
 

 

  
Abstract—It is a difficult problem to purify the Leibo signal from 

the seismic record. In order to purify the Rayleigh wave signal from 
seismic records, a new method for purification of Rayleigh wave 
exploration signal is proposed, which is based on the combination of 
multiple-filter technique and time-frequency filtering of generalized S 
transform (GSTTF-MT). GSTTF-MT calculation is described in this 
paper. It illustrates that the GSTTF-MT can be effectively applied to 
the Rayleigh wave purification through the simulation experiments 
and engineering examples. After analyzed and compared the 
advantages and disadvantages of GSTTF-MT and other methods. In 
conclusion, the method of GSTTF-MT is reliable and stable, and the 
experience and conclusions can be for reference to extraction of 
Rayleigh wave dispersion Curve in practical engineering. 
 

Keywords—Rayleigh wave, dispersion curve, Generalized 
S-transform, Multiple-filter technique. 

I. INTRODUCTION 
As a non-destructive seismic exploration method, Rayleigh 

exploration has been widely used in many fields such as 
subgrade detection [1], advanced geological prediction of 
tunnels[2-6] and so on. The main principle of Rayleigh wave 
exploration technology is to extract the Rayleigh wave 
dispersion curve according to the signal actually detected by 
Rayleigh wave instrument and to make a reasonable 
explanation of the physical and mechanical properties of the 
rock mass according to the dispersion characteristics. However, 
the signals of Rayleigh waves, P waves, S waves, reflected 
waves, refracted waves and noises are included in the actual 
exploration record signals. Therefore, how to eliminate the 
interference waves and effectively identify the Rayleigh wave 
signals is the key to Rayleigh wave exploration technology. 

At present, there are many methods to extract Rayleigh wave 
dispersion curve, which are mainly divided into three methods 
of single track[7], double tracks[8] and multiple tracks[9], but 
basically based on multi-channel Rayleigh wave technology. 
Multi-channel Rayleigh wave technology requires a long line 
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survey detector, however, in underground engineering 
Rayleigh wave test, the underground engineering face surface 
limited special restrictions, therefore, in this paper, the multiple 
filtering method and the generalized S-transform 
time-frequency filtering method are introduced to the 
purification of Rayleigh wave signals with two channels of 
data, and a novel Rayleigh wave signal filtering and filtering 
method based on generalized S-transform time-frequency 
multiple filtering (hereinafter referred to as GSTTF-MT) is 
proposed.  

II. GENERALIZED S-TRANSFORM MULTI FILTERING METHOD 
The generalized S-transform multiple filtering method is a 

new Rayleigh wave signal purification method based on the 
combination of multiple-filter technique and generalized 
S-transform time-frequency filtering (hereinafter referred to as 
GSTTF-MT). 

The main steps of the method for Rayleigh signal 
purification are as follows: 

1）Read Rayleigh wave original signal and parameters and 
conduct pretreatment; 

2）Multi-filter the signal to get the arrival time of the wave 
group; 

3）According to the obtained information of the arrival time 
of wave group, contract a time-varying filter based on GST 
transform; 

4）The signal is filtered by a time-varying filter based on a 
GST transform to obtain a mode-separated fundamental mode 
signal; 

5）Find Rayleigh wave dispersion curve. 
The process is shown in Fig. 1. 

A. Multiple filtering method 
Multiple filter method is a frequency time analysis method 

proposed by scholars such as Dziewaonski and Bloch in 
1969~1972[10-11], the basic idea is: the seismic signal is 
filtered by Gaussian non-phase shift bandpass filter (center 
frequency is ), then the inverse Fourier transform to the time 
domain, to get the maximum amplitude of the arrival of the 
frequency  group velocity package. Represented as:.  
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Fig. 1. GSTTF-MT-based filtering flow diagram 
 

In the formula: —Rayleigh wave time domain 

signal Fourier spectrum, — Gaussian non-phase 
shift bandpass filter with center frequency of , Since no 
phase-shifted band-pass filter must be conjugate symmetric, 
filtered to ensure that the time domain signal is real, so its 
specific expression: 

 

 (2) 

 
After filtering the  envelope is: 

 

 (3) 
 
Which, , In the formula:  is the 
Hilbert transform (HT) of the filtered signal. 

