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Abstract—A high-sensitivity method to measure acoustic 
wave speed in soils by analyzing the reflected ultrasonic signal 
from a resonating layered interface is proposed here. 
Specifically, an ultrasonic transducer which can be used to both 
transmit and receive signals is installed on a low-high acoustic-
impedance layered structure of hard PVC and steel, which in turn 
is placed in contact with the soil deposit of interest. The acoustic 
impedance of the soil (the product of density and wave velocity) 
is deduced from analysis of the waves reflected back to the 
transducer. A system configuration design is enabled by 
developing an analytical model that correlates the objective 
wave speed with the measurable reflection coefficient spectrum. 
The physical viability of this testing approach is demonstrated 
by means of a one-dimensional compression device that probes 
the stress-dependence of compression wave velocity of different 
sizes of glass ballotini particles. Provided the ratio of the 
wavelength of the generated wave to the soil particle size is 
sufficiently large the data generated are in agreement with data 
obtained using conventional time-of-flight measurements. In 
principle, this high-sensitivity approach avoids the need for the 
wave to travel a long distance between multiple transmitter-
receiver sensors as is typically the case in geophysical testing 
of soil. Therefore it is particularly suited to in-situ observation of 
soil properties in a highly compact setup, where only a single transducer is required. Furthermore, high spatial 
resolution of local measurements can be achieved, and the data are unaffected by wave attenuation as transmitted in 
soil. 

 
Index Terms—ultrasonic reflection, geotechnical test, granular media, wave speed, soil stress. 

 

 

I. Introduction 

HE small strain or elastic stiffness of soil is important in 

geotechnical engineering to predict ground deformations 

during and after construction and dynamic behaviour 

associated, for example, with site response to earthquakes. In 

practice, the compression wave (P-wave) and shear wave (S-

wave) velocities are often measured and used to obtain the 

constrained and shear moduli of soil specimens, according to 

elastic theory [1].  Geophysical methods based on stress wave 

transmission which measure the time taken for a wave to travel 

between a transmitter and a receiver have been widely 

employed in laboratory experiments [2]-[7] and in–situ testing 

[8]-[9] to determine the elastic wave velocities. In the 

laboratory, a pair of piezoceramic bender (or extender) 

elements, comprising a source element and a receiver element, 

are configured at opposite ends or sides of a sample to trace 

shear or compression wave transmission in shear mode. The 

established field seismic testing methods all involve use of 

separate sources and receivers.  However, the need to use both 

a receiver and transmitter limits the nature of the data acquired; 

the measurements will reflect the ensemble properties along the 

path traversed by the wave and data reflecting local soil 

properties is not provided; this limitation is particularly relevant 

to in-situ soil wave measurements. Wave attenuation and 

dispersion make the received signals sensitive to noise so that 

in some cases no usable data are captured, especially in thicker 
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soil samples and in the case of high frequency wave 

propagation.  In laboratory tests, wave reflection from the side 

boundaries of a soil specimen container [10]-[11], can interfere 

with wave signal analysis (this usually occurs in the case of 

low-frequency signals and low width to height ratios).  

A number of in-situ geophysical testing approaches have 

been proposed. For near-surface soils, a wave reflection 

technique captures the reflected wave at an interface of two 

different media using a circular ultrasonic waveguide to 

measure the speed of P-waves and S-waves, which propagate 

and reflect along a bar embedded into the soil [12]. During 

tunnelling, three-component geophones can be used to record 

seismic signals from the reflectors ahead of the tunnel face, 

creating a three-dimensional high-resolution seismic image 

[13].  Off-shore, oblique incident P-wave signals can be pulsed 

from ships into the sea, so that both reflected P-wave and the 

converted S-wave are detected by receivers (each consisting of 

one hydrophone and three orthogonally oriented geophones) 

located on the seabed in order to establish the stratigraphy 

underneath [14]. Ultrasound reflection has also been used to 

monitor soil saturation and soil erosion [15]-[16]. Other 

representative non-destructive testing techniques, including 

electrical permittivity (to determine the soil moisture [17]-[18]) 

and acoustics emission (to detect particle breakage and so on 

[19]), have been recently employed to estimate the geophysical 

properties. In soil mechanics element testing, ultrasonic 

resonance may be an alternative solution to the time-of-flight 

method – stress wave is pulsed to excite a soil deposit, the 

responded resonant frequencies of which are recorded to 

estimate soil properties such as elastic moduli [20].  

