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Intelligent mining on working face requires reliable geological guarantee technology. Transmitted chan-
nel wave detection is an effective method to detect geological structures in working face. However, three-
component channel wave field characteristics of detecting the erosion zone have not been revealed,
which results in difficulty in fine imaging of scour zones. In this paper, numerical modeling and field tests
were conducted. The results indicate that when seismic source is excited, the body waves propagating
along the roof and floor and the channel waves propagating in the coal seam. When the channel wave
propagating in the erosion zone and then produces diffraction wave which propagating along the seam
behind the erosion zone, and the rest continues to propagate forward. Owing to absence of coal seam in
erosion zone, transmitted channel wave is converted to S-wave on entering the erosion zone, therefore
the seismic record shows the partial absence of the transmitted channel wave in Event, and the converted
S-wave propagates along roof and floor of coal seam, and they are not able to form channel waves with
higher energy. Besides, the Y-component of the channel wave is suitable for detecting erosion zone,
because it has high amplitude and it can be easily distinguished. The attenuation imaging method based
on eigenvalue limitation has high imaging resolution and good abrupt convergence. Three-component
transmitted P-wave and S-wave have no obvious response to erosion zone and cannot be used as char-
acteristic waves for the erosion zone detection.
� 2019 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the coal mines of high gassy, the thickness variation of coal
seams in erosion zones may cause ground stress concentration
and outburst accidents of coal and gas (Wang et al.,
2012a,2012b). Owing to the influence of geological conditions, to
a certain extent, erosion zones influence the occurrence and distri-
bution of a coal seam. With a trend of intelligent, efficient, and pre-
cise mining, the presence of erosion zones hinders the mining at
the working face (Wang et al., 2018). Therefore, the fine detection
of erosion zones is in urgent need for coal production.

At present, commonly used methods for detecting erosion
zones in mining faces are the prediction methods based on geolog-
ical laws (Liu, 2004) and coal rock mechanical properties (Wang
et al., 2019a) as well as the ground three-dimensional seismic sur-
vey (Wang, 2012). However, the prediction methods based on geo-
logical laws and coal rock mechanical properties are limited by the
workload of drilling and tunneling prospecting (Wang et al., 2016).
Besides, the ground three-dimensional seismic survey is affected
by complex terrain and shallow goaf, which limit the accuracy of
the exploration (Chen et al., 2015). The underground geophysical
exploration is not disturbed by ground terrain and close to target-
ing objects (Wang et al., 2019b). Among underground geophysical
survey methods, the in-seam channel wave is the most widely
used one for working face structure exploration (Wang et al.,
2012a,2012b).

Evison (1955) first excited and received a wave in a coal seam in
New Zealand and this type of wave is called channel wave. Krey
(1963) conducted a theoretical study of channel wave propagation.
Buchanan (1978) carried out an in-depth study of the attenuation
characteristics of the Love-type channel wave. Krey et al. (1982)
studied the Love channel wave attenuation properties of classical
three-layer model. Asten et al. (1984) obtained the relationship
between the energy loss of the Love channel wave and the geolog-
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ical anomaly using a numerical simulation. Buchanan (1986)
obtained a tomography image of a coal seam on the basis of the
propagation time and energy attenuation characteristics of trans-
mitted channel wave and successfully located a geologic anomaly.
Krajewski et al. (1987) investigated the characteristics of disper-
sion curves with the actual signals collected by in-seam two-
component geophones. Cox and Mason (1988) verified the theoret-
ical propagation mode of the Love channel wave proposed by Elsen
et al. (1985). Liu et al. (1992) compared the theoretical model with
field test results and concluded that the Love channel wave is sen-
sitive to the tectonic evolution of the coal seam. Essen et al. (2007)
studied the relationship between channel waves and coal seam
thickness. The thickness exploration about coal seam is mainly
on the basis of the frequency-velocity relationship of the channel
wave and the Geological information revealed on field exploration
(Zhang et al., 2019), and inversion imaging using the group velocity
and energy information of channel wave in the coal seam (Wang
et al., 2016).

