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Abstract 

 

We provide a new method for calculating the Swave velocity of a fractured coal seam near a

n underground roadway. We use the socalled highway mode, which is a dispersive wave that

 propagates close to the sidewall of the road. We employ 3D finite-difference models to 

better comprehend the complicated seismic wavefield formed around the underground coal 

mine highway. The highway mode in the horizontal plane in the centre of the seam strives to 

the basic mode of the Rayleigh tunnel surface wave in the coal layer, according to 

modelling. As a result, the S-wave velocity model can be deduced from the dispersion curve 

of its group or phase velocity. The method's usefulness is proven using data from a 2-m thick 

coal seam. The sidewall mechanical quality is closely correlated with the derived quasi 2D 

S-wave velocity profile. For the damaged section of the road, we notice a drop in velocity. 

To increase safety and reduce economic loss while mining, the technology can be used to 

photograph and monitor fractured coal seams along a roadway in an underground coal mine. 

 

Introduction 

 

For the damaged section of the road, we notice a drop in velocity. To increase safety and 

reduce economic loss while mining, the technology can be used to photograph and monitor 

fractured coal seams along a roadway in an underground coal mine. Failure, increased 

support costs, and decreased mining safety can all result from a lack of detection and 

monitoring of its mechanical state. Its mechanical state is determined by P and S-wave 

velocities obtained using non-invasive seismic methods (eg., Barton, 2006). In tunnelling 

and underground mining, however, the gallery frequently runs parallel to horizontally 

stratified layers, each of which has distinct elastic properties. P-wave velocity from seismic 

refraction and S-wave velocity from surface waves approaches are difficult to acquire in 

such settings. Furthermore, when a low-velocity layer is surrounded by a high-velocity layer, 

such as surrounding a coal mine roadway, the wavefield becomes even more complicated 
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since guided waves exist (Essen et al., 2007; Czarny and Malinowski, 2020). As a result, 

obtaining the velocity profile of such a low-velocity layer is particularly difficult, and no 

reliable methods have been established for this purpose. 

First, we look at the properties of seismic wavefields in a scenario that resembles an 

underground coal mine. We accomplish this by combining 3D finite-difference modelling 

with an analytical solution for dispersive waves. We show how to estimate S-wave velocity 

for a coal layer embedded in the EDZ based on our modelling results. Finally, we analyze 

data from a 2-m thick coal seam from the coal mine to offer real-world verification of our 

method. 

 

Theory and method 
 

The presence of a highway sidewall, low-velocity coal seam inside the high-velocity host 

rock, and the EDZ are the key geophysical elements dictating seismic wave propagation 

characteristics in the region of an underground coal mine roadway. Together with the EDZ, 

the sidewall is a free-surface boundary that generates Rayleigh and Love tunnel surface waves. 

The rock-coal-rock structure, on the other hand, creates guided waves, often known as channel 

or seam waves (Krey, 1963). The results of 3D finite-difference simulations (Saenger and 

Bohlen, 2004) implemented in the SOFI3D open-source modelling system are shown in 

Figure 1. We put ourselves in the shoes of a regular underground coal miner. Table 1 contains 

the physical parameters. 
Table1:Finite-differencesimulationparameters. 

 

 Rock Coal seam Roadway 

Thickness(m)  2 5 

Vp (km/s) 04.5 2.4 0 

Vs (km/s) 2.6 1.4 0.01 

Density (g/cm3) 2.6 1.4 1.25 

Qp 350 150 10e10 

Qs 140 60 10e10 

 

  

At 3 m distant from the sidewall, we inject EDZ as a linear decrease of the parameters up to 

30%. (Fig. 1a). We use a 0.05 m gap between gridpoints in the numerical model. We adjust 

the vacuum settings inside a circularly shaped roadway to represent a free-surface barrier. The 

source is positioned at the start of the model as a perpendicular force to the sidewall. 
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1st Figure (a) A P-wave velocity model with a cylindrically formed roadway and an EDZ is 

shown. (b) The position of the source point and the geophone line. (c)Theoretical dispersion 

curves for channel waves (red and blue dashed lines) and surface waves in the f-k domain 

for the horizontal component perpendicular to the roadway sidewall (red and blue solid 

lines). We mark this section of a highway mode with a black arrow, which propagates with a 

phase velocity similar to the Rayleigh tunnel surface wave (M0). 

 

We utilise a sin wavelet with a centre frequency of 250 Hz. It has a significantly larger 

frequency band than the Ricker wavelet, therefore it can trace dispersive seismic waves 

much better. 

The particle velocity is recorded by the geophone array at grid places on the walls (Fig. 1b). 

Figure 1c shows the particle velocity in the frequency-wavenumber (f-k) domain for the 

horizontal component perpendicular to the sidewall line. We also superimpose the analytical 

solutions for Rayleigh- and Love-type channel waves in a coal seam (Rader et al., 1985; 

Yang et al., 2014), as well as Rayleigh and Love tunnel surface waves for a coal seam with 

EDZ but no effect from surrounding rocks (Wathelet, 2008). A solid dispersive highway 

mode is observed (Lagasse and Mason, 1975; Krajewski et al., 1987; Czarny et al., 2020). 

This wave propagates with an S-wave velocity comparable to the host rock below 200 Hz 

and for a long wavelength. According to Jetschny et al. (2010), the fee-surface boundary 

requirement can be ignored if the dispersive wave wavelength to roadway width ratio is 

greater than 1.6. The mid-wavelength highway mode is increasingly complex above 200 Hz, 

and its velocity is influenced by EDZ, coal, and host rock factors.Finally, the highway mode 

aspires to the basic mode of a Rayleigh tunnel surface wave for a short wavelength (Fig. 1, 

black arrow). We must estimate numerous unknown parameters (velocities, densities, EDZ 

thicknesses, coal seam thicknesses, and hosted rocks) from only one curve in order to invert 

the highway mode dispersion curve to S-wave velocity, making it very non-unique. 