Moreover, frequency domain analysis of the ultrasonic 

reflection has also been widely employed in other areas 

including medical devices (e.g., medical imaging, thermal 

therapy [21]) and tribological systems (e.g., probing the 

variation in thickness and viscosity of the lubricant film 

between two metal surfaces [22]-[27]). In these applications, a 

resonating or matching layer is usually introduced to achieve 

desirable reflection wave spectrum and improve measurement 

quality [21], [25]. It remains to be demonstrated that this 

approach can be applied to granular materials, acknowledging 

the issues: i) the elastic wave velocity  depends on the stress 

level and material state, ii) dispersion occurs and iii) granular 

materials act as a filter to high frequency ultrasonic waves.  

 This paper proposes a novel method that induces high-

frequency ultrasonic reflection resonance that can measure 

acoustic impedance and hence probe the elastic velocities in 

granular media.  The key advantages of the method are: i) there 

is only one sensor with a highly compact configuration (when a 

high-frequency ultrasonic transducer is used); ii) the data are 

highly sensitive to any variation of wave speed due to the 

characteristics of wave reflection resonance, iii) the 

measurement is independent of the wave attenuation and 

dispersion effects; and iv) boundary effects on wave 

propagation are avoided. This technique is deemed to be 

suitable for both laboratory and in-situ wave speed 

measurements, for example, it could be included in a cone 

penetration test (CPT) device. The practical viability is 

validated through a one-dimensional compression soil cell, 

while the method robustness is further assessed with ranged 

ratios of wavelength-to-particle size.  The main contributions of 

this study are: 

 conceptualization of ultrasonic reflection resonance for a 

high-resolution impedance measure in granular media,  

 development of an analytical model to characterize the 

resonance behavior and the sensitivity to material 

parameters 

 experimental validation with the proposed method 

compared to the conventional time-of-flight method, 

 robustness assessment of the proposed method in terms of 

applicable particle sizes.  

II. THEORETICAL BASIS AND ANALYTICAL MODEL 

This section outlines the theory upon which the ultrasonic 

reflection measurement of soil acoustic impedance is based.  

A. Wave Transmission and Reflection Background 

Consider a system where there are two layers (layer 1 and 

layer 2) which have different acoustic impedances, 𝑧1 and 𝑧2 

respectively. Referring to Fig. 1-a, when an incident stress wave 

encounters the interface between layer 1 and layer 2 (which is 

normal to the wave propagation direction), it will be partially 

reflected and partially transmitted. The reflection coefficient, 

𝑅, is determined by the acoustic impedance discrepancy of the 

two layers [1] and given as: 

 

𝑅 =
𝑧2−𝑧1

𝑧2+𝑧1
, (1) 

 

where 𝑧1 = 𝜌1𝑐1  and 𝑧2 = 𝜌2𝑐2  are the acoustic 

impedances, 𝜌1 and 𝜌2 are the material densities and 𝑐1 and 𝑐2 

are the wave propagation velocities in layers 1 and 2 

respectively. 

If an incident wave is transmitted into a three-layered 

structure (shown in Fig. 1-b), the overall reflection coefficient 

will be a complex number with both the amplitude and the 

phase angle determined by the materials’ acoustic properties 

and the middle layer (layer 2) thickness, mathematically given 

as [28]: 
  

 
Fig. 1.  Phenomenon of wave transmission and reflection into a) two-
layered structure and b) a three-layered structure, where layers 1, 2 and 
3 correspond to hard PVC, steel and soil in the present work. 
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𝑅 =
(𝑧1+𝑧2)∙(𝑧2−𝑧3)∙𝑒(−𝑖2𝜋𝑓ℎ2/𝑐2)−(𝑧2−𝑧1)∙(𝑧2+𝑧3)∙𝑒(−𝑖2𝜋𝑓ℎ2/𝑐2)

(𝑧2−𝑧1)∙(𝑧3−𝑧2)∙𝑒(−𝑖2𝜋𝑓ℎ2/𝑐2)+(𝑧1+𝑧2)∙(𝑧2+𝑧3)∙𝑒(−𝑖2𝜋𝑓ℎ2/𝑐2), (2) 

 

where 𝑓 is the wave frequency, 𝑧1, 𝑧2 and 𝑧3 are the acoustic 

impedance of layers 1, 2 and 3 respectively, and ℎ2 and 𝑐2 are 

the thickness and the wave speed of layer 2. 

