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Abstract: Existing goaves (e.g., shafts and roadways) in mines represent important hidden dangers
during the production of underlying coal seams. In this view, the accurate identification, analysis,
and delimitation of the scope of goaves have become important in the 3D seismic exploration of
mines. In particular, an accurate identification of the boundary swing position of goaves for 3D
seismic data volumes within a certain depth interval is key and difficult at the same time. Here, a
wide-band and wide-azimuth observation system was used to obtain high-resolution 3D seismic
data. The complex structure of a mine was analyzed, and a seismic double processing system was
applied to verify the fine processing effect of a goaf and improve the resolution of the 3D seismic
data. Based on the seismic attribute identification characteristics of the goaf structure, we decided
to adopt multi-attribute comprehensive identification and data fusion technologies to accurately
determine the position of the goaf and of its boundary. Combining this information with the mine
roadway engineering layout, we verified the accurateness and correctness of the goaf boundary
location. Our study provides a good example of the accurate identification of the 3D seismic data of a
roadway goaf.

Keywords: goaf; 3D seismic exploration; recognition; dual processing system

1. Introduction

Goaf structures represent hidden geological factors in mining. The fine detection
and identification of goaf boundaries, locations, and water-richness is key to ensure safe,
efficient, and intelligent mining activities [1,2], as well as a comprehensive management of
goaves [3,4]. 3D seismic exploration can be applied to coal mines as a fine exploration tech-
nology [5–7]. In the presence of goaves, however, the accuracy with which any underlying
coal strata are recognized diminishes [8]. Especially in the case of coal seam goafs located
at a relatively high depth and relatively thin coal seams, coal mining has been carried out
by roadway mining. After a goaf is formed, water and gas accumulate inside it and a
fracture zone develops around it. This setting hinders the fine identification of structures
through 3D seismic exploration. Improving the vertical and horizontal resolution of 3D
seismic exploration techniques is therefore key to identify any goaf structures and their
boundaries at large mining depths [9]. For field data acquisition, an advanced acquisition
system and high-resolution excitation and receiving equipment need to be adopted, so to
ensure high-quality and high-resolution field seismic data. Data processing is always based
on high-resolution and high-fidelity processing technologies. The combination of all-round
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and multi-means processing technologies is the key to accurately determine the position of
goaf boundaries [10,11].

The scale of the goaves in a coal mine will influence the stress and strain on the
roof and on the floor of the coal seam and, consequently, the characteristics of the failure,
collapse, and deformation zones. Physical parameters tend to vary in different sections
of the mine, following a certain gradient [12–15], hindering the identification of goaf
structures through 3D seismic exploration techniques. Although many scholars have
carried out laboratory and simulation studies on the physical parameters of goaves, there
are still deficiencies in the detection and identification of goaves in coal roadways within
a certain depth interval, especially concerning the vertical and lateral resolutions and the
detection of their boundaries. Notably, the disturbances caused by mining activities create
a collapse zone around each goaf, leading to a variety of fracture distributions. These
fracture zones have an impact on the propagation of seismic waves [16]. High-resolution
3D seismic exploration techniques are required in such settings, especially to avoid or
reduce the blind-area problem: a special observation system needs to be used for field data
acquisition [17,18].

In this study, we focused on the roadway formed during mining activities in the
Xinyuan Mine (Yangquan, China) and adopted a high-resolution 3D seismic fine explo-
ration technology involving multiple dimensions and components. In the data acquisition
stage, we aimed at obtaining high-resolution and high-quality data by selecting the right
engineering layout, acquisition equipment, and acquisition parameters. In particular, a
high-quality seismic data volume was obtained by using a dual seismic data processing sys-
tem software and applying multi-method comprehensive static correction, multi-domain
multi-method combination denoising, pre-stack time migration, 5D interpolation, OVT
(Offset Vector Tile) domain regularization, and other targeted data processing. To accurately
identify the boundary position of a small goaf, a seismic spectrum decomposition tech-
nology was used and the seismic signal response characteristics of a certain time window
for different frequencies (in relation to different main frequencies) were obtained. When
considering the same layers, the spectral decomposition slices of different frequencies
maintained a high overall consistency but showed quite different energy intensities. From
low to high frequencies, the energy ranges became more concentrated, and anomalies
became more obvious. In the tectonically complex parts, high-frequency seismic signals
were rapidly attenuated: strong low-frequency and weak high-frequency energies were
observed. Based on the spectral decomposition characteristics, the boundary position of
the goaf was finely identified. By combining these results with those of a slice analysis of
the seismic attributes (performed through the variance body technique), the location of the
goaf was determined. The accuracy of the goaf boundary position was high, demonstrating
the accuracy of our approach.

