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Graphical abstract 
 

 

Abstract 
 

The bender element is one of the most useful geophysical tools used in the laboratory to 

measure soil dynamics properties in a non-destructive way. However, inconsistent testing 

procedures may produce unrepeatable test results. Therefore, understanding the effect of 

the sensor rotation between the source and receiver position is crucial. This effect was 

evaluated using polystyrene material, which was unchanged throughout the period of 

testing. With sensor rotation angle starting from 00 to 900, the P-wave and S-wave velocities 

were calculated using five methods (Visual, First-peak, Maximum-peak, CCexcel and CCGDS). 

The cross-correlation methods are used in two ways; by using normalized cross-correlation in 

Excel (knowned as CCexcel) and by using GDS (Geotechnical Digital Systems Company for 

supplying Geotechnical instrument) bender element analysis tool BEAT (knowned as CCGDS). 

The results show that the Visual and First-peak methods gave a consistent wave velocity 

compared to the three other methods. In addition, both calculation methods were not 

significantly affected by increasing the sensor rotation angles. However, the Maximum-peak 

showed significant effect when the sensor rotation angle was above 200. The same issue 

was recognized for both cross-correlation methods when the sensor rotation angle was 

above 500. Moreover, the results from damping-slope indicated low effects for increasing 

the sensor rotation at P-wave and S-wave with sample thickness of 62.58 mm and 88.97 mm 

respectively (with an average damping-slope of about 3.50). In addition, the effect of the 

sensor rotation became more obvious at P-wave and S-wave with sample thickness of 88.97 

mm and 62.58 mm respectively (with variation in the damping-slope 0.40 to 41.20). 

 

Keywords: Bender element, procedure limitations, rotations, arrival time, cross-correlation, 

Damping-slope 
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Abstrak 
 

Elemen Bender merupakan salah satu alat geofizik yang paling berguna di makmal untuk 

mengukur ciri-ciri dinamik tanah dengan cara yang tidak merosakkan. Walau 

bagaimanapun, ketiadaan prosedur ujian yang konsisten telah menyebabkan hasil ujian 

tidak dapat diulangi. Oleh itu, memahami kesan putaran sensor di antara sumber dan 

kedudukan penerima adalah penting. Kesan ini telah dinilai menggunakan bahan 

polistirena, yang tidak berubah sepanjang tempoh ujian. Dengan sudut putaran sensor 

bermula 00-900, kelajuan gelombang P dan S telah dikira dengan menggunakan lima 

kaedah (Visual, Puncak Pertama, Puncak Maksimum, CCexcel dan CCGDS). Kaedah korelasi 

silang digunakan dalam dua cara; dengan menggunakan balas korelasi normal dalam 

excel (iaitu CCexcel) dan dengan menggunakan GDS (Geoteknik Sistem Digital Syarikat 

pembekal alat Geoteknik) alat analisis elemen Bender BEAT (iaitu CCGDS). Hasil kajian 

menunjukkan bahawa kaedah Visual dan Puncak Pertama memberi halaju gelombang 

konsisten berbanding dengan lain-lain kaedah. Di samping itu, kedua-dua kaedah 

pengiraan tidak terjejas dengan ketara dengan meningkatkan sudut putaran sensor. 

Namun kaedah Puncak Maksimum menunjukkan kesan yang ketara apabila sudut putaran 

sensor lebih 200. Isu yang sama ditemui apabila kedua-dua kaedah korelasi silang apabila 

sudut putaran sensor melebihi 500. Selain itu, keputusan daripada cerun-redaman 

menunjukkan hampir tiada kesan putaran sensor terhadap gelombang P dan S dengan 

sampel ketebalan 62.58 mm dan 88.97 mm (dengan purata cerun-redaman kira-kira 3.50). 

Kesan putaran sensor menjadi lebih jelas bagi gelombang P dan S pada sampel 

berketebalan 88.97 mm dan 62.58 mm (dengan variasi dalam redaman-cerun 0.40-41.20). 

