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Abstract

Shanxi Province, a leading coal-producing region in northern China, holds
abundant reserves of bituminous and sub-bituminous coal critical to the nation’s
energy sector. However, extensive coal mining has left behind Goaf areas under-
ground voids and fractured zones that pose serious safety hazards and environ-
mental risks. These challenges require innovative approaches to ensure sustain-
able resource management and ecological protection. This work aims to enhance
the exploration and management of Goaf areas using advanced geophysical tech-
nologies, such as seismic, electrical resistivity tomography, magnetic, and gravity
surveys, to identify subsurface fractures and voids. Cutting-edge tools like the
full-waveform airborne electromagnetic system and machine learning tech-
niques improve the accuracy and efficiency of these investigations. The focus
is on estimating storage capacity, constructing stable coal pillars, and monitor-
ing water quality to mitigate risks. By integrating environmental and economic
feasibility studies, this research seeks to balance coal industry growth with eco-
logical stewardship, fostering a safer and more sustainable future.
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1. Introduction

Geophysical exploration in mined-out areas or Goafs is an essential aspect of
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modern mining, especially in Shanxi Province, a significant coal-producing region
in China. Goaf areas present substantial risks, including surface subsidence and
structural damage to nearby infrastructure, such as buildings, roads, and railways,
due to extensive coal mining [1]. Understanding the distribution and conditions
within these areas is critical for ensuring mining safety and mitigating environ-
mental impacts. Consequently, advancements in geophysical prospecting tech-
niques have become a focal point of research and development [2]. Recent trends
emphasize the application of comprehensive prospecting methods to enhance the
accuracy of Goaf exploration. Techniques such as the transient electromagnetic
method (TEM) and controlled source audio-frequency magnetotellurics (CSAMT)
have shown promise in mapping mined-out areas and detecting water accumula-
tion within coal mines [3]. Additionally, unmanned aerial vehicle (UAV) surveys
provide high-resolution, three-dimensional models, enabling real-time visualiza-
tion of mining environments [4]. The integration of ultra-shallow and high-drop
geophysical methods offers a more robust approach to identifying and mitigating
potential hazards in Goaf areas [5]. To further advance this field, it is crucial to
improve the precision and reliability of data acquisition and processing methods.
Enhanced geophysical models can yield more accurate representations of subsur-
face conditions, thus aiding in the development of effective safety measures [6].
Furthermore, integrating geophysical exploration with remote sensing, seismic
monitoring, and numerical modeling provides a more comprehensive under-
standing of Goaf behaviour and potential hazards [7]. Emerging technologies such
as artificial intelligence and machine learning offer additional opportunities to
analyse large datasets and improve predictive accuracy. The significance of geo-
physical exploration is underscored by fluctuations in Shanxi Province’s primary
energy production. As shown in Figure 1, from 2011 to 2016, production de-
clined, followed by an upward trend from 2017 to 2020, with recent contributions
accounting for approximately 20% of China’s total energy output [8]. As mining
continues to evolve, the integration of advanced geophysical methods will be es-

sential for ensuring sustainable and safe mining practices.
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Figure 1. (A) Literature Road map; (B) The primary energy production of Shanxi in recent years and its proportion of China’s total [8].
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2. Advancements and Current Status of Geophysical
Exploration Techniques in Goaf Areas

Goaf areas pose significant safety challenges, including subsidence, roof falls, and
rock bursts, making their monitoring essential for safe operations. These risks not
only threaten the safety of personnel but also compromise the integrity of infrastruc-
ture, equipment, and adjacent mining areas. Consequently, continuous monitoring
using advanced geophysical techniques such as seismic reflection, ground-penetrat-
ing radar (GPR), and microseismic monitoring is critical. These methods provide
real-time data on structural changes, enabling early detection of potential hazards
[6]. In Shanxi coal mine Goafs, geophysical exploration plays a crucial role in delin-
eating the boundaries of Goaf zones, assessing the stability of surrounding rock
masses, and identifying critical stress points that could lead to collapses. Detecting
gas accumulation is particularly vital, as the build-up of methane or other hazardous
gases can result in explosive incidents if left unchecked. By accurately predicting
subsidence patterns, mining operations can implement preventative measures to
mitigate surface deformation, reducing damage to surface structures and minimiz-
ing environmental impact. The integration of these monitoring efforts into disaster
prevention frameworks has led to the identification and categorization of effective
techniques. These include the strategic placement of ventilation systems to disperse
gas, the design of support systems to stabilize roofs, and the use of numerical mod-
eling to simulate stress distribution and predict failure points. The effectiveness of
these methods has been demonstrated through quantitative analyses of case studies,
providing valuable insights into the dynamic behaviour of Goaf areas under various
geological conditions. Collectively, these efforts enhance mining safety, promote
sustainable resource utilization, and contribute to environmental protection, mak-

ing them indispensable in modern mining operations [9].
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Figure 2. China’s coal output hits records in 2023; Sources: National Bureau of Statistics.

