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ABSTRACT 

The small strain shear modulus, Gmax, is considered a fundamental design parameter in many geotechnical 

applications for soils under dynamic loads. Gmax can be estimated from both in situ and laboratory 

techniques. The piezoelectric ring-actuator technique (P-RAT) was developed at the geotechnical laboratory 

of Université de Sherbrooke (QC, Canada) to measure the shear wave velocity (Vs) and accordingly Gmax. 

This technique can be incorporated into different conventional apparatuses (e.g., triaxial, oedometer). This 

paper represents a description of the development of P-RAT to estimate Vs with a suitable accuracy as well 

as the developed interpretation method of output signals during Vs measurements. In addition, the Vs results 

of three granular soils were measured and a correlation between the void ratio (e) and Vs was then 

established. The obtained results showed compatibility with different Vs-e correlations proposed in the 

literature. 
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INTRODUCTION  

The small strain stiffness modulus, Gmax, can be evaluated either from in-situ [1-2] or laboratory 
methods [3-4-5]. Given the theoretical relation between Vs and Gmax, Vs also attracted many 
researchers and has been studied for years. It imposes only elastic shear deformation without 
volume change. Consequently, evaluating Vs can be considered a direct method to estimate 
material stiffness as it is directly related to the soil skeleton and not strongly affected by the 
presence of gas or water. The relation between Gmax and Vs is usually represented as follow: 

max

2
VsG =

…………………………………………………………………………………………….1 

where ρ is the density of soil . 

Simultaneously, Vs also has a great role in soil characterization. It is considered a major design 
parameter in many geotechnical applications. Measuring Vs accurately makes it possible to 
analyze and design geotechnical structures, predict layer structure, bedrock position and degree 
of compaction, investigate ground reaction to earthquake, clarify geotechnical and mechanical 
characteristics of soil, estimate in situ soil density and assessment of liquefaction potential [6-7-
8]. 

While Vs can be measured in laboratory using different testing methods such as Bender element 
(BE) and Resonant column (RC) tests. Some may question the accuracy of the results obtained 
from these tests. Several facts may affect the results of BE including: 
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• The soil is penetrated causing disturbance and the received waves are combination of 
shear wave, primary wave and reflections (Arulnathan et al. 1998, Lee and Santamarina 
2005). 

• It is hard to accurately know travel time and distance (which is related directly to shear 
wave) as it is difficult to detect the first arrival of shear wave and so, the exact travel time 
between input and output signals. There were also disagreements about the right 
distance to take as travel distance and whether to include the bender element or take 
the distance between them [11]. 

• It is hard to test dense or saturated materials in the bender element as it causes short 
circuits giving non-reliable results (BE must be waterproofed). 

• Despite the importance of the BE method and the number of researchers using it, there 
is no accepted standard procedure for evaluating shear wave velocity nor an 
interpretation technique with a sufficient level of precision that can be adopted as a 
standard [12]. 
 

Moreover, several literature studies highlighted various sources of error in RC related to the 
interpretation method, equipment and specimen compliance, and non-uniform stress/strain 
distribution [13-14-15-16-17-18], also RC measures dynamic properties of soil only when shear 
strain amplitude is < 0.05% and can not be used with stiff specimens.  
Therefore, this paper represents the development of P-RAT in order to reach more accurate 
results and to reduce the complications related to other techniques that measure Vs. Moreover, 
details of the developed interpretation method of output signals during Vs measurements were 
described. 

PIEZOELECTRIC RING-ACTUATOR TECHNIQUE  

The development of P-RAT in the geotechnical laboratory of Université de Sherbrooke was to 
reduce the complications related to other techniques that measure Vs (e.g., BE and RC) [19-20-
21-22-23]. 
P-RAT contains two piezoelectric elements; one acts as an emitter and the other as a receiver. 
Both are fixed by a layer of silicone at the bottom and top heads of different conventional 
geotechnical apparatus. Inside the piezoelectric rings, a porous stone is set using special epoxy, 
as shown in Fig. 1. Transmitting different electrical voltage pulses to the emitter causes 
deformations in the inner stone, creating vibrations in the radial direction producing practically 
pure shear waves. The receiver diffuses data to the acquisition card in order to estimate the Vs. 
P-RAT was developed through the years to improve signal quality and interpretation method of 
output signals. Originally, the porous stone was not divided. However, with the continuous 
researches to generate a pure shear wave, it was divided into four pieces. With more 
investigations, the four pieces were kept radially in contact at their outer edges, as shown in Fig. 
2, restraining the generation of any primary wave associated with radial deformation, reducing 
magnetic field and eliminating any longitudinal displacement [23]. More details about the 
methodology and the scientific development of P-RAT were provided by (Karray et al. 2015) [5]. 
The main reasons to believe that P-RAT is a powerful tool for measuring Vs are: 
 

• P-RAT can be incorporated in traditional geotechnical apparatus (e.g., triaxial, RC, 
simple shear cell and oedometer cells) and could be used for testing different types of 
soils (e.g., granular, cohesive soils, rock fills). 