However, we can compute the S-wave velocity model for short wavelengths by treating the 
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highway mode as a foundation mode of the Rayleigh tunnel surface wave. It's worth 

mentioning that the smaller the EDZ that can be photographed, the thinner the coal seam. In 

general, the wavelength should not be longer than the thickness of the coal seam. 
 

Example 

 

We use inferences from the modelling part to invert Rayleigh tunnel surface wave group 

velocity dispersion curves to S-wave velocity models in an underground experiment at coal 

mine. It enables us to visualize the EDZ's farthest reaches within the coal seam. The section 

of the road with noticeable changes in the sidewall's mechanical status is chosen. In this 

manner, we set up 12 horizontal geophones along with the seismic profile, half of which 

were installed on high-quality sidewalls (Fig. 2., geophones 1-6). The rest (geophones 7-12 

in Fig. 2) are mounted on the damaged sidewall. The geophone's native frequency is 10 Hz. 
 

 

Figure2.Geometry of the underground experiment. The first six geophones were installed in the undamaged part of the 

sidewall and there the damaged part of the sidewall. 
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The distance between them is 3 metres. The geophones are mounted on 30 cm steel rods 

fastened to the walls in the seam's middle. Figure 3 depicts an example of recorded traces 

sorted in a common-offset gather for a 12 m offset. That offset was chosen for two reasons. 

First, we wish to investigate highway mode in higher frequency ranges, which necessitates 

an emphasis on short offset owing to attenuation. Second, where the highway mode does not 

fully emerge, the offset must be too short to be influenced by the near-field effect for 

dispersive waves (Foti et al., 2014). (Czarny and Malinowski, 2020).The reciprocity concept 

is used to stack the traces for equal ray routes. Along the profile, we notice changes in the 

waveforms. The early arrival times are substantially faster than the latter ones for raw data 

(Fig. 3a) up to roughly 36 m. It implies that seismic waves have higher velocities for the 

undamaged portion of the sidewalls in general. The frequencies for the traces at the start of 

the profile are likewise noticeably higher (shorter distances between following peaks and 

thorough). The reason for this is that the undamaged area of the sidewall has weaker 

attenuation. We show high-pass filtered signals above 380 Hz in Figure 3b. Each trace is 

made up of a dispersed bundle of seismic waves, as can be seen. We see a drop in group 

velocity towards the end of the seismic profile, similar to raw data. 

Inversion 

Higher frequencies of the highway mode recorded in the middle of the seam by the 

component perpendicular to the sidewall by the component perpendicular to the sidewall 

comprise mostly the fundamental mode of the Rayleigh tunnel surface wave, as indicated by 

our modelling. As a result, we examine our high-pass filtered common-offset traces in the 

frequency – group velocity domain to find Rayleigh surface wave basic mode dispersion 

curves. Figure 4 shows an example of typical frequency-time analysis (Dziewoski et al., 

1969) for a trace with a mid-point of 15 m. The core energy packet's dispersed form is 

obvious. For each tracing, we display selected dispersion curves in Figure 5. For the first 30 

metres of the undisturbed walls, we notice increased frequencies and group velocities. We 

select curves for wavelengths less than 2 m in general. Prior to inversion, we create an initial 

model with linear velocity increases that are similar to those found in modelling. With 

velocities fixed between 400 and 1500 m/s, the first model finishes at a depth of 2 m. In the 

inversion, we employ the neighborhood algorithm (Sambridge, 1999), which is implemented 

in Geopsy software (Wathelet, 2008). We end up with 16 1D S-wave velocity models. The 

RMS misfit errors between the measured and computed dispersion curves are less than 7%. 

The inversion procedure's results are shown in Figure 6. In general, we can image up to 1.3 

m inside the EDZ for a 2 m coal seam thickness. The speed varies between 150 and 820 m/s. 

The undamaged portion of the route has the highest velocities. In general, we see a drop in 

velocity as we approach the damaged section of the road. 
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Figure3.The common-off set gathers for off set equal12m. 

 (a)Raw traces and (b) high-pass filtered traces above 380Hz. 
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 Figure4.An example of the roadway mode in frequency-group velocity domain. 

 
 

 

Figure5.Group velocity dispersion curves of fundamental mode of Rayleigh tunnel surface wave. 

 

  

 

Figure6. S-wave velocity changes along the profile inverted from group velocty dispersion 

curves of fundamental mode of Rayleigh tunnel surface wave.  
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Conclusions 

 

The excavation damaged zone in the coal seam along the underground coal mine roadway 

is imaged using S-wave velocity imaging. The mechanical state of the sidewall is 

correlated with the estimated S-wave velocity models. The leading energy of a highway 

mode within the EDZ for higher frequencies in the horizontal plane in the middle of the 

seam travels as a fundamental mode of the Rayleigh tunnel surface wave, according to our 

method, which is based on numerical simulations. As a result, the S-wave velocity model 

can be inverted. The fundamental disadvantage of this method is that the imaging range is 

limited by the thickness of the coal seam. In general, the thicker the coal seam, the deeper 

the penetration. Furthermore, the proposed method was evaluated on a coal seam with no 

additional disturbances such as faults or dirt bands. Estimating S-wave velocity from the 

entire highway mode record, particularly for low- and high-velocity layers, is still a work 

in progress. 
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