Despite ambitious long-term climate goals to peak carbon emissions by 2030
and achieve carbon neutrality by 2060, along with the rapid development of re-
newable energy sources, coal remains the primary fuel ensuring China’s energy

supply as shown in Figure 2 [10].
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2.1. Geological Characteristics of Shanxi Coal Mines

Shanxi coal mines, located in the core of China’s coal-producing area, have distinct
characteristics caused by a complex interaction of depositional processes, tectonic
activity, and environmental changes over geological time. This province is well-
known for its considerable coal resources, and investigating the geological charac-
teristics of Shanxi’s coal mines sheds light on the region’s rich coal-bearing for-
mations [11]. Primarily located in sedimentary basins in the center region of the
northern China craton. The geological history region is characterized by substantial
sedimentation during the Carboniferous and Permian periods, culminating in the
formation of coal-bearing strata. These sedimentary rocks, contain lucrative coal
seams and are crucial to the province’s mining sector. The early Permian Shanxi
formation coals from the Weibei Carboniferous-Permian (C-P) Coalfield consist
primarily of kaolinite (47.9%), calcite (17.3%), tobelite (18.2%), and ankerite
(10.1%), with minor amounts of apatite and quartz. The Shanbei C-P Coalfield’s
early Permian Shanxi Formation coals are mostly made up of kaolinite (88.9%), with
modest amounts of calcite (8.8%) and apatite (2.5%). Coal characteristics, such as
calorific value, ash level, and sulfur concentration, can vary dramatically among
seams and places around the province. This geological complexity presents both ob-
stacles and opportunities for the mining sector, necessitating extensive research and

assessment to maximize extraction procedures and resource exploitation [12].

2.2. Coal Seams Conditions in Shanxi Coal Mines

Shanxi’s coal seams were predominantly formed during the Carboniferous and
Permian periods, characterized by extensive marshy environments conducive to
the accumulation of organic material, later transformed into coal. The remnants
of ancient peat bogs and wetlands played a critical role in the coalification process.
The carboniferous and permian formations produced diverse coal types with var-
ying energy content, ash content, and chemical properties, making them suitable
for various industrial applications. The coal seams differ in thickness and geolog-
ical arrangement due to layered sedimentation during these periods, with each
seam representing distinct geological epochs. Understanding these variations is
vital for evaluating coal reserves and optimizing mining strategies [13]. Geological
exploration techniques such as seismic surveys, borehole drilling, and advanced
imaging technologies are extensively employed to map Shanxi’s subsurface geol-
ogy and characterize coal seam properties, including metamorphic stages. This
ongoing research enhances knowledge of Shanxi’s coal resources and supports ef-
ficient resource management. In 2021, Shanxi’s raw coal production reached a
record 1.193 billion tons, accounting for 29.31% of China’s total production and
marking a 10.5% year-on-year increase. With an estimated 270.901 billion tons of
coal reserves, Shanxi maintains its position as the country’s largest coal-producing

province, underpinning its robust coal industry [14].

2.3. Distribution of Closed or Abandoned Mines in Shanxi

Shanxi Province contains the biggest coal resources in China, as well as the highest
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quality and a diverse range of coal kinds, from low metamorphic lignite and long-
flame coal to high metamorphic poor coal and anthracite, which cover the entire
metamorphism process. According to data from the Shanxi Bureau of Statistics,
Shanxi’s raw coal production surpassed 1 billion tons in 2021, reaching an all-time
high of 1.193 billion tons, accounting for 29.31% of total raw coal production in
the country, an increase of 10.5% year on year, cementing its position as the coun-
try’s leading domestic coal province. Robust resource reserves are the primary
foundation for the development of Shanxi’s coal sector as shown in Table 1, which

today has the country’s largest coal reserves at 270.901 billion tons [15] [16].

Table 1. The numbers and production capacity levels of closed coal mines in different areas
of Shanxi since 2016 [17] [18].