 

Kata kunci: Bender elemen, batasan prosedur, putaran, masa perjalanan, balas korelasi, 

redaman-cerun 

 

© 2015 Penerbit UTM Press. All rights reserved 

  

 

 

1.0  INTRODUCTION 
 

One of the most useful geophysical tools in the 

laboratory is the bender element. Similar to other 

geophysical methods, the bender element is 

considered as a non-destructive method. However, 

many physical properties can be measured by using 

the bender element. Shear and Young’s modulus 

can be measured via bender element by using 

equations 1 and 2: 

 

E = Vp
2
 ρ  (1) 

G0 = Vs
2
 ρ  (2) 

 
Where E, G0 are the maximum Young’s and shear 

modulus respectively in small stain range, Vp is 

compression wave velocity and Vs is shear wave 

velocity and ρ is bulk density. 

Equations 1 and 2 show that the function of 

calculating the modulus depends on the measuring 

of compression and shear wave velocities (P-wave 

and S-wave). However, both compression and shear 

wave velocities can be measured by using the 

bender element tool [1-11]. 

The basic components of bender element consist 

of two plates of piezoceramic materials, which 

sandwich a thin plate of conductive metal. The 

function of bender element depends on the reaction 

and nature of piezoceramic material. This material is 

characterized by the dynamic electrical response. 

The piezoceramic material bends when the current 

flows through it and vice versa [1, 2, 3, 11, 12, 13]. In 

the bender element, the direction and polarization 

are the main parameters that control the function of 

this tool [1]. 

Figure 1 shows the different types of polarization 

and configurations of the bender element. In x-poled 

both of piezoceramic plates were placed to be bent 

(polarized) at the same direction. However, in y-

poled both of piezoceramic plates were placed to 

be bent (polarized) in opposite directions. There are 

two types of bender element configurations, series 

and parallel. For series configuration, the positive wire 

connects to one plate and the negative wire 

connects to the other to become like the series and 

there is no connection to the middle thin metal plate. 

However, for parallel configuration, both of the 

piezoceramic plates are connected to the positive 

wire and the middle thin metal plate is connected to 

the negative wire. Due to the use of these 

configurations and polarizations, it can send and 

receive compression and shear waves without 

changing the wiring [2, 14] (Figure 1). However, in this 

paper, the effect of sensor rotation on the quality 

and procedure of bender element data was tested. 

Thus, the quality of bender element data and 

procedure can be improved. 

 

 

2.0  METHODOLOGY AND PRINCIPLES 
 

Due to difficulties in implementing this research in the 

soil samples using a short length of bender element (1 

mm), the soil samples were replaced by polystyrene 

material. Polystyrene provides many advantages to 
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overcome the following trammels: (1) Provide good 

contact which can be difficult to achieve from soil 

samples. (2)  Better control for the dimension of 

polystyrene sample compared to soil sample. (3) 

Control the moisture contact during the test (unlike in 

soil samples which will be subjected to change in 

moisture content during the period of testing) [2, 4]. 

Two polystyrene samples are used where the first 

sample (Figure 2a) has a dimension of 62.58 mm in 

height, 110.06 mm in length and 88.31 mm in width 

whereas the second one (Figure 2b) has a dimension 

of 88.47 mm in height, 100.94 mm in length and 62.02 

mm in width. 

Figure 3 shows a position sketch of BE top and 

bottom sensors in polystyrene samples. In parallel 

position (00), the top and bottom sensors of bender 

element are arranged on both sides of the sample 

until it is in the exact position and direction. Then, the 

top sensor of bender element is rotated by 100 and 

this continues until 900, which represent the 

perpendicular position of the top sensor of the 

bender element to the bottom sensor. The tests were 

conducted by changing the sensor positions starting 

from 00 (parallel) to 900 (perpendicular) as shown in 

Figure 3. 

However, mono-frequency was used in this 

research (30 kHz) in order to avoid the near-field 

effect. The ratio of the wavelength to the wave path 

length was above 3 which is located in the safe zone 

so that it is not affected by the near-field effect [2, 8, 

9, 15, 16, 17, 18, 19, 20]. On the other hand, sine 

waves were used to carry the waves [10, 21, 22, 23, 

24]. 