2. Geological Setting

The sixth area of the Xinyuan Mine in Shanxi Province (China) will soon be mined.
Over most of the surface of this mining area, Quaternary loose loess occurs. According
to previous drilling data and field surveys, the thickness of the loess is 0–30 m and the
loess beam is relatively thick (Figure 1). Notably, the loess valley is relatively thin, and the
seismic reflection wave has a small propagation velocity in the loose loess layer. Moreover,
this layer is characterized by a very strong energy absorption and the attenuation of the
seismic reflection wave: this results in a fast attenuation of the target layer’s reflected wave
energy and in a serious loss of high-frequency components [19,20], which is unfavorable
for high-resolution seismic exploration. Under the loess layer there is a red paleosol
layer: according to previous studies, high-quality single-shot records can be obtained by
exciting it.
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3. The 3D Seismic Fine Identification Technology 
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A variety of excitation and reception combination techniques were used to define the 
complex structure of the loess plateau, characterized by dramatic surface undulations, 
gullies, and large lateral variations in surface structure [21–23]. For the shallow loess cov-
erage area, we adopted the excitation mode for the interval between the shallow hole and 
the bedrock surface, and the excitation mode for the interval between the single well and 
the red clay layer in the thick loess area. A high-sensitivity digital geophone was used, 
applying a wide azimuth angle, a high number of superposition times (>30), and a small-
bin observation system (Figure 3). The color legend in Figure 3 represents the fold (the 

Figure 1. Photo showing the artificial seismic excitation horizon (highlighted in red).

Overall, the lateral lithology of the shallow layer in the study area changes greatly
(Figure 2) and, therefore, the excitation horizon is not easy to identify. At the same time,
the terrain undulates greatly, making any static correction difficult to achieve during data
processing: the shallow seismic geological conditions in the study area are complex.
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3. The 3D Seismic Fine Identification Technology
3.1. Design Observation System

A variety of excitation and reception combination techniques were used to define
the complex structure of the loess plateau, characterized by dramatic surface undulations,
gullies, and large lateral variations in surface structure [21–23]. For the shallow loess
coverage area, we adopted the excitation mode for the interval between the shallow hole
and the bedrock surface, and the excitation mode for the interval between the single well
and the red clay layer in the thick loess area. A high-sensitivity digital geophone was
used, applying a wide azimuth angle, a high number of superposition times (>30), and a
small-bin observation system (Figure 3). The color legend in Figure 3 represents the fold
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(the number of times the data is stacked) in the 10-line 5-shot seismic observation system.
The maximum fold is 30 times, shown as the central area of the square.
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Design parameters: a beam-shaped observation system with 10 lines and 5 shots at
midpoint. Each receiving line consists of 144 receivers. The distance between the receiving
lines is 100 m, and the spacing between the receiving channels is 10 m. The lateral spacing
between the shots is 20 m, and the longitudinal spacing is 120 m. The CDP grid is 5 × 10 m.
There are 30 coverage cycles in total, with 5 lateral cycles and 6 longitudinal cycles. The
aspect ratio is 0.78. Overall, it belongs to a dataset with comprehensive coverage and high
coverage frequency, suitable for detailed analysis in mining areas.

Within the study area, there are a total of 26 seismic lines constructed, covering
an exploration area of 6.00 km2. The area covered by a complete 30-fold coverage is
6.03 km2. In total, there are 4235 physical points, with 4150 physical points covered by
the construction of seismic lines. Additionally, there are three experimental sites, totaling
15 physical points.

3.2. Fine Static Correction Processing Technology
3.2.1. Static Correction

In order to improve the quality and resolution of the seismic records collected through
field analysis, we applied a double processing system. Considering the complex structure
of the loess plateau, including dramatic surface undulation, gullies, ravines, and large
lateral changes in the surface structure, we decided to perform a laminar static correction of
the CGG processing system (Figure 4). A short-wavelength static correction was achieved
through a fine stacked acceleration analysis, the iteration of the surface consistency residual
static correction, and a global search for the optimal residual static correction.