B. Analytical Modelling and Sensitivity Analysis 

The above three-layered expression for the reflection 

coefficient can be utilized to measure soil wave speed, provided 

the soil density is known. Referring to Fig. 1-b, both the 

materials comprising layers 1 and 2 and the thicknesses of these 

layers should be selected in order to maximize the reflection 

coefficient sensitivity to variations in the wave speed, while 

other practical factors (e.g. the material strength and durability) 

are taken into account to ensure implementation viability. Fig. 

2-a shows the variation of the reflection coefficient amplitude 
|𝑅| with respect to the product of the wave frequency (𝑓) and 

the layer 2 thickness ( ℎ2 ), for a three-layered structure 

comprising  hard PVC as layer 1, steel as layer 2 and a layer 3 

made of soil. It can be seen that the minimum values of |𝑅|, 
which are associated with resonance, are very sensitive to 

variations in 𝑐3 (assuming a constant density). The resonance 

of the reflected signal occurs when half of the wavelength in 

layer 2 (𝜆2) equals to the layer 2 thickness (ℎ2), that is: 
 

𝑓𝑟 ∙ ℎ2 = 𝑁 ∙
𝑐2

2
, (3) 

 

where 𝑓𝑟 is the denoted as the resonant frequency, and 𝑁 = 1, 2, 

… By combining (2)-(3), the minimum amplitude of the 

reflection coefficient, which occurs at the resonant frequency 

(𝑓𝑟), can be obtained: 
 

min|𝑅| =
𝑧1−𝑧3

𝑧1+𝑧3
. (4) 

 

Equation (4) indicates that min|𝑅| is independent of layer 2 and 

depends only upon 𝑧1  and 𝑧3  (also shown in Fig. 2-b). 

Furthermore, the soil wave speed (𝑐3) can be given as: 
 

𝑐3 =
𝜌1𝑐1

𝜌3
∙

1−min|𝑅|

1+min|𝑅|
, (5) 

 

In contrast to the geophysical methods that rely on stress 

wave transmission, the soil density is required to enable 

prediction of the wave velocity in layer 3. The material 

selection of the layers 2 and 3 are justified as follows: in 

practice layer 2 should be a metal material that is strong while 

its thickness needs to be properly designed to satisfy the 

resonance condition in (3). Moreover, layer 1 should be made 

of a low-acoustic-impedance material, otherwise, the ultrasonic 

reflection will be insensitive to the objective variable of the soil 

wave speed (𝑐3) – this is similar to the performance of a two-

layered structure of “steel-soil” (shown as the green line in Fig. 

2-d). According to Fig. 2-c and -d, the selection of either water 

or hard rubber for layer 1 can, in principle, enable better 

measurement resolution compared to hard PVC. However, 

water can only transmit P-waves and not S-waves and requires 

non-trivial physical packaging and assembly. In contrast, hard 

rubber suffers from poor machinability, and is incompatible 

with the requirement for a highly smooth surface with low-level 

 
Fig. 2.  Analytical model of the reflection coefficient amplitude |𝑅| and sensitivity analysis: a) a three-layered structure of “hard PVC-steel-[layer 3]”, 

where the layer 3 is a soil sample with the P-wave speed assumed 𝑐3 ∈ [100, 600] m/s; b) a three-layered structure of “hard PVC-[layer 2]-soil”, 
where typical metal materials of aluminium, copper, steel, titanium are selected respectively as the middle layer 2 and the soil P-wave speed is fixed 

at 𝑐3 = 500 m/s; c) a three-layered structure of “[layer 1]-steel-soil”, where the layer 1 is with low-acoustic-impedance material of water, hard rubber 

and hard PVC respectively while 𝑐3 = [100, 300, 600] m/s; d) correlation between the measurable variable of min|𝑅| and the objective of soil P-wave 

speed 𝑐3. 
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roughness necessary for the interface between layer 1 and 2 in 

order to guarantee sufficient wave propagation intensity. 

Therefore, hard PVC is finally selected as the material for layer 

1, the other side of which will be attached by an ultrasonic 

sensor for signal pulsing and receiving. Other similar low-

acoustic-impedance materials, for example, Perspex, are 

alternatives for the layer 1, showing similar performance. 