Number of Closed Exiting Capacity

City MinesCoal (Million Tons) Mining Areas
Datong 19 15.85 Datong, Guangling
Shuozhou 6 9.71 Pingshou
Xinzhou 15 11.95 Xuangang, Hebaopian, Lanxian
Taiyuan 15 9.59 Wautai
Jinzhong 3 0.84 Xishan, Dongshan
Liliang 7 6 Liuiliu, Fenxi, Xishan, Hebaoquan
Yangquan 11 10.85 Yangquan
Linfen 27 18 Fenxi, Houzhou, Huodong
Yuncheng 4 16.5 Xiangning, Wuanqu, Pinglu
Changzhi 11 5.70 Huodong, Wuxia, Lu’an
Jingcheng 20 18.75 Jincheng

The region has faced difficulties such as environmental concerns, resource deple-
tion, and efforts to transition to greener energy sources as highlighted in Table 1.
Shanxi’s closed or abandoned mines represent the industry’s history and shifting
energy production dynamics. The location of these mines varies around the prov-
ince, based on geological factors, economic considerations, and government poli-
cies. Local governments and mining authorities play critical roles in monitoring and
regulating these facilities. In recent years, China has seen a determined effort to ad-
dress environmental problems and promote sustainable growth. This has led to in-
creased scrutiny of mining activities, including efforts to regulate, close, or repur-

pose mines that no longer meet modern environmental standards [19] [20].

2.4. Challenges and Risks Associated with Goaf Areas

The most significant risk is ground subsidence, as coal or minerals are removed,
the Goaf areas may collapse, creating surface subsidence that may damage infra-

structure, houses, or the environment. Goaf regions can emit toxic gases such as
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methane and carbon dioxide, which are explosive and can endanger miners’
health. Adequate ventilation and gas monitoring are critical. Three actions are
well interpreted in Figure 3 where we can observe how to focus on reducing errors

on site causing drastic human loss through the years [21]-[23].
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Figure 3. Overview of China’s coal mine production safety situation in latest 10 years [24].

During 2001 and 2010, the number of accidents and deaths reached a peak in
2002 and then gradually dropped. In 2006, the number of accidents and deaths
fell below 3000 and 5000, respectively, for the first time. Between 2001 and 2010,
the death rate per million tons decreased by an average of 18.6% per year. In 2009,
the statistic fell below one for the first time. Overall, China’s coal production safety

status is improving [25].

3. Geophysical Methods and Technology for Goaf Exploration
3.1. Ground Penetrating Radar (GPR)

GPR is one of the geophysical methods that uses electromagnetic waves to detect
subsurface features and can be used to image the structure of Goaf areas. GPR is
particularly effective in detecting shallow voids and fractures and can be used to
map the depth and location of underground structures. However, GPR surveys
can be limited by the presence of high-conductivity materials, such as water, and
may be less effective at deeper depths [26]-[28]. Xu et al describe in detail the
GPR system for large-depth disaster detection in mines, which has the large-depth
detection ability and the explosion-proof capability to adapt to the mine working
environment [29].

According to Figure 4, which illustrates the architecture of the Ground Pene-
trating Radar (GPR) system, GPR operates by transmitting high-frequency elec-
tromagnetic waves through a transmitting antenna. These waves penetrate the
subsurface, and any change in material properties, such as permittivity, reflects
part of the signal back to the surface. A receiving antenna captures these reflected

signals, which are processed and displayed on a computer as a radargram. The
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Figure 4. Structure diagram of the mine ground penetrating radar system [29] edited.

control module generates the trigger signal Brl, initiating the transmission, while
optical fiber carries the high-frequency synchronization signal Br1 to the receiving
subsystem. The system’s core components transmitter, antennas, and control unit
work together to detect subsurface variations. The time taken for the reflected waves
to return indicates the depth and location of subsurface features. Factors such as
target depth, geological conditions, and available resources influence the effective-

ness of GPR in Goaf exploration, a key focus in ongoing geophysical research.

3.2. Electrical Resistivity Tomography (ERT)

A geophysical imaging method called Electrical Resistivity Tomography (ERT) is
used to look into the electrical characteristics of the Earth’s subsurface. It offers
useful knowledge regarding the distribution of electrical resistivity, a parameter
that indicates how readily a substance conducts electrical current as shown in Fig-
ure 5 [30]-[32]. ERT involves injecting electrical current into the ground through
electrode pairs and measuring the resulting potential difference. By systematically
varying electrode configurations and recording the corresponding data, multiple
resistivity profiles are generated. These profiles are combined to produce detailed
2D or 3D subsurface models, aiding in the detection of hidden structures and anom-
alies. This geophysical technique has diverse applications across multiple fields.