In summary, in-seamseismic surveyhasbeenemployed to inves-
tigate geological structures and coal seam thickness variations.
However, at present, the accurate detection of erosion zones is not
well studied and the theoretical study of the characteristics of
three-component channelwaves transmitted througherosion zones
has not been reported. In this study, the simple Love channelwave is
employed in erosion zone detection (Breitzke and Dresen, 1986; Liu
et al., 2014). The kinematics and dynamics of the transmitted three-
component channel wave are evaluated by a numerical simulation
and a channel-wave attenuation imaging method based on eigen-
value constraint is proposed. The inversion images of different com-
ponent signals are compared to reveal the characteristics of the
three-dimensional wave field of channel waves. In addition, a
high-resolution inversion image of an erosion zone is obtained.

2. Principals of eigenvalue constraint attenuation imaging

Due to the ‘‘waveguide” property of the coal seam, channel
wave is confined in coal seam. When structure of coal seam is dis-
rupted, energy of channel wave transmitted through this area will
decrease dramatically. Geological structures can be identified
through the inversion of energy attention (Liu et al., 2019). How-
ever, in field test, the thickness of the coal seam in some erosion
zones changes gradually, which makes it difficult to determine
attenuation anomaly zones and the inversion result is not
convergent.

Considering the problems above, an attenuation imaging
method based on eigenvalue constraint of the channel wave is pro-
posed. In this approach, eigenvalues are used to mark the develop-
ment of the channel wave in every seismic record. Specifically, in a
single shot record, seismic trace with well-developed channel
waves are labeled with 3; seismic trace with suspected channel
waves are labeled with 2; seismic trace without channel waves
are labeled with 1; and seismic trace with no signals are labeled
with 0. The algorithmic logic satisfying the commutative law is
described as follows.

0 � 1 ¼ 1
0 � 2 ¼ 2
0 � 3 ¼ 3

8><
>:

1 � 1 ¼ 1
1 � 2 ¼ 2
1 � 3 ¼ 3

8><
>:

2 � 2 ¼ 2
2 � 3 ¼ 3
3 � 3 ¼ 3

8><
>:

ð1Þ
Calibration of eigenvalue based on the development of every
receiving channel wave, a preliminary inversion result of the
development of channel waves is obtained. At this point, the eigen-
value inversion model can be used to determine the area with and
without channel wave development in the working face. And it can
be used as an initial model for the attenuation of the channel wave
amplitude. Using the eigenvalue inversion result as a constraint,
the accuracy of the channel wave amplitude attenuation result is
improved.

The amplitude attenuation of the channel wave follows the
propagation characteristics of the cylindrical wave: the energy
density decreases as the propagation distance, r, increases. The
relationship between energy, the energy attenuation coefficient,
and the propagation distance can be described as follows (Krey
et al., 1982):

A ¼ A0e�br ð2Þ
However, in an actual observation system, there is an angle

between the vibrating and the sensing direction of geophone.
Hence, considering the influence of the incident angle of the wave,
h, the equation can be expressed as:

Ar ¼ A0e�brsinh ð3Þ
where the incident angle, h, refers to the angle between wave prop-
agation direction and tilting direction of coal seam, r is the distance
between the receiver and source, A0, Ar are the amplitudes of the
channel wave at the source and the detecting site, respectively.