The remaining static correction components were mainly obtained by applying a
residual static correction of the surface consistent reflection wave and a comprehensive
global optimization residual static correction (Figure 5). The global optimization residual
static correction was based on three methods: the maximum energy method, simulated
annealing, and the genetic algorithm [24–26]. The basic idea is to enhance the genetic
algorithm with simulated annealing and the maximum energy method for static correction
calculations. Simulated annealing generates new solutions by creating several candidate
values for each parameter using probability distribution functions. These candidate values
form the initial state of each individual in the genetic algorithm population. The maximum
energy method iteratively improves optimization, using local solutions from the final
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iterations as initial candidates for the genetic algorithm. By combining the maximum
energy method and simulated annealing, the initial population for the genetic algorithm is
optimized based on the objective function. This approach ensures a smaller, more targeted
population while maintaining diversity, enhancing search efficiency [27]. The genetic
algorithm evolves solutions through selection, crossover, and mutation, ensuring diversity
and broad search capability. To address the lack of a focused search, the evolutionary
solutions are further refined using the local and random search capabilities of the maximum
energy method and simulated annealing. This combined approach improves convergence
ability and velocity, outperforming individual methods.
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In order to accurately determine the velocity of extraction and improve the accuracy
of velocity interpretation, the stacking velocity gathers, and the stacking profiles were used
for quality control. Moreover, we made sure that the velocity field would conform to the
geological law by using the geological law itself to guide the velocity analysis. After several
iterations, the best velocity model was obtained (Figure 6).
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3.2.2. OVT Domain Interpolation Processing

In the presence of complex terrains and buildings, variable observation systems lead
to irregular seismic data acquisition: the distribution of offset and azimuth data, as well as
the overall data coverage, tend to be uneven, affecting the quality of seismic imaging and
resulting in false anomalies when thick seismic data are conventionally processed. In order
to eliminate the difference between actual and ideal spatial sampling attributes, the seismic
data were regularized in the OVT domain, ensuring that the seismic migration would not
be affected by irregular spatial sampling [28,29]. After processing a Kirchhoff migration
in the OVT domain, the COV (Common Offset Vector) gathers in the OVT domain were
transformed back to the time–space domain by inverse transformation, obtaining the CRP
(Common Reflection Point) gathers after anisotropic processing.

The Fourier interpolation algorithm based on orthogonal matching pursuit (OMP) is a
relatively effective interpolation method developed in recent years. This method primarily
employs Fourier transform as its basis functions. It iteratively selects the largest coefficients
from the Fourier transform coefficients and places them into a sparse spectrum. Then,
it subtracts these selected coefficients from the input data iteratively until the residual
becomes negligible. Finally, it performs an inverse Fourier transform on the resulting
sparse spectrum to obtain the interpolated results at the desired locations.

The implementation steps are as follows: conduct a discrete Fourier transform (DFT)
along the time axis of the input seismic data to acquire the Fourier spectrum in the frequency
domain. Compute the energy curves at various angles for the Fourier spectrum and utilize
these energy curves as weighting factors applied to the entire Fourier spectrum [30–32].
Identify the Fourier spectrum component with the highest energy after weighting (effective
signal) and integrate this component into the original Fourier spectrum without weighting.
Perform an inverse Fourier transform on the Fourier spectrum component obtained in the
preceding step and output the result to the corresponding original input positions. Subtract
the iterative result from the previous step from the original input data to proceed with the
next iteration. These steps delineate the procedure for the Fourier interpolation algorithm
employing orthogonal matching pursuit (OMP) for seismic data [33,34].