Furthermore, data on Fig. 2-d clarify that a three-layered 

“hard PVC-steel-soil” system, instead of a simple “steel-soil” 

configuration, is needed to obtain sufficient measurement 

resolution. If the soil wave speed is assumed to vary from 0 m/s 

to 800 m/s, the corresponding reflection coefficient with “steel-

soil” (𝑅  is a constant value in this case, thus min|𝑅| = 𝑅 ) 

exhibits only a small change (from 1 to 0.95); in contrast, the 

proposed resonance technique using the “hard PVC-steel-soil” 

significantly improves  the  measurement  resolution,  with  the 
  

TABLE I 
 ACOUSTIC PROPERTIES OF DIFFERENT MATERIALS IN THE ANALYTICAL 

MODEL 

 
Density 

(kg/m3) 

P-Wave Speed 

(m/s) 

Acoustic Impedance 

(106 kg·m-2·s-1) 

 

Hard PVC 1450 2350 3.41  

Water 1000 1480 1.48  

Steel 7810 5800 45.3  

Copper 8960 4660 41.6  

Aluminium 2700 6320 17.1  

Titanium 4540 6100 27.7  

Soil 1500 100-600* 0.15-0.90  

* A wide range of soil wave speed is assumed to demonstrate 
capability of the ultrasonic resonance method. 

 

 
Fig. 3.  Schematic of the test setup for wave speed measurements in 
granular media (glass ballotini), where both the proposed ultrasonic 
resonance set-up (with a 1 MHz ultrasonic sensor) and the conventional 
time-of-flight set-up (with a 40 kHz transmitter-receiver pair) are 

installed. 𝐻  is the thickness of the soil specimens (two different 

thickness, 𝐻′ ≈  30 mm and 𝐻′′ ≈  15 mm, are tested separately to 
enable an incremental time-of-flight measurement, as detailed in 
Section III.B). 

measurable min|𝑅| varying from 1 to 0.48. 

Based on the above, a three-layered structure of “hard PVC-

steel-soil” is adopted in this study to probe the variation of the 

soil wave speed, in order to ensure practical viability in terms 

of optimum measurement resolution, structural strength. In 

addition, the acoustic properties of the associated materials are 

listed in Table I. 

III. EXPERIMENTAL SETUP AND RESULTS DISCUSSION 

A. Experimental Design and Setup 

Oedometer testing has been widely utilized to investigate 

geotechnical properties of a consolidated soil sample by 

applying a varied load [2]-[3], [6]-[7].  We expect the stiffness, 

and hence the elastic wave velocity, of soil, or any granular 

material, to vary with pressure [29]-[30] and so to demonstrate 

the viability of this testing approach we sought first to establish 

whether the proposed method could capture the stress 

dependency of the elastic wave speed.  As illustrated in Fig. 3, 

this study used a one-dimensional compression cell similar to 

an oedometer but with a smaller diameter-to-height ratio, 

having a diameter of 90 mm and a typical specimen height of 

30 mm. This cell could be placed in an existing Universal 

Mechanical Tester (UMT [31]). A vertical force of up to 1000 

N could be applied to soil specimens to give vertical stresses of 

up to 157 kPa. The vertical displacement the top of the soil 

samples was measured with an in-built LVDT sensor.   A high-

frequency ultrasonic transducer (1 MHz, as supplied by [32]) is 

employed to pulse an incident P-wave signal and also to receive 

the reflected signal (delayed with an interval of the forward and 

backward travelling time); the thickness of the middle steel 

layer is 2.9 mm according to the resonance criteria in (3) (i.e., 

this thickness ensures the produced resonant frequency, 𝑓𝑟, falls 

close to the centre frequency of the transducer 𝑓𝑐); a hard PVC 

cylinder is coupled to establish the three-layered structure of 

“hard PVC-steel-soil”, where coupling gel is applied onto both 

sides of the hard PVC to improve the signal intensity of wave 

propagation. The thickness of the hard PVC (minimum 25 mm 

is required in the present application) is carefully selected to 

eliminate any overlap or interference between the reflected 

wave and its adjacent signals, as detailed later in Fig. 6-b in 

Section III.C. The selection of the high-frequency 1 MHz 

transducer leads to a highly compact sensing package, which is 

well suited for inclusion in in-situ testing devices such as a CPT 

sleeve. In contrast, lower frequency ultrasonic transducers 

would require relatively thicker steel layer and use of hard PVC 

assembly. To enable verification of the data acquired using the 

wave reflection process, stress wave transmission through the 

sample was also measured using a 40 kHz transmitter and 

receiver pair. The threaded M24 sensor holders were designed 

to increase the flexibility of the overall apparatus configuration, 

enabling easy sensor replacement. Glass ballotini, different 

sizes of which correspond to different categories of soils/sands, 

are often used as model soils [33]-[34]. Therefore ranged sizes 

of glass ballotini, from the minimum diameter of 0-50 μm to the 

maximum diameter of 1.7-2.1 mm, are tested separately, which 

are believed enough in this proof to study the robustness of the 

concept. 