In environmental studies, ERT identifies groundwater contamination, tracks
pollutant migration, and maps subsurface geology, contributing to effective envi-
ronmental management. In civil engineering, it evaluates foundation stability,
detects sinkholes, and locates buried utilities, ensuring construction safety. Ar-
chaeologists employ ERT to uncover buried structures and artifacts, while ge-
otechnical investigations use it to assess soil and rock properties, evaluate slope
stability, and identify geological anomalies. In hydrogeology, ERT aids in aquifer
delineation, groundwater flow analysis, and sustainable water resource manage-
ment. Despite its advantages, operational execution of ERT faces several chal-
lenges. Accurate electrode placement is critical for data reliability, yet it can be
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Figure 5. Applications of surface and cross-hole ERT for mapping base of alluvial overburden: (a) integrated resistivity
images from surface and cross-hole ERT and (b) geological section from borehole rock samples and logging data [32].

hindered by difficult terrain or inaccessible areas. External factors such as soil mois-
ture variability, temperature fluctuations, and cultural noise from infrastructure can
distort measurements. Additionally, ERT’s effectiveness in material differentia-
tion often necessitates integration with complementary techniques. Complex sub-
surface conditions may require advanced data processing and interpretation, which
demand expertise and computational resources. Despite these barriers, ERT re-
mains a cost-effective, non-invasive, and versatile tool for subsurface investigations

across diverse scientific and engineering domains [33] [34].

3.3. Seismic Refraction

Seismic exploration is a critical geophysical survey technique extensively em-
ployed to investigate subsurface geological structures and locate valuable mineral
resources as shown in Figure 6. This method relies on the generation of elastic
waves, which are propagated through the Earth’s subsurface. By analyzing the re-
flection, refraction, and diffraction of these seismic waves as they travel through
different strata and rock layers, geoscientists can infer various properties of the
subsurface, including the composition, structure, and depth of geological for-
mations. One of the primary advantages of seismic exploration is its ability to pro-
vide detailed, high-resolution images of the subsurface. This is particularly useful
in identifying geological features such as faults, folds, and stratigraphic layers,
which are crucial for understanding the Earth’s geologic history and the processes
that have shaped it. Seismic data is invaluable in the exploration of hydrocarbons,
as it helps in locating oil and gas reserves by mapping the size and extent of po-
tential reservoirs. Additionally, seismic exploration is instrumental inmining,
where it assists in discovering and delineating deposits of minerals such as gold,

copper, and other valuable resources [35].
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Figure 6. (A) Schematic diagram of the high-density resistivity method. (B) Some commonly used electrode
arrays: (a) Wenner (a); (b) Wenner (f); (c)Wenner y (3); (d) dipole-dipole; (e) pole-dipole; (f) Wenner Schlum-
berger [36].

Seismic surveys significantly reduce drilling risks and costs by accurately iden-
tifying subsurface targets. They are crucial in civil engineering for assessing
ground conditions, ensuring infrastructure stability, and monitoring hazards like

earthquakes and landslides. Advanced techniques such as 3D seismic imaging and
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4D time-lapse surveys enhance subsurface monitoring and reservoir manage-
ment. However, seismic refraction faces operational challenges, including terrain
irregularities, limited resolution in complex geology, and interference from ambi-
ent noise. Precise source and geophone placement, high-quality data processing,
and expert interpretation are essential to mitigate these barriers. Despite these
challenges, seismic methods remain invaluable for reliable subsurface exploration

and monitoring [37].

3.4. The GREATEM System

The grounded electrical-source airborne transient electromagnetic (GREATEM)
system represents a significant innovation in geophysical exploration, offering an
efficient, high-resolution method for subsurface characterization. It features a
towed bird equipped with advanced instrumentation, including a three-compo-
nent magnetometer, gyroscope, directional magneto-inductive (MI) sensor, and
GPS unit. This configuration provides precise positional and orientation data, en-
suring accurate magnetic field measurements even in challenging conditions. A
state-of-the-art data logger complements the system, integrating a 24-bit analog-
to-digital converter, solid-state memory, and a high-precision clock synchronized
with the transmitter-control clock [38]. This synchronization enables seamless re-
cording of the secondary magnetic field induced by subsurface resistivity varia-
tions during both the “on” and “off” phases of the transmitted current. The air-
borne capability of GREATEM allows for efficient data collection across large, re-
mote, or inaccessible areas, significantly reducing survey times compared to
ground-based methods. Its innovative approach combines real-time synchroniza-
tion with advanced data processing, delivering high-resolution resistivity profiles
crucial for understanding subsurface structures. These capabilities make GREATEM
highly versatile, with applications ranging from mineral exploration and ground-
water assessment to environmental monitoring and infrastructure evaluation
[39]. As shown in Figure 7, integrating advanced technology with operational ef-
ficiency, enhances the accuracy and reliability of geophysical surveys, setting a

new standard for subsurface exploration and analysis.