Given the seismic data input represented by f (xj), where j = 0, . . ., Nx−1, and Nx
denotes the total number of seismic traces, with 0 ≤ xj ≤ xmax representing the spatial
coordinate corresponding to the jth trace. The Fourier expansion of the input data f (xj) is
expressed as:

f (xj) ≈ ∑
l

f̃ (l) exp(
i2πlxj

xmax
) (1)

The inverse Fourier transform is:

f̃ (l) ≈
Nx−1

∑
j=0

f (xj) exp(
−i2πlxj

xmax
) (2)

where kl represents the spatial wavenumber, and kl = 2 × pi × l/xmax, for l = −Nk/2,. . .,
Nk/2, where Nk is the total number of frequencies. Increasing xmax not only increases
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the number of traces involved in the calculation but also enhances the sampling in the
wavenumber domain, thereby improving interpolation accuracy. Building upon Equation
(1), with each addition of a frequency component in the frequency-wavenumber domain,
after mm steps, the residual quantity can be expressed as:

Rm(xj) = f (xj)−
m−1

∑
l=0

f̃ (Pl) exp(
i2πPl xj

xmax
) (3)

Pl is the index corresponding to the coefficients selected in the l-th step. Setting m = 0,
R0(xj) = f (xj); iteration is carried out via Equation (4):

R̃
m
(l) =

Nx−1

∑
j=0

Rm(xj) exp(
i2πlxj

xmax
) (4)

By computing Equation (4), find the index Pm corresponding to the maximum coeffi-
cient. Construct the least squares function Equation (5) to calculate the residual Rm+1(xj).
Iteration ceases when Rm+1 becomes sufficiently small. Equation (5) is given by:

φ(m + l) = ∑
j

[
f (xj)−

m−1

∑
l=0

f̃ (Pl) exp(
i2πPl xj

xmax
)

]2

(5)

3.3. Spectrum Decomposition

Spectral decomposition consists in the continuous time–frequency analysis of a single
seismic trace, with the objective of obtaining the corresponding time–frequency spectrum.
In this way, a 1D seismic signal can be decomposed in a time–frequency plane, on which
part of the seismic signal can be continuously analyzed and compared.

For the spectral decomposition of a specific signal, the noise introduced for different
time window types will vary.

We opt for the S-transform (ST) to conduct spectral decomposition due to its capability
to produce high-resolution spectral decomposition images, as demonstrated in previous
studies [35]. This method proves advantageous in noise removal and analysis of thin
interbeds. The S-transform of a function h(t) can be expressed as:

S f (τ, f ) =
∞∫

−∞

h(t)w(t − τ, f ) exp(−i2π f t)dt (6)

w(t) =
| f |√
2π

exp
− f 2t2

2
(7)

Therefore, the following result can be obtained:

S f (τ, f ) =
∞∫

−∞

h(t)
| f |√
2π

exp[
− f 2(τ − t)2

2
] exp(−i2π f t)dt (8)

where f is frequency, t is time, τ is the time on control the gauss window position on
the timeline.

However, even for the same time window type, the noise introduced for different time
window widths will also vary quite a lot (Figure 7). Notably, a Gaussian time window will
be used. Figure 7 shows that, in the case of a narrow time window, the spectrum will be
lower and flatter, and the frequency range of influence will be larger than in the case of a
wide time window. In the first case, not only the low frequency band will be affected, but
the middle and high frequency bands will be impacted even more. Notably, in the case of a
wide time window the spectrum will be steeper, and the influence frequency range will be
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smaller (mainly concentrated in the low frequency band). With the enlargement of the time
window, the corresponding spectrum will change its shape from straight to steep.
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Regarding spectral decomposition, its effect does not only depend on the selected
time window, but also on the characteristics of the seismic signals. The influence of a
certain time window on seismic signals with different dominant frequencies will vary
(Figure 8). Moreover, for a certain window width, the higher the main frequency of the
seismic signal, the closer will the spectrum be to its true value. In the case of seismic
signals with different dominant frequencies, the selection of a time window for the spectral
decomposition processing should be adjusted accordingly.
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4. Results and Discussion
4.1. Sensitivity Testing

Four experimental survey lines (Figure 9) were laid out, each with the same length
and identical shot and receiver point locations. Each survey line used the same type of
geophones for data acquisition, with a receiver line spacing of 10 m. The solid black lines
represent the receiver lines, each 1440 m long, with a geophone placed every 10 m. The
red line represents the shot point alignment line, with a shot-receiver distance of 10 m. All
four lines simultaneously recorded seismic signals, resulting in single-shot records and
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the corresponding signal-to-noise ratios (Figure 10). The digital geophones used were
SmartSolo node geophones with a frequency response range of 0 to 413 Hz. The remaining
lines used dynamic coil geophones with dominant frequencies of 60 Hz, 10 Hz, and 7 Hz,
respectively.
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The sensitivities of 60 Hz, 10 Hz, and 7 Hz digital geophones used in this area were
analyzed (Figure 10). The data collected using the 7 Hz geophone showed a good continu-
ity of the target layer, a strong reflected wave energy, and a high signal-to-noise ratio. In
areas characterized by high signal-to-noise ratio, near-surface absorption, and the attenua-
tion of general areas, digital detectors with high-frequency bandwidths showed obvious
advantages. However, in areas characterized by high near-surface absorption, the attenu-
ation of intense areas, and low signal-to-noise ratio, low-frequency detectors were more
advantageous.