B. Time-varying filtering method based on Generalized 
S-transform 

The Generalized S-transform (GST) is proposed in the 
window of the S-transform (ST) to solve the problem of ST: 
Only Gaussian windows are considered for use and there are 
some parameters in the window function that make the 
time-frequency window width freely adjustable. The 
mathematical expression:  

 

 (4) 

 

In the formula:  is frequency,  is time, the transformation 
of  controls the position of Gaussian window on the time 
axis,  is Gaussian window amplitude stretch factor,  is 
frequency scale factor. In practice, when =1, =1, GST is 

ST, when ＞1 or ＞1, the signal time resolution is 
improved and the frequency resolution is decreased. When 
＜1 or ＜1, the frequency resolution of the signal is 
improved and the time resolution is decreased[12-14]. Due to 

 and  are real number, so the inverse transformation is the 
same as that of ST.GST focuses on the advantages of short time 
Fourier transform (STFT), wavelet transform (WT) and S 
transform (ST)[15-16]. At the same time, the GST and its 
inverting change also have the characteristics of 
nondestructive. GST inverse transformation of mathematical 
expressions: 

 

 (5) 

 
Knopoff and other scholars [17] first proposed a 

time-varying filter in 1964 and applied it to the analysis of 
surface wave dispersion. The so-called time-varying 
filtering is the filtering of the frequency characteristic 
changing with the recording time. The purpose is to filter the 
unnecessary information through the time-varying filter, so 
as to improve the accuracy of Rayleigh wave speed (group 
velocity and phase velocity). Its mathematical expression is
： 

 

 (6) 

 
In the formula, — The frequency of a group of  waves (or 

the arrival of a group of waves), — Rayleigh wave 

spectrum,  is filter, its mathematical expression is: 
 

 (7) 

 
In the formula,  is time domain window function, 

 is time width. 

III. EXPERIMENTAL STUDY ON REFINEMENT OF RAYLEIGH WAVE 

SIGNAL GSTTF-MT 
In order to verify the purification effect of GSTTF-MT 

Rayleigh wave, the simulation experiments were carried out by 
using the dynamic software LS-DYNA and LS-PREPOST. The 
stratigraphic model (the main parameters of the model is shown 
in Table 1) is designed. The LS-DYNA dynamics software is 
used to simulate the waveform under transient impact of a 
variety of geological models and then extracted by 
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LS-PREPOST Under the impact of the load state. Use the 
accelerated time curve data. 

The design of the stratum model mainly refers to the 
simulation method of Liu Mingxue [18]. Model parameters: 
The base model is a cylinder of , . Source parameters: loading 
surface, Duration of action0.5ms、 . In the post-processing 
software LS-PREPOST, we extract the acceleration time 
history curve of the particle vibration. The number of sampling 
points is 1000, the number of recording tracks is 24, the channel 
spacing and offset are 0.5m and 5m respectively, the sampling 
interval is 0.2ms and the record length is 0.2s. The formation 
model parameters are shown in Table 1:.  

 
Table 1 Stratigraphic model parameters 

Sequ
ence 

H 
/m 

Ρ 
/（Kg/m³） 

Modulus 
of 

elasticity 
/（Pa） 

Poisson's 
ratio 

Velocity of 
transverse 

waves 
/（m/s） 

1 3 2000 3×108 0.3 222.87 
2 ∞ 2068 6×108 0.45 299.72 
 

A. Rayleigh Wave dispersion Curve extraction 
For the above model, two channels are selected for modal 

separation to extract the dispersion curve. The calculation 
process is as follows： 

1）Multiple filtering, access to its wave group information. 
The filter used in the multiple filter method is set according to 
the formula (2), in which the parameter η in the filter is selected 
based on the experience of Dziewaonski et al., use 50.3[10]. 
After processing, the arrival information of the wave group is 
obtained. 

2）According to equation (7), we construct GST-based 
time-varying filter: 

 

 (8) 

 
In the formula,  is the time-varying filter window length, the 
mathematical expression is： 

 

 (9) 

 
In the formula,  is the approximate group velocity can be 
obtained by empirical formula. 

 
 (10) 

 
In the formula, r is the source distance. 

 
GST-based time-varying filter filtering process is as follows: 

First, the 18th original signal (shown in Fig. 2) is transformed 
into the domain  by GST (shown in Fig. 3).And then 
time-varying filtering. Wave processing, and then by GST 
inverse transform to get the first order modal signal (shown in 
Fig. 3). 

 

 
Fig. 2. The original signal of the 18th channel of the model and the 

fundamental mode signal 
 

 
Fig. 3. Model 18th channel signal s domain contour diagram 

 
3）The phase difference method is used to process the 

fundamental modal signal and the Rayleigh wave dispersion 
curve is extracted. 
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(Note: ①-theoretical calculation of dispersion curves; ②-base 

order modal dispersion curve 
（a） 

 

 
(Note: ①-theoretical calculation of dispersion curves; ②-base 

order modal dispersion curve 
（b） 

Fig. 4. Model 18th ~ 19th channel dispersion curve 
 
The result of the frequency dispersion curve extracted from 

the basic order mode signal after the theoretical calculation, the 
original signal and the filtering processing is shown in Figure 5. 
It can be seen from the graph that the dispersion curve of the 
fundamental mode signal after filtering is almost the same as 
that of the theoretical curve after 35Hz. The error is less than 
5%, but there are still some errors in the part less than 35Hz.  
The reason may be that the part less than 35Hz is caused by the 
error of the arrival of the wave group at the arrival of the 
multiple filter processing. The obtained dispersion curves differ 
greatly from the theoretical values. Therefore, GSTTF-MT 
contributes to the extraction of Rayleigh dispersion curve, and 
proves that it is feasible to apply GSTTF-MT to Rayleigh 
dispersion curve. 

