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Abstract 
This paper aims at using the Rayleigh waves which travel in the front of high speed trains 

(HST) to detect underground cavities within a silty ground. First, computer results show that 
subsurface cavities provide a filtering effect on the spectra of Rayleigh waves within a 
wavelength range in relation with the depth of the cavity. Then, seismic data have been 
collected at the front of the HST on a specific test-site. They show a 3 to 6 dB magnitude 
variation on the power spectra in the vicinity of the cavity axis for the wavelengths ranging 
from 8 to 20 meters. A similar result has been observed from the background noise but 
affecting larger wavelengths. 

Résumé 
Cet article vise à utiliser les ondes de Rayleigh qui précèdent le passage de trains à grande 

vitesse (TGV) pour détecter des cavités souterraines dans un sol limoneux. Tout d’abord, des 
résultats de simulation montrent que la présence d’une cavité produit un effet de filtrage sur 
le spectre des ondes de Rayleigh dans une gamme de longueur d’onde en relation avec sa 
profondeur. Ensuite, l’article présente les résultats d’une campagne expérimentale menée sur 
un site-test, à partir de l’analyse des signaux sismiques précédant le passage du TGV. Les 
résultats mettent en évidence une variation de 3 à 6 dB d’amplitude dans un voisinage de 10 
m de l’axe des cavités, pour des longueurs d’ondes de 8 à 20 m. Enfin, l’analyse du bruit 
ambiant conduit à une observation similaire pour de plus grandes longueurs d’onde.  
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1 Introduction  
The use of Rayleigh waves for imaging the subsurface has emerged as a promising NDT 

technique for geophysical purposes. To detect underground cavities, the method attempts to 
image the scattered field from the impinging total field (e.g. [1-3]), usually provided by a 
small and steady seismic source.  As opposed to the latter, this paper aims at using the 
motion-induced Rayleigh waves which travel in the front of high speed trains (HST) as a 
seismic source. At first, simplified computer tests show the effect of the underground cavity 
on the Rayleigh wave spectrum [4]. Then, some experimental evidence of the latter effect is 
reported from the HST source on a test site including underground cavities [5].  

2 Computer tests  
The surface waves induced by the motion of high speed trains (HST) have been 

theoretically and experimentally investigated in the literature (e.g. [6-8]). These works mostly 
focus on the trans-Rayleigh regime (the most hazardous situation) in the vicinity of the train. 
In contrast, for this paper, HST is assumed to generate surface waves in far field within the 
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sub-Rayleigh regime. Then, computer tests have been performed on the basis of the following 
simplified modeling: a conventional seismic point-source (of ricker type) has been used and 
two 2×2 m² square cavities have been embedded at -1.5 and -3.5 meters within a pure 
homogeneous elastic medium whose mechanical characteristics are similar to those of the test 
site.  

Table 1. Mechanical characterization of the controlled test site; after [4]. 
Geology Height, m P wave velocity 

(m/s) 
S wave velocity 

(m/s) 
Poisson ratio ν Density (t/m3) 

Silt layer 4  333 164 0.34 1.5 
chalk bed 4  880 431 0.34 1.6 

-  1350 607 0.38 1.9 
 
The finite element method CESAR [9,10] permits the simulation of the total field 

(including the P, S and Rayleigh waves) while IBEM [10,11] affords only the Rayleigh wave 
propagation field. The former is then expected to be better matched to the data and is selected 
in this paper. However, the comparison between IBEM and CESAR in [5] has shown that the 
effect of Rayleigh waves dominates the behavior of the total field in the vicinity of the cavity. 

The parameters for computer tests have been tuned according to the state of the art in [6-
8]. Spatial frequency ∆x has been fixed to λo/20 at the most in the vicinity of the cavity, 
where λo = 7.5 m is the dominant wavelength of the spectrum. The temporal sampling 
frequency is fixed to Tmax/20 where Fmax = 100 Hz is the extreme frequency of the source. 
Finally, the source-cavity distance L is assumed to be large enough to ensure plane waves 
impinging on the cavity, that means in practice L > 2 λo. 

Computer tests have provided the synthetic seismograms and the spatial variation of the 
spectrum (or spectral profiles) by Fourier Transform of the latter. On the seismogram (Fig. 
1a), the interaction of the total field with the cavity provides both a reflected (along x < 0) 
and a transmitted wave (along x > 0). In the frequency domain (Fig. 1b), the interferences 
between the impinging and the reflected waves achieve deep fading anterior to the cavity (for 
x < 0). In contrast, the spectrum is less disrupted posterior to the cavity (for x > 0). 