The experimental procedures used to acquire the wave 

transmission data and the reflection resonance data are shown 

loading cap
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in the flowchart in Fig. 4, and detailed in Sections III.B and 

III.C below. 

B. Wave Speed Measurements Using Transmitted 
Signal Data 

Fig. 5-a plots the transmitted and received signals for the 

transmission test sensors used for validation. The wave 

propagation speed cannot be accurately obtained by simply 

dividing the soil thickness (𝐻) with the peak time difference 

(between the transmitter and the receiver waveforms). This is 

because: i) there is a travel time associated with the passage of 

the waves within sensors themselves (time-of-flight tests with a 

varied thickness of water samples - where the water wave speed 

is known - are also performed, the results are provided in Fig. 

A1 in the Appendix, showing a travel time of around 2.1×10-5 s 

within sensors, which cannot be ignored in soil wave speed 

measurements as the soil specimen layer is relatively thin); and 

ii) the signals generated by the piezoelectric sensors are also 

slightly affected by the applied soil stress. To compensate for 

these errors and uncertainties, an incremental time-of-flight is 

used, where at least two sets of tests need to be performed (two 

soil specimens are thus separately prepared, with the prepared 

soil thickness 𝐻 being around 𝐻′ ≈ 30 mm and 𝐻′′ ≈ 15 mm 

respectively. The actual values of 𝐻′ and 𝐻′′ can be accurately 

measured by an in-built LVDT sensor during the loading tests). 

Fig. 5-b shows the variation of the peak time 𝑡′ and 𝑡′′ at the 

receiver ends with 𝐻 = 𝐻′  and 𝐻 = 𝐻′′  respectively. 

Eventually, the calibrated wave speed ( 𝑐̅ ) is obtained by 

dividing the soil thickness increment (𝐻′ − 𝐻′′) by the receiver 

peak time increment (𝑡′ − 𝑡′′), as plotted in Fig. 5-c. Data were 

collated for two samples with the actual value of 𝐻′ = 32.6 mm 

and 𝐻′′ = 13.1 mm where the load was varied from 50 to 1000 

N to give a stress range of 8-157 kPa. The expected pressure 

dependency of the wave speed is clearly evident in Fig. 5-c. 

C. Wave Speed Measurements with Ultrasonic 
Resonance 

The proposed reflection resonance method follows the 

flowchart of the procedures in Fig. 4-b. The example results 

shown here are for a soil specimen of small glass ballotini 

(diameters in the range of 0-50 μm). To calculate the reflection 

coefficient (𝑅), a reference signal of “hard PVC-steel-air”, is 

firstly required. These data enable calibration of 𝑅 = 1 with the 

zero-acoustic-impedance of air by cancelling out wave 

attenuation effect (in the hard PVC layer prior to acquiring any 

test signals for the “hard PVC-steel-soil” layer). 

Fig. 6-a and -b show reflected wave recorded at the sensor 

for the two-layer “hard PVC-air” and the three-layer “hard 

PVC-steel-air” system in the time domain respectively, the 

amplitude of the latter is significantly reduced due to the 

intentionally produced resonance with “hard PVC-steel-air”. 

The signal segment of 0-2.5×10-4 s needs to be truncated, i.e. 

excluded from the frequency domain analysis, as this part of the 

signal is generated when the wave leaves the sensor and is 

immediately reflected from the interface between the ultrasonic 

sensor and the hard PVC. The signal that penetrates and reflects 

from the target structured interfaces (“hard PVC-steel-air”) is 

recorded over the time segment of 2.5×10-4-5.5×10-4 s, as 

highlighted in red in Fig. 6-b and used later in the frequency 

domain analysis. The time required for forward and backward 

propagation is at least 2ℎ1 𝑐1⁄ , where ℎ1 is the thickness of the 

hard PVC and 𝑐1 is its wave propagation speed, in this case this 

gives a value of 2.5×10-4 s as ℎ1 = 25 mm. The thickness of the 

hard PVC layer must be carefully considered: if the thickness is 

insufficient, then the reflected wave will interfere with adjacent 

waves (which can be either the signal at 0-2.5×10-4 s or a second 

echo from the PVC-steel interface commencing at around 

5.5×10-4 s). On the other hand, if the hard PVC layer is too thick 

the reflected wave will be significantly attenuated, thus 

reducing the signal to noise ratio to an unacceptable level. The 

signal highlighted in red is extracted and a FFT is used to 

generate the data for the frequency domain response, as plotted 

in Fig. 6-c, where a resonance at 𝑓𝑟 =  0.97 MHz is clearly 

observed as compared to the non-resonant structure of “hard 

PVC-air”. The small deviation from the nominal value of the 

resonant frequency, 1 MHz as calculated using (3), is due to the 

parameter errors (in 𝑐2 and ℎ2), however, this does not affect 

the measurements as long as the actual resonant frequency falls 

into the transducer frequency bandwidth. The test signal 

obtained using a “hard PVC-steel-soil” configuration with a 

varied load of 50-1000 N (equivalent to 8-157 kPa), together 

with the reference signal from the “hard PVC-steel-air”,  in the 

 