 

 
(Note: ①-theoretical calculation of dispersion curves; ②-base 

order mode dispersion curve; ③- original signal dispersion 
curve) 

Fig. 5. Comparison and Analysis of extracting dispersion Curve 

IV. PROJECT CASES 
In a section of Xiamen high speed Dehua, the site around the 

site is relatively flat, and the foundation is rammed and rammed 
by stratified compaction. The SWS-MS2000 type surface wave 
meter is used to explore it. The number of tracks is 24, the 
channel spacing is 1 m, the sampling interval is 1/5 ms, the 
number of sampling points is 2048, the offset distance is 10 m, 
and the artificial earthquake signal is excited by the vertical 
direction of the iron hammer. 

The detected time frequency signal and its corresponding 
 domain energy spectrum are shown in Fig. 6 and Fig. 7, 

respectively. The energy spectrum shows that the fundamental 
mode energy accounts for most of the energy. Therefore, the 
number of data is chosen by GSTTF-MT. The results were 
analyzed and compared, and several representative groups were 
selected to extract the frequency dispersion curve of Rayleigh 
wave. As shown in Fig. 8-10. The corresponding comparative 
analysis of the curves in Fig. 8-10 can be drawn: The 
GSTTF-MT-based modal separation of the first order modal 
dispersion curve is nearly consistent with the dispersion curve 
obtained by solving the  method, the error is less than 
5%. It can be concluded from the above analysis that the modal 
separation based on GSTTF-MT is feasible and feasible to 
extract the fundamental mode dispersion curve and can be used 
in practical engineering. 
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Fig. 6. Rayleigh wave exploration original signal 

 

 
Fig. 7.  Domain energy spectrum 

 

 
(Note:①- filtering method; ②-  method) 

Fig. 8. The dispersion curve Chart of the model 17th and 18th data 
 

 
(Note:①- filtering method; ②-  method) 

Fig. 9. The dispersion curve Chart of the model 19th and 20th data 
 

 
(Note:①- filtering method; ②-  method) 

Fig. 10. The dispersion curve Chart of the model 21th and 22th data 
 

V. THE RESULT AND DISCUSSION OF RAYLEIGH WAVE 
DISPERSION CURVE EXTRACTION 

Using the GSTTF-MT method, the dispersion curves of the 
first order modal extraction  and the dispersion curve of 
the theoretical  are processed by the 18th and the 19th 
signal of the model as shown in Fig. 4 (a). It can be seen from 
the figure that the dispersion curve is within 5% of the 35-75 Hz 
error, which shows that the application of GSTTF-MT can 
improve the accuracy of dispersion curve extraction. Fig. 4 (b) 
shows the dispersion curves of the theoretical  
dispersion and the dispersion of the fundamental modal 

 obtained from the 18th and 19th signals of the 
GSTTF-MT method. 

 

VI. CONCLUSION 
This paper presents a new method based on generalized 

S-transform multiple filtering method for Rayleigh wave signal 
purification of two channels of data. The result of the frequency 
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dispersion curve extracted from the basic order mode signal 
after the theoretical calculation, the original signal and the 
filtering processing is shown in Figure 5. It can be seen from 
the diagram that the dispersion curve of the base order mode 
signal after filtering is almost identical with the theoretical 
curve after the 35Hz, and its error is less than 5%. However, 
there are still some errors in the part less than 35Hz. The reason 
may be that the information that is less than 35Hz is caused by 
the error of the information obtained by multiple filter 
processing. In addition, the frequency dispersion curve 
extracted from the original signal is very different from the 
theoretical value. Therefore, GSTTF-MT is helpful to the 
extraction of the frequency dispersion curve of Leibo. It is 
proved that it is feasible to apply GSTTF-MT to the extraction 
of the frequency dispersion curve of Leibo. The theoretical 
calculation, simulation and engineering examples show that the 
GSTTF-MT processing of detection signal is a very effective 
method to purify two Rayleigh waves and has the advantages of 
reliability, stability and simple calculation. 