3.5. Noise Reduction TEM Signal

Previous researchers found that the Ensemble Empirical Mode Decomposition
(EEMD) method relies heavily on the behavior of the Empirical Mode Decompo-
sition (EMD) filter and the characteristics of the white noise spectrum. The EEMD
approach involves adding white noise to the entire signal, which helps to address
the mode mixing issue inherent in traditional EMD. However, after performing
EMD decomposition, it is crucial to have substantial prior knowledge to estimate
the amplitude of the white noise and determine the number of noise iterations re-
quired for extracting each Intrinsic Mode Function (IMF) as shown in Figure 8.
This estimation is essential for integrating the averaging process as the final result.

The ensemble empirical mode decomposition (EEMD) process requires averaging
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Figure 7. Three-dimensional resistivity modeling of GREATEM survey data from on take Volcano, northwest Japan [40].
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Figure 8. Measured signal after CEEMD-WTD decomposition curve. (b) Measured signal after WOA-VMD decomposition curve [40].

hundreds of ensembles, making it computationally intensive and time-consum-
ing. Increasing the number of ensemble averages can reduce reconstruction er-
rors and enhance decomposition accuracy, but at a considerable computational
cost. Conversely, restricting the number of ensemble averages prevents com-
plete elimination of white noise, leading to significant reconstruction errors,
poor dissection completeness, and residual noise after signal restoration. Thus,
achieving an optimal balance between computational efficiency and signal de-

composition quality is essential. Effective application of EEMD necessitates
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careful calibration of white noise amplitude and the number of iterations, along-
side strategic decisions regarding ensemble averages. Minimizing reconstruc-
tion errors while ensuring accurate extraction of intrinsic mode functions
(IMFs) and mitigating white noise is critical for its success [41]. To address these
challenges, advancements in algorithm development are crucial. Potential inno-
vations include adaptive noise addition methods, optimized averaging strate-
gies, or hybrid approaches that integrate EEMD with other signal processing tech-
niques to enhance both efficiency and accuracy. These developments will be piv-
otal for extending EEMD’s applicability to practical signal processing tasks [42].
In grounded electrical-source airborne transient electromagnetic (GREATEM)
systems, changes in behavior compared to LOTEM systems (operating at ground
level) are minimal, as the receiver continuously records ground responses pow-
ered by the ground source. However, in Heli-TEM systems, where the transmit-
ter is airborne, ground energization varies along the flight path and altitude.
Hybrid TEM systems, combining airborne receivers with ground-based trans-
mitters, show great promise and are poised for significant advancements across

diverse applications [43].

4. Field Surveys and Data Collection

4.1. Planning and Preparation

Methods for overall mining and shrinking are frequently employed in millions of
cubic meters each year. Additionally, for a very long time, sufficient consideration
was not given to how Goaf was treated. When the Goaf volume reaches a particu-
lar magnitude, it often leads to rapid, widespread caving or other stress-related
calamities, which results in the loss of personnel and property [44] [45]. Once the
residual coal spontaneously catches fire in the mine, it will result in a fire accident
with significant property loss and personal injury. Therefore, pinpointing the lo-
cations of hazardous zones of residual coal spontaneous combustion is crucial for
mine safety. The distinct-element modeling program Particle Flow Code (PFC)
simulates the pore evolution and porosity distribution in a Goaf overburden as
part of the construction of a fracture-pore evolution model of Goaf. A dynamic
porosity model of Goaf is suggested by combining the collected porosity distribu-
tion data into Fluent using a User Defined Function (UDF) [20]. Leaning on what
Wang et al. worked on it is a priority to prevail ourselves before starting any type
of mining, as the technology has evolved, engineers have to take advantage of it
and use it to collect more data and survey mining areas without any fear of life or

having any effect on our environment [46].

4.2. Interpretation of Subsurface Characteristics and Goaf Zones

The benefits of passive electromagnetic technologies in coal mine Goaf interpre-
tation will be researched further. One of these will be explored and validated as
semi-quantitative SLF inversion in collapse-type mining Goaf locations. The sta-

ble 3D AMT inversion approach is also proposed and examined, with single-target
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and multi-target model outputs being evaluated in conjunction with various types

of beginning models or data error bars. Following that, preliminary field surveys

might be conducted using proposed electromagnetic technologies that have po-

tential relevance as tools for analyzing collapse-type hazards or hydraulic risks in

coal mine Goaf as shown in Table 2.

Table 2. A summary of classical geophysical methods in coal mine Goaf exploration.