 
Fig. 4.  Test procedures of implementing a) the conventional time-of-flight method (the upper dashed block) and b) the proposed ultrasonic resonance 
method (the lower dashed block) for the wave propagation speed measurements. 
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Fig. 5.  Experimental results of wave speed measurements with the incremental time-of-flight method (for a soil deposit of 0-50 μm glass ballotini): 

a) an example of the 40 kHz input transmitter signal (fixed throughout experiments) and the output receiver signal with the applied load 𝐹 = 50 N (or 

𝜎 = 8 kPa) and the soil specimen height 𝐻 = 𝐻′; b) the peak time 𝑡′ and 𝑡′′ (with the case of 𝐻′ = 32.6 mm and 𝐻′′ = 13.1 mm respectively, which 

are measured by a LVDT sensor) against the soil stress (𝜎); and c) the time-of-flight calibrated wave speed (𝑐̅) against the soil stress (𝜎), where 
𝑐̅ = (𝐻′ − 𝐻′′) (𝑡′ − 𝑡′′)⁄ . 

 
Fig. 6.  Experimental results of wave speed measurements with the proposed reflection resonance method (for a soil deposit of 0-50 μm glass 
ballotini): a) the reflection wave with “hard PVC-air” in the time domain; b) the reference reflection wave with “hard PVC-steel-air” in the time domain; 

c) the amplitude of the reflection wave “hard PVC-air” and “hard PVC-steel-air” in the frequency domain. 𝑓𝑟 is the resonant frequency with a local 
minimum reflection wave amplitude, thus exhibiting a minimum value in the reflection coefficient amplitude spectrum (see theoretical analysis results 
with “hard PVC-steel-air” in Fig. 2-a, which also agrees with experiment results shown later in Fig. 6-g); d)-e) the testing signals with “hard PVC-
steel-soil” in the time domain, where different soil loads are presented; f) the amplitude of the testing signals in frequency domain, where the soil 

load ranges 𝐹 ∈ [50, 1000] N or equivalent to 𝜎 ∈ [8, 157] kPa; g) the amplitude of the reflection coefficient in the frequency domain; h) the minimum 

amplitudes of the refection coefficients (min|𝑅|, which is at the resonant frequency 𝑓𝑟) with respect to the applied soil stress (𝜎); and i) the calculated 
wave speed (𝑐̂) using the analytical model in (5). 
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Fig. 7.  Experimental results with different sizes of soil particles: a)-d) are with the small glass ballotini, where the wavelength is greater than the 
particle size; e)-g) are with large glass ballotini, where the wave wavelength is close to or less than the particle size; h) the RMS deviation (as 

compared to the time-of-flight measurement results) against 𝜆3/𝑑 (where 𝜆3 is the wavelength in the soil layer while 𝑑 is the diameter of soil particles) 
to suggest the particle size influence; and i) a mixture of “continuous regime” glass ballotini (0-50 μm) and “discrete regime” glass ballotini (1.7-2.1 
mm), where the percentage 100%, 75% and 50% refer to the proportion of 0-50 “continuous regime” glass ballotini 0-50 μm, and the methods of 
ultrasonic reflection and time-of-flight are denoted by “UR” and “ToF” respectively. 

time domain are presented in Fig. 6-d and -e, in the frequency 

domain are shown in Fig. 6-f. Amplitude spectrum signals are 

further used to calculate the amplitude of the ultrasonic 

reflection coefficient (|𝑅|), as plotted in Fig. 6-g, which is 

equivalent to the theoretical response shown in Fig. 2-a. The 

minimum amplitudes of these reflection coefficients, min|𝑅|, 
at the resonant frequency are then found and plotted with 

respect to the applied stress (𝜎), as shown in Fig. 6-h. Finally, 

the objective variable of the soil wave speed (𝑐̂) is calculated 

using the analytical model developed in Section II.B, and 

shown in Fig. 6-i, where 𝑐̂ continuously increases with respect 

to 𝜎. It is worth noting that the soil density is assumed to be a 

constant as the vertical deformation of the glass ballotini during 

the loading tests is negligible, according to the LVDT 

measurements shown in Fig. A2 in the Appendix. 