 

REFERENCES   
 
[1] LUO Min, HUANG Zhenping, XU Jianfu, et al. “Application of transient 

Rayleigh wave method in the detection of ground consolidation”, Journal 
of Fuzhou University: Natural Science, vol. 33, no.2, pp. 218–222, 2005 

[2] ZHAO Cunming, SHEN Feimin, ZHANG Yanqing, et al. “Detecting 
water-bearing fault belt during highway tunnel construction by Rayleigh 
wave technique”, Coal Geology ＆ Exploration, vol. 36, no.2, pp. 72–75, 
2008. 

[3] FANG Yuerong, SHEN Feimin. “Applications of Rayleigh wave in 
highway tunnel advanced geological prediction”, Safety and 
Environmental Engineering, vol. 1, no.2, pp. 132–135, 2012. 

[4] LU Jianqi, LI Shanyou, XIE Zhinan, et al. “Multi-channel analysis of 
surface wave method based determination of S-wave velocity structure of 
Chengdu Basin”, Journal of Earthquake Engineering and Engineering 
Dynamics, vol. 32, no.2, pp. 35–40, 2012.  

[5] LU Jianqi, LI Shanyou, LI Wei. “Multi-channel analysis of surface wave 
method based determination of S-wave velocity structure in Dujiangyan 
area”, Earthquake Engineering and Engineering Dynamics, vol. 36, no.6, 
pp. 1–9, 2012. 

[6] WEI Qin, WEI Ting, ONG Gangsan. “Experimental study on the surface 
applied stress measurement with Rayleigh wave”, Journal of 
Experimental Mechanic, vol. 26, no.2, pp. 176–180, 2011. 

[7] Yu Ming, Nan Congqing. “A new approach to obtain the dispersion curve 
of surface wave”, Computing Techniques for Geophysical and 
Geochemical Exploration, vol. 16, no.3, pp. 262–264, 1994 

[8] Song Y Y, Castagna J P, Black R A, et al. “Sensitivity of Near-Surface 
Shear-Wave Velocity Determination from Rayleigh and Love Waves”, 
Technical Program with Biographies, the 59th Annual Meeting of the 
Society of Exploration Geophysicists, 1989, pp. 509–512. 

[9] Xia J H, Xu Y, Chen C, et al. “Simple Equations Guide High-Frequency 
Surface-Wave Investigation Techniques”, Soil Dynamics and Earthquake 
Engineering, vol. 26, no.5, pp. 395–403, 2006. 

[10] Dziewonski F, Bloch S, Landisman M. “A Technique for the Analysis of 
Transient Seismic Signals”, Bulletin of the Seismological Society of 
America, vol. 59, pp. 427–444, 1969. 

[11] Dziewonski A,Mills J and Bloch S. “Residual dispersion measurement-A 
new method of surface-wave analysis”, Bulletin of the Seismological 
Society of America, no.62, pp. 129–139, 1972. 

[12] DUAN Y, SUN J, LIU J. “Non-stationary signals-resolution analysis 
based on generalized S transform”, 2011 International Conference on 
Electronics, Communications and Control, Ningbo, China, 2011., pp. 
929–932 

[13] CHEN X H, HE ZH H, HUANG D J. “Generalized S transform and its 
time-frequency filtering”, Signal Processing, vol. 24, no1, pp. 28–31, 
2008. 

[14] Tang Qiu;Teng Zhaosheng;Guo Siyu. “Research on detection method for 
voltage sag characteristics based on generalized S-transform”, Journal of 
Electronic Measurement and Instrument, vol. 26, no.2, pp. 113–115, 
2012. 

[15] Pinnegar C R, Mansinha L. “The S-transform with Windows of Arbitrary 
and Varying Shape”, Geophysics, vol. 68, no.1, pp. 381–385, 2003. 

[16] Wang Jiawen. “Study on extraction method of dispersion curve by 
wavelet transform and generalized S-Transform”, Harbin: Harbin 
Institute of Technology, 2009. 

[17] Knopoff L, Pilant W L. “Observation of multiple seismic events”, 
Bulletin of the Seismological Society of America, vol. 54, pp. 19–39, 
1964. 

[18] Liu Xueming. “Numerical research on source and zigzag dispersion curve 
in Rayleigh wave soil exploration”, Harbin: Harbin Institute of 
Technology, 2008.. 

 
Kunnan Qiu was born on Mar. 20, 1987. Currently, he is a doctoral student at 
College of Civil Engineering of Fuzhou University, China. His research 
direction is engineering disaster and protection technology. He has published 
many papers in related journals. 
 
Feimin Shen was born on May. 11, 1951. He received the Master's degree from 
the Shandong Institute of Mining and Tecnology. Currently, he is a Professor, 
doctoral supervisor at College of Environment and Resources of Fuzhou 
University, China. His major research interests include Road traffic and tunnel 
safety, Geophysical exploration research. He has published many papers in 
related journals. In addition, he is the president of Fuzhou University of 
International Studies and Trade. 
 

INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING Volume 12, 2018 

ISSN: 1998-4464 437