Category Methods Detection Basis  Detection Advantage Defects References
Seismic class Reflection wave Wave impedances Buried depth ~ Small site distance, dense High cost, [47]
method of 50 - 200 m  data gathering, and high- complicated process,
resolution continuous  low efficiency,
measurement. unable to determine
Face wave Frequency - Convenient, fast the water-rich o [29]
method dispersion, the detection, strong anti- nature of the mining
low-speed interference ability, low area.; r.e.duced
anomaly of P- requirements for fe.a31b111ty wher.l t.he
waves exploration sites. WIdﬂ? of the mining
area is smaller than
Tomography  Velocity and - Close to the target the lateral seismic ~ [48]
imaging amplitude layers, high-resolution, resolution.
visual imaging.
Radiology Radon Radon anomaly - Low cost, simple Qualitative analysis, [49]
measurement process, high efficiency, low detection
not affected by the reliability, and depth
terrain of the cannot be
environment. interpreted.
Electromagnetic High-density  Resistivity Burial depth of High lateral resolution, Influenced by the [50]
class resistivity 50 - 150 m sensitive to shallow low terrain conditions.
method resistive anomalies and
water-bearing bodies.
Transient Resistivity Burial depth ~ Versatile devices with ~ Low work efficiency, [51]
electromagnetic greater than  large exploration depth, easily affected by
method 400 m high efficiency, and low high conductors or
topographic influence.  power line
interferences.
Geological Travel time, Burial depth  High resolution, high Noise suppression  [52] [53]
radar method  amplitude, less than 50 m efficiency, and no challenges.
frequency, damage to the target
waveform change body
Multisource Land subsidence, Near-surface Large scale. Not suitable for a [54]
remote sensing deformation rate small area, weak
(RS) deformation
measurement.
Gravity Gravity method Density - Fast gravity anomaly Unable to realize [55]

analysis, variations of
thickness.

depth sounding.

DOI: 10.4236/0alib.1112827

13

Open Access Library Journal


https://doi.org/10.4236/oalib.1112827

J. M. Jojoetal.

Interpreting subsurface characteristics and Goaf zones involves analyzing geo-
physical data and integrating it with geological information to gain insights into
underground conditions. The interpretation of the process is as the first stage is
to investigate the geophysical data, such as seismic, electrical resistivity, or elec-
tromagnetic data, that have been obtained from the subsurface. Examining the
collected signals, spotting abnormalities or trends, and comprehending how the
subsurface reacted to the geophysical survey are all part of this study. Following
with geophysical data interpretation is most effective when combined with exist-
ing geological knowledge. Geological maps, borehole logs, and geological cross-
sections provide essential information about the rock types, structures, and stra-
tigraphy in the study area. Integrating this geological information with the geo-
physical data helps in establishing relationships and making meaningful interpre-
tations [56]. The calibration and model of geophysical data can estimate subsur-
face properties and features. By comparing the geophysical response with known
geological structures or subsurface properties, calibration is performed to estab-
lish relationships and refine the interpretation. Numerical modeling techniques,
such as forward modeling and inversion methods, are essential for simulating sub-
surface conditions and refining interpretations of Goaf zones. This iterative pro-
cess requires integrating multiple data sources, feedback, and validation while de-
manding expertise in geophysics, geology, and site-specific characteristics. Oper-
ational challenges include computational complexity, the need for high-quality
input data, and difficulties in modeling heterogeneous geological conditions [57].
Limited field data and discrepancies between observed and modeled results may
necessitate repeated iterations, increasing time and resource demands. Despite
these barriers, numerical modeling provides critical insights for mine planning,
geotechnical evaluations, and safety management, ensuring informed decision-

making.

5. Progress and Advancements in Geophysical Exploration

5.1. Overview of Recent Research and Developments

Geophysical exploration of Goaf areas in coal mines is driven by safety, environ-
mental sustainability, and resource management. Goaf refers to voids left after
coal extraction, posing risks like subsidence, gas accumulation, and water in-
rushes. Research develops seismic surveys, GPR, ERT, and microgravity to moni-
tor Goafs. Utilizing waste materials (mine waste, industrial by-products, organics)
enhances ecological recovery. Carbon-trapping fills mitigate emissions; managed
Goafs aid water and habitat management. Continuous monitoring via sensors, re-
mote sensing, and predictive models detects hazards early. Policies ensure safe
Goaf management, defining fill material standards, safety, and rehabilitation, in-

tegrating tech and waste solutions for ecological benefits.