4.2. The 5D +OVT Interpolation

This, in turn, affects the accuracy with which goaves and their boundaries can be
identified. Here (Figure 11), a 5D interpolation was performed on conventional seismic data
to improve the spatial sampling rate, the coverage times, and the signal-to-noise ratio. The
distribution of shot points in the mining area after the 5D interpolation obviously reduced
the “empty window” in the seismic profile, which was caused by an uneven distribution of
the ground shot points, especially for the shallower coal seams (Figure 12).
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Figure 12. Comparison between the stacking time sections obtained before (a) and after
(b) 5D interpolation.

The OVT technology not only enhances the illumination intensity of complex un-
derground structures but also enables the extraction of reservoir properties related to
azimuthal anisotropy. Initially, missing data within a single OVT tile are located, followed
by the utilization of five-dimensional regularization techniques. Following the matching
pursuit Fourier algorithm, all missing data are interpolated and reconstructed, ultimately
achieving a uniform spatial distribution of data within a single OVT tile, ideal for single
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coverage. The frequency resolution of the obtained seismic data was relatively low, whereas
the identification of the goaf boundary required a high-frequency resolution. A section
obtained through conventional processing and another obtained through 5D interpolation
+ OVT lifting (Figure 13) were compared, noting obvious differences. The arrow in Fig-
ure 13 indicates the known 31,009 goaf boundary. Compared with that obtained from the
conventional treatment, the goaf boundary detected after the OVT treatment was clearer
and its position was more easily identified; moreover, the profile resolution increased after
frequency lifting.
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4.3. Spectrum Decomposition Comparison

For the 15–50 Hz range, the seismic data volume was decomposed by spectral de-
composition [36–38], using a 5Hz step size. The spectral decomposition data volumes for
different frequencies were obtained, together with the corresponding attribute slices along
the layer spectral decomposition (Figure 14). For the same layers, the spectral decompo-
sition slices of different frequencies were highly consistent overall but showed different
energy intensities. From low to high frequencies, the energy range became more concen-
trated, and the anomaly became more obvious. The low energy part of the slice map, visible
after high frequency spectrum decomposition, represents the abnormal body. Figure 14
shows obvious anomalies for the goaf in the 45 Hz and 15 Hz areas of the coal seam #3.

We digitized and standardized the logging data and synthesized the seismic records
by integrating the logging data with the seismic data. This process was used to calibrate
the target #3 and #15 coal seams. High-quality seismic data from Well 163 was selected to
analyze the seismic wavelet statistics and synthesize the seismic records (Figure 15). The #3
and #15 coal seam intervals correspond to the negative phase positions at 420 ms and 480
ms on the seismic trace, respectively.



Appl. Sci. 2024, 14, 5012 12 of 17Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 17 
 

 
Figure 14. Installing amplitude slicing along the spectra obtained for coal seam #3 (a−15 Hz, b−20 
Hz, c−25 Hz, d−30 Hz, e−35 Hz, f−40 Hz, g−45 Hz, h−50 Hz). 

We digitized and standardized the logging data and synthesized the seismic records 
by integrating the logging data with the seismic data. This process was used to calibrate 
the target #3 and #15 coal seams. High-quality seismic data from Well 163 was selected to 
analyze the seismic wavelet statistics and synthesize the seismic records (Figure 15). The 
#3 and #15 coal seam intervals correspond to the negative phase positions at 420 ms and 
480 ms on the seismic trace, respectively. 

By converting the well logs with pseudo-velocity curves into a velocity-depth rela-
tionship, we obtained the time-depth relationship for the study area. Due to the significant 
differences in rock properties (density and p-wave velocity) between the coal seams and 
the surrounding strata, the interfaces at the top and bottom of the coal seams were identi-
fied as locations where the reflection coefficient reaches its maximum absolute value (Fig-
ure 16). 