Many researchers such as Viggiani and Atkinson 

[10], Yamashita et al. [25] and Arulnathan et al. [26] 

recommended measuring the wave velocity by 

accounting the wave path length from the tip of 

bender element source to the tip of bender element 

receiver. The calculations were according to the 

following equation: 

V= 
Ltt

t
   (3) 

Where V is the wave velocity, Ltt is the wave path 

length from tip to tip and t is the arrival time 

(recorded time). 

 

2.1  Methods to Calculate Wave Arrival Time and 

Damping-Slope 
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Figure 1 Bender element polarizations and configurations types 
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Figure 2 Polystyrene samples 
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Figure 3 Position sketch of BE top and bottom sensors 

in polystyrene sample with rotation interval 100 

starting from parallel (00) to perpendicular (900) to 

bender element pair 
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Generally, there are several methods to calculate 

first arrival wave time. However, in this research, five 

methods were used to calculate the arrival time 

(recorded time): (1) Visual results which were 

calculated directly from the screen software of the 

GDS bender element (version 1.5.3 was used in GDS 

bender element software) where GDS is 

Geotechnical Digital Systems Company for supplying 

geotechnical instruments. (2) First-peak by using 

excel Microsoft. (3) Maximum-peak also by using 

excel Microsoft. (4) Cross-correlation by using excel 

software CCexcel. (5) Cross-correlation by using GDS 

bender element analysis tools BEAT CCGDS [28]. The 

next paragraph explains those methods. 

The most well-known and simplest method to 

calculate the arrival time is First-peak, where the First-

peak from source is recorded and the First-peak from 

the receiver is recorded. However, this method is less 

accurate than other methods such as cross-

correlation methods. First-peak was used in both 

Visual and by using calculations in Excel. In Visual 

method, the detection of arrival time is faster than 

other methods; however, it has lower accuracy than 

other methods. In addition, for First-peak using Excel, 

(in related to the velocity calculations) both direct 

data and normalized data are used. In normalized 

data (normalized source and receiver), the data 

correlated to the maximum positive value. However, 

for damping calculations, only direct data was used 

[2, 10, 15, 25, 26, 27] 

On the other hand, cross-correlation, which is an 

advanced method to calculate the arrival time of 

the waves, was used. In cross-correlation, two wave 

signals are compared to get the best similarity. The 

best fitting between any signals (from source and 

receiver) will be taken and time difference between 

the signals will be accounted as the travelling time [2, 

10, 15, 19, 26, 28, 29]. 

Normalized cross-correlation equation (equation 

4) was used to calculate the cross-correlation arrival 

time in Excel CCexcel. However, three modes of 

correlative points are used. From 4 through 5 to 6 

correlative points are used to get the best fit, then 

the corresponding time (best fit between the source 

and receiver signals) was considered as the travel 

time. 

 

CC-norm 
excel

 =  
∑ X(T)Y(T)

T-1
T=0

∑ X
2(T)∑ Y

2
(T)

T-1

T=0

T-1

T=0

   (4) 

 

Where CC-normexcel is the normalized correlation 

coefficient. T corresponds to the signal time record, 

Y(T) is source signal and  X(T) is the receiver signal. 

However, Rees et al. [28] described their new tools 

called “bender element analysis tools BEAT” which 

were used in this research to calculate the arrival 

time. However, this method was called, in this 

research, CCGDS to identify it as the method 

programmed by the GDS company team (GDS is 

Geotechnical Digital Systems Company for supplying 

geotechnical instruments). The bender element 

analysis tools were designed to calculate the travel 

time in many ways including cross-correlation by 

using the following equation (equation 5): 

 

CC xy (ts) =  
1

T
∑ X(T)Y(T+ts)

T-1

T=0
 (5) 

 

Where CCxy (ts) is the time for maximum value of 

cross-correlation, ts is the time shift for source signal, T 

corresponds to the signal time record, Y(T) is source 

signal and  X(T) is the receiver signal [28].  

In contrast, the damping-slop was calculated 

according to the difference between the maximum 

source and the maximum receiver amplitudes. 