5.2. Integration of Multi-Physics Approaches

Integrating multi-physics approaches in geophysical exploration involves the
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simultaneous application of various geophysical methods, such as seismic, elec-
tromagnetic, gravity, and magnetic surveys, to create a more comprehensive and
accurate understanding of subsurface properties. Each method has unique
strengths and limitations: seismic methods are renowned for their high-resolution
imaging of subsurface structures, providing detailed information about rock lay-
ers and fault lines. Electromagnetic surveys, on the other hand, are particularly
sensitive to variations in subsurface electrical conductivity, making them invalu-
able for identifying different types of rocks and detecting fluids like water and
hydrocarbons. Gravity and magnetic surveys contribute additional layers of infor-
mation by mapping density and magnetic susceptibility contrasts, respectively,
which are crucial for identifying ore bodies and geological formations. The inte-
gration of these diverse data sets is achieved through advanced inversion algo-
rithms and data fusion techniques. Inversion algorithms process geophysical data
to create models of the subsurface, transforming raw data into meaningful geo-
logical information. Data fusion techniques then combine these models to pro-
duce a unified interpretation that leverages the strengths of each individual
method, thereby overcoming their respective limitations. This multi-disciplinary
approach facilitates a more robust and reliable interpretation of complex geolog-
ical features, improving the accuracy of resource estimation and aiding in the
identification of hydrocarbons, minerals, and groundwater resources [58]. More-
over, the integration of multi-physics approaches enhances the ability to mitigate
exploration risks by providing a more detailed and accurate picture of the subsur-
face, reducing uncertainties in geological models. This comprehensive under-
standing allows for the optimization of drilling targets, ensuring that exploration
efforts are more efficient and cost-effective [59]. By utilizing the full spectrum of
geophysical methods in a cohesive manner, multi-physics integration ultimately
leads to more successful exploration outcomes, driving advancements in the field
of geophysics and contributing to the sustainable management of natural re-

sources.

6. Risk Assessment and Mitigation

Risk assessment and mitigation are essential in managing the dangers of coal mine
Goafs, such as subsidence, gas buildup, and water inrushes. Techniques like seis-
mic surveys, GPR, ERT, and microgravity help characterize voids, while mitiga-
tion involves filling Goafs with waste materials to enhance stability and ecological
recovery. Continuous monitoring using sensors, IoT, and predictive models en-
sures early hazard detection. Policies and standards guide safe Goaf management,
integrating technology and sustainability. Prioritizing risks by severity ensures
critical issues are addressed promptly, as illustrated in Figure 9.

Effective mitigation strategies are crucial for ensuring safety in coal mine Goafs.
Once high-priority risks are identified, develop targeted strategies to either pre-
vent the risks or minimize their impact. Implement these measures by assigning

clear responsibilities, allocating resources, and integrating necessary changes into
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Figure 9. Physical Hazards on the site.

existing processes. Ensure all stakeholders understand their roles in maintaining
safety. Regular monitoring is essential to evaluate the effectiveness of these strat-
egies, with adjustments made as needed to address emerging risks. Periodic re-
views of risk assessments help capture new hazards, ensuring timely updates to
mitigation plans. Educating employees and relevant personnel on risks and miti-
gation strategies through training enhances safety awareness and preparedness.
Continuous improvement is vital risk assessment and mitigation should be dy-
namic, evolving based on lessons learned and feedback. By embedding these prac-
tices into organizational culture, the likelihood of hazards such as subsidence, gas
accumulation, and water inrushes is significantly reduced, promoting safer oper-

ations and minimizing potential impacts [60].

7. Determination of Goaf Stability

The determination of Goaf stability involves assessing the structural integrity and
potential risks associated with the Goaf. A precise mechanical model that can ac-
curately describe the actual shape and proper locations of the Goaf is the founda-
tion for a successful numerical analysis of Goaf stability [61]. The technique makes
meshing and modeling during simulation easier and boosts the accuracy of nu-
merical simulation. A great method for measuring gas is the cavity monitoring
system. It can be used to gather spatial information about Goaf, including the true
boundaries, volume, three-dimensional shape, etc. A fresh perspective on devel-
oping mine technology is offered by visualization software based on space infor-
mation. By integrating CMS, 3D modeling, and network technology as shown in

Figure 10, Goaf visualization transmission and display based on the network was
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achieved [62]. As the technology evolves most of the layers which were once hard
to recognize have become easy to find based on the given data of the mine site.
The commonly used Bieniawski formula is based on the correlation between the

strength of coal pillars and their ratio of width to height.

o, =0, (0.64+0.36%] )

whereas o is the pillar of strength (MPa), o, strength of a unit volume of

coal (MPa), w and h are the width and height of the pillar.
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Figure 10. Geophysical exploration using instruments, survey line layout, and comprehensive interpretation of profile [63].