Assuming the attenuation coefficients of every grid on the pass
way of the channel wave are b1, b2, . . .bn, The following expression
can be obtained by discretizing Eq. (3):

Ar ¼ A0e� b1r1þb2r2þ���þbnrnð Þsinh ð4Þ
The equation can be rewritten as

b1r1 þ b2r2 þ � � � þ bnrn ¼ ln
A0

Ar
þ lnsinh ð5Þ

If:
b ¼ ln A0

Ar
þ lnsinh, B ¼ b1b2 � � � bn½ �, r ¼ r1r2 � � � rn½ �T

A matrix is obtained:

Br ¼ b ð6Þ
The above matrix is obtained based on the attenuation coeffi-

cient of a single track in a single shot seismic record. When the sur-
vey area has multiple tracks, assuming i is number of tracks and m
is number of discrete grids, the Eq. (6) can be expressed as:

Bmþ1rim ¼ biþ1 ð7Þ
The attenuation coefficient matrix in Eq. (7) can be solved with

the SIRT iterative algorithm. Different attenuation coefficients rep-
resent the development of different coal seams. The larger the
attenuation is, the more likely that area is abnormal.

3. Numerical simulation

3.1. Numerical simulation

Three-dimensional simulation was conducted based on finite
difference method. Fig. 1(a) shows a three-dimensional forward
model for numerical simulation. The physical parameters, which
satisfy the excitation conditions of Love channel wave, are listed
in Table 1. A three-dimensional coordinate system is established
with O as the origin, wherein the X-direction is tilt direction of coal
seam, the Y-direction is strike direction of coal seam trend, and the
Z-direction is perpendicular to the coal seam. The dimensions of
the model in X-direction, Y-direction, and Z-direction are 200 m,



Fig. 1. Numerical mode: (a) 3D-model diagram; (b) top view; (c) left view; (d) front view.
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250 m, and 100 m, respectively. The size of grid at all three direc-
tions is 1 m. The coal seam is located at 45–50 m in the Z-
direction with a thickness of 5 m. An erosion zone with a radius
of 30 m is located at central position of the 3D model. As shown
in Fig. 1(b), erosion zone completely breaks the coal seam and
the disrupted area is uniformly filled by the surrounding rock.
The layout of an observation system is shown in Fig. 1(c), in which
the detectors are arranged linearly from (290 m, 0 m, 47.5 m) to



Table 1
Medium parameters of model.

Medium P-wave velocity
(m/s)

S-wave velocity
(m/s)

Density
(kg/m3)

Surrounding rock 3000 1730 2200
Coal seam 2200 1270 1300
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(290 m, 500 m, 47.5 m) with a 10-m interval and the source is
located at (5 m, 55 m, 47.5 m). The source frequency is 150 Hz.
The boundary of the model set to be the PML absorption boundary
(Meza-Fajardo and Papageorgiou, 2008).

3.2. Seismic record

Fig. 2 is a three-component common-shot point gather. The in-
phase axis 1 are P-waves with the velocity of about 3050 m/s; the
in-phase axis 2 are shear waves with the velocity of about 1750 m/
s; the in-phase axis 3 are Love channel waves and the velocity of
Airy phase is about 1100 m/s; the in-phase axis 4 is a gather of
waves diffracted by the erosion zone and the wavefront 5 are shear
waves converted from Love channel waves (Liu et al., 1994). In the
three-component seismic data, the channel waves disappear at the
same position in in-plane axes, but they have good continuity in
in-plane axes. Due to the influence of the axis effect (Deng,
2012), the Y-component shows an energy loss in the middle part
of the seismic source. The Z-component wave amplitude is stron-
ger than that of another component. However, due to the mixing
of the in-plane axis and the shear wave, the signal-to-noise ratio
of the Z-component is lower than that of other components.
Besides, the amplitude of the channel waves in the Y-component
is larger than that in the X-component.