However, to make the calculation of waves damping 

simple (i.e. not complicated) the difference in 

measurement units between the source and receiver 

signals was ignored (where the measurement units for 

the source signal was in volt (v) and the unit of the 

receiver was in millivolt (mv)). 

 

 

3.0  RESULTS AND DISCUSSION 
 

3.1  Velocities Results 

 

Figure 4a and 4b show the plot of the results from the 

sensor rotation versus the P-wave and S-wave 

velocities respectively, which were calculated using 

different methods (Visual, first peak-to-first peak, 

Maximum-peak CCexcel and CCGDS) for the sample 

with a thickness of 62.58 mm. Within the rotation 

angle from 00 to 800, Visual and First-peak show a 

similarity in the P-wave velocity with 522.2 m/s for 

Visual and 519.3 m/s for First-peak. However, when 

the rotation angle becomes equal to 900, the First-

peak produced results equal to 454.3 m/s (Figure 4a). 

This is the same for S-wave velocities, which were 

within the range of 202.6 to 214.8 m /s for Visual and 

within the range of 201.9 to 213.8 m/s for First-peak 

(Figure 4b). 

The Maximum-peak and cross-correlation for both 

CCexcel and CCGDS show similarity in the results within 

rotation angle range between 00 to 200 with P-wave 

velocity equal to 227.2 m/s. Then the Maximum-peak 

started to give various values within the range of 

213.8 to 519.3 m/s. However, within the rotation angle 

range between 00 to 800 both of the cross-correlation 

methods (CCexcel and CCGDS) show a similarity in the 

results with a velocity equal to 227.2 m/s. Beside, 

when the rotation angle reaches 900, it shows an 

increase in the velocity which is 454.3 m/s. 

 

3.2  Damping-Slope Results 
 

Figure 5a and 5b show the plotting of the results from 

the sensor rotation versus the P-wave and S-wave 

damping, which were calculated using different 

sample thickness i.e. 62.58 mm and 88.47 mm 

respectively. In the sample with a thickness of 62.58 

mm, the damping ratio for P-wave damping was in 

the range of 4.2 % and 9.5 %, while S-wave was in the 
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range of 1.6 % and 10.3 %. Moreover, for the sample 

with a thickness of 88.47 mm, the damping ratio of P-

wave was in the range of 5.3 % and 51.2 %, while S-

wave was in the range of 2.5 % and 7.3 %. 

 

 

 
 

 

Figures 6a and 6b show the damping-slope for P-

wave on the samples with a thickness of 62.58 mm 

and 88.47 mm respectively. The damping-slope for 

the sample with a thickness of 62.58 mm shows a 

smooth increase in the damping from 00 sensor 

rotation to 900 with a slope equal to 3.50 and R2 

equals to 0.9147.  However, for the sample thickness 

of 88.47 mm, it was noted that the damping-slope 

can be divided into two zones. The first zone has a 

sensor rotation angle of 00 to 500. This zone shows an 

increase in the damping slightly with a slope equal to 

8.70 and R2 equal to 0.8867. The second zone has a 

sensor rotation angle above 500, where this zone 

shows rapid increase in the damping at slope 41.20 

and R2 equal to 0.8915. 

 

 
 

Figure 7a and 7b show the damping-slope for S-

wave on the samples with a thickness of 62.58 mm 

and 88.47 mm respectively. The damping results for 

the sample thickness of 62.58 mm show that the 

damping-slope can be divided into three zones. The 

first zone has a sensor rotation angle of 00 to 500, 

where this zone shows an increase in damping very 

slightly with a slope equal to 0.40 and R2 equal to 

0.4651. The second zone has a sensor rotation angle 

zone of 500 to 700. This zone shows rapid increase in 

the damping with a steep slope equal to 21.80 and R2 

equal to 0.8743. The third zone has a sensor rotation 

angle zone of 700 to 900. This zone shows almost no 

increase in the damping with a steep slope equal to 

0 0 and R2 equal to 0.9977. 