Figure 14. Installing amplitude slicing along the spectra obtained for coal seam #3 (a−15 Hz, b−20
Hz, c−25 Hz, d−30 Hz, e−35 Hz, f−40 Hz, g−45 Hz, h−50 Hz).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 13 of 17 
 

 
Figure 15. Synthetic Seismic Record and Horizon Correlation for Well 163. 

 
Figure 16. Characteristics of Major Coal Seams on the Seismic Profile. 

During the time-depth conversion, we used the average velocity calculated from the 
well side tracks to correct the average velocity field. This correction enhances the accuracy 
of the velocity field, thereby improving the overall precision of the time-depth conversion. 

The typical seismic profile of the sixth mining area (Figure 17), from top to bottom, 
shows the reflection wave of coal seam #3, the reflection wave of coal seam #15, and the 
top interface of Ordovician limestone. The reflection waves of coal seams #3 and #15 are 
evident in the profile, and the continuity of the whole area is good; moreover, the reflec-
tion wave of the Ordovician limestone top interface is strong and continuous in the whole 
area. Coal seam #3 was mined out on the right side of the seismic profile, resulting in a 
goaf. At the boundary between normal coal and the goaf, the in-phase axis of coal seam #3 
obviously changes from strong to weak, and there is an obvious time difference. The en-
ergies reflected by coal seam #15 and by the Ordovician limestone top interface are not 
much different, but the horizon time is obviously larger. In the 45-Hz spectral decompo-
sition profile (Figure 17b), there is an obvious energy loss zone between the goaf and the 
normal coal seam, which directly indicates the location of the goaf boundary. 

Figure 15. Synthetic Seismic Record and Horizon Correlation for Well 163.



Appl. Sci. 2024, 14, 5012 13 of 17

By converting the well logs with pseudo-velocity curves into a velocity-depth relation-
ship, we obtained the time-depth relationship for the study area. Due to the significant
differences in rock properties (density and p-wave velocity) between the coal seams and the
surrounding strata, the interfaces at the top and bottom of the coal seams were identified as
locations where the reflection coefficient reaches its maximum absolute value (Figure 16).
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Figure 16. Characteristics of Major Coal Seams on the Seismic Profile.

During the time-depth conversion, we used the average velocity calculated from the
well side tracks to correct the average velocity field. This correction enhances the accuracy
of the velocity field, thereby improving the overall precision of the time-depth conversion.

The typical seismic profile of the sixth mining area (Figure 17), from top to bottom,
shows the reflection wave of coal seam #3, the reflection wave of coal seam #15, and the
top interface of Ordovician limestone. The reflection waves of coal seams #3 and #15
are evident in the profile, and the continuity of the whole area is good; moreover, the
reflection wave of the Ordovician limestone top interface is strong and continuous in the
whole area. Coal seam #3 was mined out on the right side of the seismic profile, resulting
in a goaf. At the boundary between normal coal and the goaf, the in-phase axis of coal
seam #3 obviously changes from strong to weak, and there is an obvious time difference.
The energies reflected by coal seam #15 and by the Ordovician limestone top interface
are not much different, but the horizon time is obviously larger. In the 45-Hz spectral
decomposition profile (Figure 17b), there is an obvious energy loss zone between the goaf
and the normal coal seam, which directly indicates the location of the goaf boundary.
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To analyze the boundary of the goaf in the roadway, drilling depth, seismic data pro-
cessing for dynamic correction velocity calculation of layer velocities and average velocities
are employed to form a velocity field in spatial positions. After time-depth conversion, the
coal seam roof and the ground elevation are obtained, forming a planar distribution. Along
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the seismic time profile of coal seam #3, 45 Hz and 15 Hz spectral decomposition instan-
taneous amplitude slices are extracted. The goaf and mining engineering drawings are
overlaid on the slice image, and low-frequency strong energy strips, which were generated
at the boundary of the extraction zone, can be clearly seen in Figure 18.
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4.4. The Results of Goaf Boundary