• The P-RAT does not penetrate the soil, it minimizes the compression waves’ energy, the 
near field effect is avoided, and it overcomes wave reflections at the top and bottom caps 
of the device. 

• It minimizes apparatus effect by doing tip to tip test to evaluate the sensors and know 
how they interact with samples and applied pressure, generating a practically pure shear 
wave.  

• The sensor's design with a large area of contact with the tested specimen provides 
results that represent the soil well and ensures axisymmetric distribution without favoring 
specific direction. Also, the stainless-steel encapsulation of the sensors absorbs the 
longitudinal expansion of the piezoelectric ring and offers a better distribution of the 
stresses onto the sample. 
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Fig. 1: Piezoelectric ring-actuator sensors (emitter or receiver) (after[5]) 

INTERPRETATION METHOD 

A frequency domain method that could be used with different piezoelectric techniques (e.g., P-
RAT, BE) was developed at the University of Sherbrooke [19-20-25-5-22-23]. The velocity that is 
determined from the travel time between emitted and received signals does not directly represent 
the shear wave velocity of soil but rather the phase velocity (Vph) as it differs with the frequency. 
Any generated signal usually changes going through the dynamic system used. The dynamic 
system can be evaluated on the basis of the system's transfer function (TF), which is defined by 
its amplitude A (ω) and phase θ (ω); where ω is the angular frequency.  

 

Fig. 2: Improvement of porous stone of P-RAT (modified after [23-24])  
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In order to estimate accurate shear wave velocity of tested soil, the dynamic system used should 
not cause phase shift or amplification, but this is not possible. Theoretically, in a perfect dynamic 
system, Vph = Vs= constant for a chosen soil under the same testing conditions, applied stress 
and different frequency input. The interpretation method used depends on investigating system 
characteristics and minimizing dynamic system error in order to estimate accurate shear wave 
velocity of the tested sample.  
It was assumed that the used dynamic system has a fixed phase-shift error function that does not 
depend on or get affected by the soil tested nor the signal transmitted. To estimate the sensor 
characteristics (resonant frequency and phase shift), a tip to tip test can be easily done estimating 
phase shift error as a function of the frequency (TF) that can be added or subtracted giving true 
Vs of soil where Vs, is one of the soil characteristics that should not vary with frequency [5].  

A brief description of how the signal is usually being processed as shown in Fig. 3 [5-21-24]  

• The received signal in the time domain, Fig. 3-a, is converted into frequency domain, 
Fig. 3-b, showing where the energy is located. 

• Theoretical phase shift caused by each sensor behaves as a single degree of freedom 
system (SDOF), (solid line) Fig. 3-c, the characteristics of the sensor is estimated by 
doing tip to tip test (test with no soil sample only sensor on sensor) reaching the 
theoretical phase shift curve, (Red plotted curve) Fig. 3-c, the corrected phase shift, 
black plotted curve Fig. 3-c, is obtained by canceling phase shift generated by the 
sensor.   

• The experimental dispersion curve returns to a constant value referring to the speed of 
the shear wave, Vs is constant and independent of the phase or the frequency content 
of the transmitted signal, Fig. 3-d. 

The interpretation method gives clear shear waves as it minimizes near field effects, boundary 
effects and primary waves making it easy to determine the first arrival of the shear wave. 
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 `  

Fig. 3: Example of signal processing using P-RAT interpretation technique (modified 
after [21]) 

EXPERIMENTAL RESULTS AND DISCUSSION  

Three granular soils were tested using P-RAT incorporated in an oedometer cell. The design of 
the cell used and the procedure are almost identical to the standard oedometer test Fig. 4. The 
diameter and height of the oedometer ring used are 63.5 mm and 18 mm respectively. 

In the current study, four input signals with different time and frequency (Table 1) were used 
covering frequency bands below and above the fundamental frequency of the system and 
characterizing the emitter-receiver dynamic system in terms of resonance frequency and damping 
ratio. These signals were produced by an arbitrary waveform generator card by making a digital 
representation of the waveform. The input wave used is a sinusoidal signal to avoid the 
complications of square signals [26-27-28-29]. Fig. 5 shows a sample of input and output signals 
obtained during the P-RAT test. The frequency domain method which is developed at the 
University of Sherbrooke [5], was used in this research to analyze the P-RAT results. 
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Fig. 4: The oedometer apparatus equipped with P-RAT sensors (modified after [5]) 

Table 1: Input signals used in P-RAT tests, modified after [5] 

 Chap6 Ond1 Pulse 12p5 Pulse 25 

Time 

Domain 

 

 

  

Frequency 

Domain 

 

 

 

 

 

Fig. 5: Sample of P-RAT input and output signals 
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Each soil is tested under eleven different stress conditions. After ensuring full consolidation of 
each increment, the four different input signals are generated, giving four received waves that 
can be analyzed using the interpretation method to obtain the Vs at every stress condition and 
subsequently, the Gmax can be calculated using Eq.1. 