D. Experimental Results and Discussion 

The time-of-flight calibrated soil wave speed (𝑐̅) with respect 

to the soil stress essentially agrees with the ultrasonic resonance 

measurements (𝑐̂), as shown in Fig. 7-a to -d, where different 

small diameters of glass ballotini (from 0-50 μm, 40-70 μm, 70-

110 μm to 100-200 μm) are tested separately to assess the 

robustness of the proposed method. In contrast, the ultrasonic 

resonance method begins to show significant measurement 

errors when dealing with larger particles (from 400-600 μm, 

1.0-1.3 mm to 1.7-2.1 mm), as demonstrated by Fig. 7-e to -g. 

The particle size influence on the ultrasonic resonance 

measurement is further quantified in Fig. 7-h, which provides 

the RMS deviations (as compared to the time-of-flight 

measurement results) against 𝜆3/𝑑 (where 𝜆3 is the wavelength 

in the soil layer while 𝑑 is the diameter of soil particles). It can 

be initially concluded that the proposed ultrasonic resonance 

method is applicable on the condition that 𝜆3 > 5𝑑, illustrated 

as the “continuous regime”. In contrast, the proposed approach 

will be invalid once 𝜆3/𝑑 falls within the “discrete regime”.  

Additionally, experiment results with a mixture of “continuous 

regime” glass ballotini (0-50 μm) and “discrete regime” glass 

ballotini (1.7-2.1 mm) are provided in Fig. 7-i, where it can be 

discrete 

regime

continuous

 regime
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roughly seen that higher proportion of “discrete regime” glass 

ballotini may introduce larger measurement errors of the 

ultrasonic reflection method. The behavior of gap-graded 

granular materials (i.e., mixtures of coarse and cohesionless 

fine grains) is however highly complex, and depends upon i) 

the ratio of the large and small diameters and ii) volumetric 

proportion of the finer fraction [35], therefore further 

comprehensive investigation is required for the application of 

the ultrasonic reflection method in this scenario. The main 

parameters of the tested glass ballotini, as well as layer 1 of hard 

PVC and layer 2 of steel, are listed in Table II. 

The above phenomenon of “discrete regime” is roughly 

illustrated and further explained in Fig. 8, which shows the 

wave propagation from a continuum media to a discrete media. 

The wavelength of a 1 MHz signal in the steel layer and in the 

soil should be around 𝜆2 = 5.8 mm and 𝜆3 = 0.5 mm, which is 

around 25% the diameter of the 2 mm glass ballotini itself. In 

this case, the wave from the interface with the soil side is a 

mixture of steel-air and steel-glass reflections and thus it is 

more likely to be randomly scattered [36]. This complexity 
 

TABLE II 
 PROPERTIES OF THREE LAYERS IN EXPERIMENTAL TESTS 

 Bulk Density 

(kg/m3) 

P-Wave Speed 

(m/s) 

Void Ratio 

(-) 

 

Hard PVC 1450 2350 -  

Steel 7810 5800 -  

Glass ballotini  

(0-50μm) 

1457* 250-550 0.72**  

Glass ballotini 

(40-70μm) 

1450 250-550 0.72  

Glass ballotini 

(70-110μm) 

1490 250-550 0.68  

Glass ballotini 

(100-200μm) 

1515 250-550 0.65  

Glass ballotini 

(400-600μm) 

1530 250-550 0.63  

Glass ballotini  

(1.0-1.3mm) 

1432 250-550 0.75  

Glass ballotini  

(1.7-2.1μm) 

1472 250-550 0.70  

* Density of glass ballotini specimens are calculated as weight divided 

by the volume (with the soil thickness 𝐻 measured by a LVDT sensor). 
** Void ratios of glass ballotini specimens are estimated as: (specific 
gravity – bulk density)/(bulk density), where the nominal value of specific 
gravity of glass ballotini is 2.5. Moreover, the void ratios are considered 
to be constant in the present study, as the soil deformation during the 
loading tests is negligible (see in Fig. A2 in the Appendix). 

 

 
Fig. 8.  Illustration of the wave reflection at the interface between the 
continuum steel layer and large soil particles (2 mm diameter of glass 
ballotini). 𝜆2 and 𝜆3 are the wavelength in the steel and soil layers. 

makes (1), on which the analytical model is based, invalid. 

