximum R2 and minimum RMSE were 0.97 and 1.4 MPa for
50 Hz respectively.
Limitations
There were some limitations to this technique. The application
of this technique in this study is limited to the laboratory
setting. This prototype was evaluated using a limited number
of crushed dried soil samples. Elastic wave propagation is
affected by soil moisture, which was not investigated in the
paper. More tests are required using different types of soil
with various physical and chemical differences to check the
dependency of this technique on these soil properties. Also, the
shear and Young’s moduli obtained from this technique need
to be validated against conventional methods. To apply this

technique in the ﬁeld, some modiﬁcations will be necessary for
the design of the probe to withstand the pressure that will be
exerted on the sensor while pushing the probes into the ground.
This technique will require knowledge of the ﬁeld moisture
content for converting the ﬁeld density to the bulk density
of soil. Time-domain reﬂectometry or frequency domain
reﬂectometry sensors can be used to evaluate ﬁeld moisture
to correct the ﬁeld density of soil. In addition, a small amount
of ambient noise in the operational environment, such as
vibration from nearby machinery, can affect measurement
of VS with this technique. This technique is non-destructive
but invasive; soil cores are not required but the probes need
to be driven into the soil, which may alter physical integrity of
the soil.
Conclusions
Soil density and stiffness moduli are important parameters for
soil management. The results showed that VS had a strong
relationship with r and stiffness moduli. Piezoelectric sensors
appear to be a rapid, cost-effective and convenient tool for
investigating r. In addition, these sensors can also be used for
measuring the stiffness of soil at a small strain level. This is an
inexpensive method that can produce accurate data. One of the
key features of this technique is that the input and output signal
data can be stored on a computer to automatically calculate r
and stiffness moduli. In the future, a robust soil probe system
can be implemented based on this technique so that it can
be used in the ﬁeld to measure r and stiffness moduli. This
should provide essential information regarding soil physical
properties that are invaluable in agricultural contexts and for
assessing soil function in general.
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