The three granular materials tested were obtained from different regions of Quebec, Canada. The 
characteristics of the tested soils were estimated in the geotechnical laboratory at the University 
de Sherbrooke. The specific gravity (Gs), maximum void ratio(emax), minimum void ratio (emin), 
mean grain size (D50), uniformity coefficient (Cu) and fine content (FC) were obtained (Table. 2) 
following the ASTM specification guidelines [30-31-32-33]. The tested soils' particle size 
distribution curves are shown in Fig. 6.  

Table 2: Characteristics of the used granular samples 

 B00-CF2 B00-CF5 Péribonka 

Gs 2.77 2.82 2.82 

D50 (mm) 0.220 0.165 0.285 

Cu 3.38 2.60 4.71 

emax 1.136 1.290 0.702 

emin 0.530 0.626 0.369 

FC (%) 9.80 13.00 4.81 

Particle Shape SA-A SA SA 

Note: SA= Subangular & SA–A = Subangular to Angular 

 

Fig. 6: Particle size distribution curves 

Various tests were carried out with different initial relative density values, deformation of tested 
soil and the corresponding Vs were estimated under different stresses using P-RAT incorporated 

in oedometer cell. Since Vs is a function of ’vn, where n ≈ 0.25, in agreement with a majority of 
research in the previous studies, [4-34-35], Vs values were routinely stress normalized following 
numerous researchers [7-36-37-38] as: 

0.25

1
'

s s

PaV V
v

=
 
 
  …………………………………………………………………………………………2 
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where Vs1 is the stress-normalized shear wave velocity, and Pa is the atmospheric reference 
pressure of 100 kPa. Fig. 7 represents the relation between the void ratio and the corresponding 
Vs1 of tested soil. It is clearly observed that the void ratio is the major parameter that affects Vs1 

in agreement with previous studies [4-39-40-41-42]. 

 

Fig. 7: Normalized shear wave velocity (Vs1) as a function of void ratio for tested soils. 

Figure 7 shows that the range of VS1 between the highest and lowest density state variance does 
not exceed 100 m/s which agrees with the field measurements of VS1 [38-43-44].  

The obtained Vs1 value was compared with the correlations proposed by Hussien and Karray [38]-  
Lashin et al. [42]. Hussien and Karray [38] proposed a correlation between Vs1 and relative density 
for granular soils with (0.2 mm ≤ D50 ≤ 10mm) based on Vs1 values available in the literature as: 

1 505.68[ln( ) 4.84] 25s dV D I= + +
………………………………………………………………...3 

Also, Lashin et al.  [42] correlated the Vs1 to the void ratio based on P-RAT testes carried out on 
twenty-two different granular soil with (0.217 mm ≤ D50 ≤ 0.6 mm) and (1.5 mm ≤ Cu ≤ 250 mm)  
as: 

 2

2

1.0350.025 0.065 10000

1 50370 exp exp
DA

e

s uV D C

 
  −−  =

.……………………………………………………….4   

where A2D is the two-dimensional angularity of the tested soils. The experimental results show 
good compatibility with the previous proposed correlations as shown in Fig. 8. 

The two-dimensional angularity (A2D), which represents the shape characteristics of soil, was 
determined based on the method developed by (Ghali et al. 2018, 2020) [45-46].  A sieve analysis 
test was done to segregate the soil samples, six specimens (20 grams each) were obtained 
arbitrary from every sieve size and scaled images of the chosen soil were taken by light 
stereomicroscope (Leica MZFL-III fluorescence stereo zoom microscope), resulting in more than 
25 photographs for each soil sample. A sample of the digital images of tested soils is shown in 
Fig. 9. A2D for each soil was then obtained based on the chart, represented in Fig. 10 proposed 
by Lees (1964a & 1964b) [47-48]. The mean A2D of the tested soil sample was calculated from 
the percentage of particle angularities in each grain size range resulting in A2D=750,675,620 for 
B00-CF2, B00-CF5 and Peribonka, respectively. 
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Fig. 8: Comparison between Vs1 obtained from the experimental results, the correlation 
proposed by Hussien and Karray [38], and the correlation proposed by Lashin et al. [42]. 

 

Fig. 9: Digital images for tested granular materials 

 

Fig. 10: Definition and chart used for predicting the average A2D (modified after [45-47-
48]). 
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CONCLUSION 

This paper represents one of the most simple and powerful techniques to estimate shear wave 
velocity, P-RAT. The development of this technique, as well as the new interpretation method, 
were explained in detail. Also, this study demonstrates the superiority of determining the small-
strain shear modulus using the P-RAT over the other conventional techniques. Moreover, the Vs 
of three granular soil were obtained using the P-RAT incorporated in the conventional oedometer 
cell, then the relationship between the void ratio (e) and Vs1 was plotted for the tested soil. Finally, 
the Vs1 results were compared with several Vs1 - e proposed correlations, available in the 
literature, which showed acceptable compatibility. 
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