 

 
Figure 1. Example of synthetic seismogram (a) 
and the associated spectral profile (b) 
corresponding to the total field computed with 
FEM-CESAR; cavity embedded at -1.5 m in the 
elastic medium described in Table 1. 

Figure 2.  Profile of the spectral ratio 
calculated from the Fig. 1b; cavity embedded  
at -1.5 m in the medium described in Table 1; 
the cavity is located at x = 0. 

(a) 

(b) 
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The measurement of the influence of the cavity is provided by the spectral ratio between 

the latter spectrum and the one computed without any cavity accounted for. This calculation 
is performed at each position along the abscissa in order to determine the influence area of 
the cavity. On Fig. 2, the selective filtering effect is clearly shown downstream of the cavity, 
with 6 dB magnitude above 10 Hz and beyond 2 meters of the cavity axis. Further 
simulations in [5] have shown that the magnitude of the latter effect quickly decreases with 
the depth of cavity: for the cavity at -3.5 m, it is about 2 dB and affects a narrower bandwidth 
and reduced distance from the cavity. From a NDT point of view, this result points out that 
the sensors should be located downstream of the cavity to ensure easier detection.  

3 Experimental results with the HST source on a controlled test-site 
The test site was located in the close neighborhood of a HST railway [12]. It consists of 

two artificial square 2×2 m² underground cavities (made of wooden structure), located at 1.5 
m (cavity A) and 3.5 m (cavity B) beneath the surface respectively and about 50 m apart of 
each other. They have been dug out orthogonal to the railway direction within a silty soil, in 
which some karstic cavities have been reported in the past and are still intended to appear. 
The railway supports the Paris-Lille railway traffic. According to the time schedule, three 
speeds have been encountered: high speed trains moving at about 80 m/s (i.e. 300 km/h), 
mid-speed train (about 160 km/h) and slow trains (which are going to stop at the railway 
station nearby the test site). 

On the basis of the computer tests in the previous section, the idea was to compare the data 
at two different stages of the test site: the cavity–free stage and the stage with the two cavities 
A and B. Then, an experimental campaign has been organized at each stage to collect the data 
over each zone A and B. In fine, the experimental protocol and the seismic material evolve a 
little throughout the total duration of the study (about 2 years) and we could not follow 
exactly the same processing as described for computer tests. We also mostly focus on the 
deepest cavity (cavity B) because another NDT technique (radar) has been proved meanwhile 
to be efficient in detecting the closest one (cavity A)  [12].  

The seismic material consists of 24 to 48 geophones arranged within a linear array of 
sensors and set along the railway. By choosing a particular travelling direction for the HST, 
the array was first set in posterior to the cavity for the first campaign (cavity-free stage) with 
only 24 sensors. The most useful disposal ends up with 48 sensors symmetrically set apart the 
axis of the cavity and closer to the railway. The sampling interval is one meter for the first 24 
geophones (closest to the cavity) and 2 m afterwards; the final array covers the range ±35 m 
from the cavity axis. This symmetrical sensor array allows us to enlarge the data collection 
and to compare seismic signals from both directions of the HST. An optical trigger was used 
to start the data recording on the Stratavizor. Most of the records lasted about 20 seconds and 
for the HST, the latter time interval corresponds to the distance ±800 meters from the cavity.  

The linear array also serves for the geophysical characterization of the test-site. A 10 kg 
hammer was used as the seismic source. An average over 10 shots has been used at each 
spatial position to ensure a good signal to noise ratio (SNR). A conventional surface wave 
processing provided the dispersion curve, from which the inversion achieved the structure of 
the subsurface. The result was shown on Table 1 and was also assessed by geological 
soundings. Two 4-meter thick layers have been detected. The slowest layer is made of silt and 
laid on a stiffer chalk bed.   

The dispersion curve showed that the dominant mode of the Rayleigh wave propagates at 
150 m/s, i.e. about twice faster than the HST (i.e. about 80 m/s). This preliminary result then 
confirms that the soil may encounter sub-Rayleigh propagation regime, meaning that 
Rayleigh waves travel in front of the HST and may serve as a seismic source for NDT 
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purposes [4]. The differences between the conventional and the HST sources is manifold:  
HST source is spatially extended and moving, the HST source provides different bursts of 
seismic Rayleigh waves which may interfere with one another, and the direction of arrival of 
these waves quickly changes as the source gets closer to the receiver.  

Figure 3. Seismograms for the HST source; central 
inset: time-frequency signature (spectrogram) of the 

time signal shown on the top inset; right inset: 
normalized average spectra obtained on the three 

time intervals shown in the central inset.  