 

 
(a) 62.58 mm 

 
(b) 88.47 mm 

 

Figure 6 The coefficient of determination for the P-wave 

damping at different  sensor rotation 

 

 
(a) 62.58 mm 

 
(b) 88.47 mm 

 

Figure 5 P-wave and S-wave damping at different  sensor 

rotation 
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Figure 4 Calculated wave velocity at various rotation 
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3.3  Discussion of Results 

 

By referring to Figure 4, it has been noted that the 

calculations from Visual and First-peak always 

produce similar results for both P-wave and S-wave 

at all sensor rotation angles. Except for the sensor 

rotation angle 900 for First-peak, both Visual and First-

peak methods were not affected by increasing the 

rotation angle. However, both methods showed a 

higher velocity (shorter time arrival) than the other 

three methods (Maximum-peak, CCexcel and CCGDS). 

These results agree with those of previous researchers 

[2, 10, 15, 25, 26 and 30]. 

However, the results of P-wave velocity from 

Maximum-peak were subjected to variation when 

the sensor rotation angle increases above 200 while 

this variation started to appear after the sensor 

rotation was at 300 for S-wave velocity calculation. 

On the other hand, the results from both cross-

correlations were subjected to variation when the 

sensor rotation angle was above 500 for P-wave 

velocity. For S-wave velocity, the cross-correlation 

showed differences in CCexcel and CCGDS, which can 

be explained by choosing the correlative points in 

the two methods. The uncertainly in the results in 

Figure 4, can be considered as a guide for caution 

for the velocity calculation results when the bender 

element is subjected to sensor rotation angle higher 

than 200. 

The differentials in the damping between the two 

samples can be explained via the loosing of wave 

energy due to the energy distribution as a function of 

geometry [31]. In addition, the damping results in 

Figures 6 and 7 show that the variation of damping-

slope of P-wave is less affected when the thickness of 

the sample is relatively low compared to the 

variation of damping-slope of S-wave and vice versa. 

The P-wave damping-slope indicated a steep slope 

(41.20) when the sensor rotation is above 500 (in the 

second zone for the sample thickness of 88.47 mm). 

In addition, the S-wave damping-slope showed a 

steep slope (21.80) at zone 2 (at a sensor rotation of 

500 to 700 for a sample thickness of 62.58 mm). 

Meanwhile, at zone 3 (at the sensor rotation between 

700 and 900 for the sample thickness of 62.58 mm), the 

damping-slope becomes level. This is can be related 

to two facts: (1) The P-wave handle lower energy 

compare with the one at S-wave, which add extra 

effect for losing the energy with longer distance. (2) 

The nature of way of  S-wave propagation and 

higher amount of energy which carried in S-wave 

cased high variation with increase the sensor rotation 

until specific point (at sensor rotation above 700) then 

no more variations in the damping. These results are 

in line with the results of other researchers such as 

Jong-Sub and Santamarina [5] who tested using 

bender element and Karl et al. [32] who tested using 

seismic cone penetration test. However, Parolai et al. 

[33] who tested using vertical arrays of 

accelerometers in the borehole showed 

disagreement with these results. 

 

 

4.0  CONCLUSION 
 

From the research carried out, it can conclude the 

following issues: 

1. The results show that similarity in the velocity 

calculation between the First-peak and Visual 

methods.  There was less variation in the P-wave 

velocity (519.3 m/s for First-peak and 522.2 m/s 

for Visual) for the sensor rotation from 00 until 900.  

2. Both of Visual and First-peak gave a higher 

velocity than other methods (Maximum-peak, 

CCexcel and CCGDS).  

3. Using First-peak and Visual analysis methods, 

show no significant effect on P-wave and S-

wave velocity when the sensor rotation was 

increased. While the P-wave and S-wave 

velocities were affected by the rotation sensor 

above 200 for the method of Maximum-peak 

and CCexcel, and above 500 for the CCGDS 

method. 

4. The increasing of the sample thickness and the 

sensor rotation caused the variation in the 

damping-slope for P-wave.  In contrast, the 

decreasing of the sample thickness and the 

sensor rotation caused the variation in the 

damping-slope for S-wave. 
 

 

 

 

 

 
(a) 62.58 mm 

 
(b) 88.47 mm 

 

Figure 7 The coefficient of determination for the S-wave 

damping at different  sensor rotation 
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