Numerical simulations are therefore required to further 

investigate the characteristics of wave transmission and 

reflection that is associated to discrete media. A similar 

phenomenon can be also found in the application of ultrasonic 

reflection when studying contact between rough surfaces, 

where the presence of large gaps at the interface causes the 

assumption that the wavelength is considerably greater than the 

gap size to break down [37]. On the other hand, the time-of-

flight measurements with 1.7-2.0 mm glass ballotini begin to 

suffer from noisy signals, as the 40 kHz wave pulsed by the 

transmitter is significantly dispersed and attenuated before 

reaching the receiver, making the measurement results less 

reliable. Overall, to deal with large soil particles, both the time-

of-flight and the reflection resonance methods need to adopt 

lower frequency sensors. The ratio of the wavelength to particle 

size seems to be the dominant factor for the applicability of the 

ultrasonic reflection method, while the reliability of the time-

of-flight method can be additionally affected by soil thickness, 

soil stress and so on, as indicated in [1], [35]. Future work will 

investigate the robustness of the reflection resonance method 

through in-situ practice. 

IV. CONCLUSION 

A novel method that produces high-frequency ultrasonic 

reflection resonance has been proposed to probe acoustic 

impedance and hence wave speed propagated in granular 

media. Specifically, a three-layered “hard PVC-steel-soil” 

configuration is established to maximise the sensitivity of the 

reflection to the variation of the wave speed, according to the 

analytical modelling and sensitivity analysis. Other practical 

factors, for example a high-strength metal layer (the steel 

material used in the present work) is required for in-situ testing 

to separate high-stress soils and packaged sensors, are also 

taken into account to ensure the implementation viability. To 

validate this concept, an experimental setup of one-dimensional 

compression is designed and developed to enable the 

measurements of the soil stress dependence of the longitudinal 

wave (P-wave) speed. Test results with different diameters of 

glass ballotini suggest the wave speed measurements using the 

proposed ultrasonic reflection method essentially agree with 

these from the conventional time-of-flight method. Despite the 

limitations that i) the soil density must be known and ii) the 

ratio of particle size to wavelength must be considered when 

selecting sensors, the proposed reflection resonance method has 

some advantages in the context of soil wave measurements: 

 A single-end configuration with a highly compact system 

package, whereas the employment of a lower frequency 

ultrasonic transducer leads to a thicker steel layer-hard 

PVC assembly. 

 High sensitivity to the variation of wave speed, due to a 

low-acoustic-impedance layer (i.e. the hard PVC) coupled 

with the thickness of a steel layer properly selected. 

 The attenuation associated with wave propagation in the 

soil, which normally makes the conventional time-of-flight 

measurements sensitive to signal noise, does not affect the 

capture of the reflection signal. 

 High spatial resolution of local measurements can be 

achieved. 

2 mm

 steel layer

glass 

beads

 steel

air

glass beads

 λ2 = c2/f = (5800m/s) / 1MHz = 5.8mm

λ2

 λ3 = c3/f = (500m/s) / 1MHz = 0.5 mm

interface

λ3



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

 As a high-frequency ultrasonic wave decays rapidly when 

penetrating soils even by a short distance, it does not suffer 

the “boundary effect” (the wave propagation striking at the 

boundary of a soil body cell and hence contaminating the 

signal at the receiver end in the time-of-flight 

configuration). 

All of the above advantages suggest the proposed technique 

is applicable to both laboratory and in-situ measurements - for 

example, as embedded in a cone penetrometer. 

 

APPENDIX 

See Fig. A1-A2. 

 
Fig. A1.  Using the 40 kHz P-wave transmitter-receiver sensor pair to 
measure the transmission time in water with respect to the varied water 
thickness (14, 24 and 34 mm). The fitted line with two rounds of test 
results (the slope is the known water wave speed of 1481 m/s) shows a 
travel time of around 2.1×10-5 s within the sensors themselves. 

 
Fig. A2. Representative results of the vertical deformation ∆𝑧 of the soil 
specimens (glass ballotini) with respect to the time during the loading 

tests (a fixed timed step of 2.5 min for each applied load 𝐹 = 50, 100, 
200, …1000 N), showing that the soil density can be taken as constants 

because of negligible ∆𝑧: the soil specimens are with the thickness of 𝐻 

= 31.6 mm,  27.1 mm, 31.6 mm and the diameters of 𝑑 = 70-110 μm, 
100-200 μm, 1.7-2.1 mm respectively. 
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