The eigenvalue imaging and the energy attenuation imaging
based on eigenvalue constraints are performed with the three-
component seismic data is shown in Fig. 3. Comparing the inver-
sion images of different components, it is concluded that the high
attenuation anomaly region in the inversion image of the Y-
component has good consistency with the erosion zone in the for-
ward model; the X-component and the Z-component have poor
convergence compared with the Y-component, and the size of
anomaly regions in the X-component and the Z-component are
smaller than that of the Y-component. In addition, the anomaly
region in the Z-component has the smallest size and poor consis-
tency with the erosion zone in the forward model. The eigenvalue
constrained attenuation imaging method is better than the eigen-
value imaging method in terms of the convergence, and the out-
comes of the eigenvalue constrained attenuation imaging of the
Y-component exceeds that of the X-component and the Z-
component. In summary, based on the signal-to-noise ratio, the
Fig. 2. Three-component seismic records: (a) X-component seismic recor
energy of the channel wave, and the imaging quality, the Y-
component is suitable for the detection of erosion zones in the
working face.

3.3. Three-dimensional wavefield analysis

Based on the conclusion of the above analysis, the snapshots of
different wavefields in the Y-component are compared to evaluate
their propagation characteristics, and these snapshots are shown in
Fig. 4. Forty milliseconds after the excitation of the source, the lon-
gitudinal waves (wavefront 1) and shear waves (wavefront 2) show
normal propagation patterns. Hundred twenty milliseconds after
the excitation of the source, wavefront 1–5 are longitudinal waves,
shear waves, channel waves, a diffracted wave group, and con-
verted shear waves, respectively. When these seismic waves reach
the erosion zone, the erosion zone has a small influence on the
propagation of these waves. Some of these waves are diffracted
and the rest of them continue to propagate forward. When Love-
type channel waves encounter the interface of the erosion zone,
a part of these Love-type channel waves propagate backward,
and the rest is converted to shear waves (SH waves) inside the ero-
sion zone, resulting in a partial loss of the waveform of channel
waves. The converted shear waves continue to propagate forward.
When encountering the interface of the coal seam, part of these
shear waves propagates backward and the other continues to prop-
agate forward. Different types of seismic waves are diffracted and
form a diffracted wave group, as shown in wavefront 4. At 160 ms
of propagation, the snapshot of the wavefield has no longitudinal
waves and the waveform of channel waves still show the missing
portion. The snapshot of the wavefield at 200 ms of propagation
is similar to the one at 160 ms of propagation.

According to the snapshots of the wavefield, the waveform of
these channel waves is partially disappeared at 120 ms, 160 ms,
and 200 ms. Besides, channel waves are not re-energized after
encountered as the continuity of the coal seam has been destroyed
by the erosion zone. When channel waves reach the erosion zone,
part of these channel waves propagates backward in the coal seam
in the form of diffracted waves and another part of these waves
enter the erosion zone. As the coal seam has been replaced by other
media, this geological condition does not satisfy the development
of channel waves (Liu et al., 1994), and channel waves are con-
verted into S-wave to propagate forward. When these S-wave
reencounter the coal seam, these S-wave mainly propagate along
the external medium of coal seam, and they are not able to inter-
fere again to form strong channel waves. On the other hand, the
erosion zone has little influence on the propagation of P-wave
and S-wave. In the seismic record, the continuity of the event of
P-wave and S-wave is not disrupted by the erosion zone. In addi-
tion, the wavefield snapshots of longitudinal waves and shear
d; (b) Y-component seismic record; (c) Z-component seismic record.



Fig. 3. Attenuation tomography: (a), (c) and (e) are attenuation imagings of X-component, Y-component and Z-component signal using eigenvalues, respectively; (b), (d) and
(f) are attenuation imagings of X-component, Y-component and Z-component signal with the constraint of channel wave energy using eigenvalues, respectively.
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Fig. 4. Snapshot slice of Y-component wave field: (a) Snapshot of wave field at 40 ms; (b) Snapshot of wave field at 120 ms; (c) Snapshot of wave field at 160 ms; (d) Snapshot
of wave field at 200 ms.
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waves have no missing portions in their wavefields but some
energy loss, which is due to diffraction.