Instantaneous 45-Hz and 15-Hz spectral decomposition slices were extracted along
coal seam #3. Low-frequency strong energy bands, generated by the goaf boundary, can be
clearly seen in Figure 19. The goaf and the mining engineering maps were superimposed
on each other, finding that the seismic attributes were in good agreement with the actual
excavation goaf. The small blue box in Figure 19 highlights the measurement location of
the error between the seismic attributes and the boundary of the actual excavated (hollow)
area. The red color in the diagram represents a strong energy and derives from the presence
of protective coal pillars. Notably, the error between the red strip measurements and the
edge of the coal pillars’ protective effect next to the hollow area is of ~3.9 m.
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Figure 20 clearly shows high-frequency weak energy bands generated by the goaf
boundary. By comparing the detected goaf location with the mining engineering map, we
found that the seismic attributes were in good agreement with the actual excavation goaf.
The small red box in Figure 20 shows the measurement position of the error between the
seismic attribute and the actual excavation goaf boundary. The purple strip represents
weak energy and is in correspondence with a protective coal pillar. The error between
the measured purple strip and the edge of the protective coal pillar next to the goaf is of
~5.9 m.
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4.5. Discussion

(1) When dealing with complex structures and topography such as loess plateaus,
the targeted techniques employed by the CGG processing system, including tomographic
static correction, effectively address the long-wavelength static correction issue. Through
refined stacking velocity analysis and residual static correction iterations consistent with
surface conditions, the shorter wavelength static correction problem is effectively tackled.
Additionally, utilizing stacked velocity gathers and profiles for quality control ensures
accurate velocity extraction. Guidance from geological variations aids velocity analysis,
ensuring the velocity field conforms to geological principles, thereby enhancing velocity
interpretation precision. After multiple iterations, the optimal velocity model is obtained,
enabling seismic record processing to more accurately reflect subsurface structures, thus
providing a reliable foundation for subsequent detailed interpretation of mined-out areas.

(2) This paper employs 5D interpolation techniques to interpolate conventional seismic
data, enhancing the spatial sampling rate and coverage to improve seismic imaging quality.
5D interpolation effectively reduces the occurrence of “windowing” phenomena in seismic
profiles, especially in shallow coal seams. This method’s advantage lies in enhancing the
signal-to-noise ratio of the seismic data, resulting in the clearer imaging of subsurface
structures and aiding accurate identification of mined-out areas and their boundaries.
Regularization processing of seismic data in the OVT domain is performed to eliminate
disparities between actual and ideal spatial sampling attributes, crucial for ensuring seismic
migration remains unaffected by spatially irregular sampling, thereby enhancing imaging
accuracy and resolution of subsurface structures. Through 5D interpolation and OVT
domain processing, seismic data quality and sampling rates are effectively improved,
resulting in clearer and more accurate subsurface imaging.

(3) Consistency and feature variations of spectral decomposition slices: different
frequency spectral decomposition slices exhibit high overall consistency. The 45Hz spectral
decomposition profile shows a distinct energy loss band between mined-out areas and
normal coal seams, directly indicating mined-out area boundaries. Spectral decomposition
slice characteristics of the mined-out area boundaries are consistent with those of actual
excavated mined-out areas but exhibit different energy strengths.

5. Conclusions

The integration of GeoEast and CGG dual processing systems optimized the pro-
cessing workflow and facilitated the selection of the most suitable processing parameters,
resulting in a high signal-to-noise ratio and the high-resolution processing of seismic data
and obtaining a high-quality 3D seismic data volume. Addressing the challenge of uneven
shot-receiver point distribution during data acquisition, we applied both 5D interpolation
and OVT regularization processing technologies, effectively overcoming any adverse effects
of irregular acquisition. This comprehensive approach provided highly consistent pre-stack
migration gathers and stacked data volumes, strengthening the recognition characteristics
of the goaf boundary and enhancing the accuracy and resolution of our interpretations. By
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combining data volumes of different types (i.e., conventional, conventional high-frequency,
OVT processing, and OVT processing high-frequency), we conducted interactive inter-
pretation and seismic attribute analysis, enabling fine identification of the goaf through
combined attribute analysis technology. Through comparisons of different sections and the
application of 3D seismic data volume spectrum decomposition technology, we improved
the position recognition accuracy of different layers in the goaf, demonstrating high accu-
racy in determining the overall boundary position of the goaf with a detection accuracy
exceeding 75%.
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