Figure 4. Magnitude of the cross-correlation 
between different HST sources for high speed 

trains (black), slower trains (gray) and the 
background noise (black peak); the cavity is 

located at x = 0.  
 
Fig. 3 shows the typical short-term spectrum associated with the HST travelling from the 

left to the right with increasing time. The seismograms are found similar to those in [7]. The 
spectrogram at the central inset of Fig. 3 is obtained by the short-term Fourier transform of 
the timely HST signature at the top, while the inset at the right is the average spectrum over 
the three time intervals to be introduced hereafter. The latest time interval (i.e. zone 3) is 
more disrupted because of scattered waves from different directions. The mid-interval (i.e. 
zone 2)  corresponds to the vibration regime due to the periodicity in the geometrical 
structure of the train. The first interval (i.e. zone 1) corresponds to sub-Rayleigh regime, in 
which different burst of Rayleigh waves can be observed in front of the HST with a steady 
dominant frequency. About 10 dB difference has been observed between the magnitude of the 
vibrating and the sub-Rayleigh regimes.  

Special attention has been paid to the correlation analysis of seismic signals. High cross-
correlation coefficient between different HST records ensures reproducible signals from one 
HST record to another. The time interval on which the magnitude of the cross-correlation is 
high enough determines the useful time interval where the signal can be further analyzed and 
processed. Fig. 4 depicts the typical result: scattered data represent the cross-correlation 
magnitude from different seismic records and the bold line the associated average. It shows 
that the useful time interval roughly corresponds to the distance interval [-200, 300] meters 
from the cavity axis. Besides, the seismic signals from HST are found to be more 
reproducible than the ones from slower trains. 

In order to ensure far-field condition and the best direction of arrival for the waves to 
interact with the cavity (i.e. the waves direction should be perpendicular to the cavity axis), 
the first part of the latter time interval was further processed for cavity detection. To detect 
the filtering effect on the spectrum, we first aimed at adapting the spectral ratio method [13] 
to the moving sources. We then combine the seismic records from both directions of the HST. 
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However, this processing did not give any satisfactory result because it is believed to be 
matched to single seismic source only.  

Figure 5. Average 2D spectrum of the HST source; 
right inset: average wavelength spectrum; bottom 

inset: average spatial spectrum; the cavity is 
located at x = 0.  

Figure 6. Average 2D  spectrum of the background 
noise; right inset: average wavelength spectrum; 
bottom inset: average spatial spectrum;  see text 

for details 
 
Finally, most of the data interpretation has been based on the spatial variations of the 

spectrum, i.e. the spectral profile as shown on Fig. 1b. For the sake of generality, the spectral 
profile has been however transformed into wavelengths thanks to the experimental dispersion 
curve. Then the results in Fig. 5-6 would only hold for the dominant Rayleigh wave and 
under the assumption of far field. For both figures, the insets at the right and at the bottom 
represent the average wavelength spectrum and the average spatial spectrum respectively. 
The first one delivers the dominant wavelengths, while the second shows the influence area 
of the cavity. Both spectra have been calculated as an average over different records in order 
to estimate the spectral density. A spatial interpolation provides the 2D representation with 
constant magnitude contour lines.  

Fig. 5 shows the typical result for the HST source, travelling from the left to the right of 
the figure. The 2D spectrum depicts an energy concentration anterior to the cavity. On the 
bottom inset, the spatial spectrum shows a constant de-trend of energy along the direction of 
the HST. This de-trend is however amplified at the crossing of the cavity up to about 10 m 
beyond the cavity axis. The magnitude variation is about 3 to 6 dB for the deepest cavity and 
the wavelengths concerned by this phenomenon range from 8 to 20 meters. A roughly 
symmetrical image has been obtained when considering the HST travelling the opposite 
direction [5]. The physical phenomenon to be indentified by this experiment is compared 
with the masking or shadowing effect in optics.  

Finally, the processing has been also applied to the seismic background noise, which is 
due to the traffic on the highway, which is located about 100 meters nearby the test site and 
parallel to the railway direction. In contrast with the HST source, the impinging waves of the 
background noise are roughly parallel to the cavity axis. In comparison with Fig. 5, Fig. 6 
shows smaller magnitude of the spectrum (about 20 dB below the HST spectrum), higher 
dominant wavelengths (about 30 m) and a symmetrical lateral effect of the cavity. Another 
physical phenomenon is expected to explain this difference with the HST source [5].  
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4 Conclusions 
For the HST seismic source, the experimental results were found encouraging because the 

magnitude of variations was found higher than the one obtained from computer tests. Some 
further experiments and computer test would be required to assess this method as an efficient 
NDT technique, and also to explain the different result obtained from the background noise.  
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