3.4. Geological setting

To verify the reliability and practicability of the simulation
result, a field test was carried out in Xiaoyun coal mine of Jining
mining area, as shown in Fig. 5. The test was designed for the
1308 working face. The strike of the working face is 630 m, and
the dip is 215 m. The average thickness of 3.47 m. According to
the previous geophysical data and geological exposure, erosion
zone is suspected to develop in the working face. The estimated
area that influenced by the erosion zone is about 22,171 m2, where
Fig. 5. Geologi
the average thickness of 1.7 m. To ensure safety during the mining
process, the channel wave is needed to determine the extension of
the erosion zone in the working face.

3.5. Data analysis and discussion

3.5.1. Observation system
According to the actual conditions of the working face, geo-

phones were arranged in the belt roadway, as shown in Fig. 6. A
three-dimensional observation system was established with the
R1 position as the coordinate origin. In this system, the X direction
is vertical to coal seam side; the Y direction is normal to the road-
way; the Z direction is vertical downward. Based on the numerical
cal profile.



Fig. 6. Observation system.

Fig. 7. Primary seismic records.

Fig. 8. Inversion result.
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simulation result of the erosion zone model, the survey was carried
out in the Y-axis direction. A total of 64 geophones, denoted as R1-
R64, were arranged along Y-axis with an interval of 10 m. Explo-
sive seismic sources were arranged in the track roadway. A total
of 70 seismic sources, denoted as S1-S70, were installed with
10 m intervals. P1, P17, and P26 are inflection points and their
coordinates are (125, 0), (125, 160), and (215, 160), respectively.
3.5.2. Data collection and analysis
The seismic sourceswere ignited in sequence. Theoriginal seismic

dataof the3rdshot and the30th shot are selected and shown inFig. 7.
Seismic event 1, 2 and 3 are P-waves, S-waves, and channel waves,
respectively. The P-waves and S-waves are continuous, whereas the
channelwaves disappear betweenR35 andR64, indicating that there
exists a structure leading to the change of coal seam thickness.



Fig. 9. Mining geological exposure.
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After the initial correction, inter-channel equalization, and
amplitude compensation of the obtained signals, the eigenvalue
constraint attenuation tomography based on the variation in the
amplitudes of the Airy phases of channel waves was carried out.
The obtained inversion image was shown in Fig. 8. This image
shows an abnormal region, denoted as YC1, which is located
between 270 m 400 m of the belt roadway and between 350 m
and 400 m of the track roadway, running through the entire work-
ing surface.

Based on the field exploration data obtained from the mine, an
abnormal area with a thinner coal seam is located at YC1. As shown
in Fig. 9, the actual location of the abnormal area has a good agree-
ment with the predicted location.
4. Conclusions

The numerical simulation of the erosion zone exploration with
three-component transmitted channel waves reveals that the
three-component transmitted longitudinal and shear waves have
no obvious response to the erosion zone and cannot be used as
characteristic waves for exploration. Moreover, the channel wave
of Z-component is stronger than that of X-component and Y-
component, but the signal-to-noise ratio of Z-component is the
lowest; the channel wave of X-component has lower total energy
than that of the Y-component; the Y-component of the channel
wave is the best candidate for erosion zone exploration, because
the event of it has high power and it can be easily distinguished.

Compared with single eigenvalue imaging method, the channel
wave energy attenuation imaging method based on eigenvalue
constraint has high precision. The high-attenuation anomaly
region of the Y-component is consistent with the location of the
erosion zone in the forward model. The sizes of the erosion zones
in the inversion results of the X-component and the Z-component
are smaller than that of the erosion zone in the model. Moreover,
the inversion region obtained from the Z-component is the
smallest.

A field survey was carried out by using the Y-component chan-
nel wave at the working face. On the basis of the transmitted chan-
nel wave of Y-component, the energy attenuation imaging method
was employed to predict the location of the erosion zone. It is
proved that this method provides technical support for safe and
efficient mining of the working face.
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