Valuating Goaf stability requires a comprehensive approach that integrates ge-
ological, geophysical, and geotechnical data. The process begins with gathering
critical information on rock type, strength, structure, stress conditions, and the
Goaf’s dimensions, shape, depth, and proximity to active mining areas. Structural
analysis is essential to assess the stability of the surrounding rock mass, using nu-
merical modeling, geomechanically calculations, or empirical methods to under-
stand the potential for deformation or collapse. Continuous monitoring systems,
such as inclinometers, extensometers, strain gauges, and ground-based radar,
should be installed to track ground movements, subsidence, and deformations
over time. Regular data collection and analysis help detect changes in stability
early. Additionally, evaluating stress distribution within the rock mass is crucial,
accounting for stress redistribution due to mining activities and the interaction
between the Goaf and remaining support structures. Assessing the mechanical
properties of the surrounding rock mass, including strength, deformation charac-
teristics, and response to stress changes, is vital. Laboratory tests and site investi-
gations provide data for numerical simulations using methods like finite element
analysis or distinct element modeling. These simulations help predict potential
failure modes and determine factors of safety. Skilled geotechnical engineers and
mining professionals should oversee the evaluation to ensure accurate data inter-
pretation and the implementation of effective mitigation measures, ensuring the

long-term stability and safety of the Goaf [63].
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8. Determination of Goaf Instability

Determining Goaf instability involves understanding the combined effects of static
and dynamic loads on the rock mass and coal pillars. Static loads include surface
structures, vegetation, and the weight of overlying rock, which exert constant pres-
sure on the Goaf area. Dynamic loads, however, are more variable and can arise
from sudden events such as roof collapses in the overlying strata, vibrations from
vehicles or engineering construction, and mining activities like tunneling, blasting,
or pressure relief operations. When both load types interact, they can significantly
degrade the physical and mechanical properties of the rock mass. Static loads con-
tribute to stress concentration and gradual rock mass degradation, while dynamic
loads accelerate crack development and propagation. This combination leads to in-
creased deformation and the potential collapse of Goaf roofs and pillars, further ex-
acerbating instability. Key factors influencing instability include the original design
of the underground mine, particularly the size and spacing of coal pillars, which
must be sufficient to support the overburden. Stress concentration around the Goaf
and the interaction between dynamic and static forces cause progressive weakening
of the rock mass. Continuous monitoring of stress redistribution, crack propaga-
tion, and load variations is crucial to predict potential instability. Accurate determi-
nation of Goaf instability requires advanced numerical modeling, field monitoring,
and geomechanically analysis to evaluate stress conditions, detect early signs of fail-
ure, and implement appropriate mitigation strategies [64].
o - yH(W+B)(B+L)

: e @)

whereas o, refers to the stress of the collar pillar, MPA; y refers to the average
bulk density of the overlying strata kN/m?® H refers to the mining depth, m; W
refers to the width of the coal pillar, m; Brefers to the width of the coal chamber,
m; L refers to the length of the coal pillar, M.

It should be noted that Goaf stability assessment is a continuous process, and
care should be taken to ensure the safety of miners working in or around the Goaf
region. Specific practices may also differ based on the type of mining operation

and local restrictions as highlighted in Figure 11.
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Figure 11. The instability chain of the Goaf under the influence of dynamic and static loads [65].
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9. Conclusion

The future insight into the development of geophysical exploration in Goaf offers
great potential for improving our understanding of underlying conditions and as-
suring efficient and safe mining operations. As technology advances, several sig-
nificant themes are expected to affect the future of geophysical exploration in Goaf.
The integration of modern geophysical imaging techniques is a critical component
of future development. Traditional techniques, such as seismic and resistivity stud-
ies, have proved critical in mapping subsurface structures. However, developing
technologies such as 3D seismic imaging and controlled-source electromagnetic
(CSEM) provide higher resolution and greater accuracy, allowing miners to better
assess the complicated geological characteristics inside Goaf regions Furthermore,
the use of machine learning and artificial intelligence in geophysical exploration
operations is expected to transform data interpretation. These tools can evaluate
large datasets quickly and precisely, detecting tiny patterns and abnormalities that
humans may miss. This improved data analysis capability has the potential to con-
siderably increase the trustworthiness of subsurface models, resulting in better-
informed decisions in mine planning and resource optimization. The future of
geophysical exploration in Goaf will also include breakthroughs in sensor tech-
nology. Miniaturized and more complex sensors, such as those based on quantum
technologies, can give real-time, high-resolution information on the subsurface
environment. The province has contributed to China’s economic growth and
plays an important role in the country’s energy sector. The decision may have an
impact on future coal mining in the area. As of 2024, Shanxi province in China is
pursuing restoration efforts to promote ecological diversity and sustainability in
Goaf areas. Acknowledging the diversity of advantages that the production of coal
has had on the economy of several countries and the risks associated with the pro-
duction; safety should always be the main priority when working in the surround-
ings of Goaf areas; engineers have to rely on the latest technology to design un-
derground mines including pillar size and spacing as discuss above and have to
ensure adequate support for the roof and prevent excessive stress on Goaf areas.
Effective production requires precise planning, continual monitoring, and an un-

wavering commitment to worker and environmental safety.
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