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Abstract: As China enters the stage of deep coal mining, the accidents caused by roof failure
pose increasingly serious threats. Current research on roof failure zones often use single methods,
but single geophysical data may result in multisolution issues during interpretation. This paper
employed similar simulation experiments, exploring the strain failure characteristics and the changes
in apparent resistivity caused by stress variations, taking the 11-3106 working face of a mining area
as the research object. Through optical fiber strain and apparent resistivity, the locations and degrees
of fracture in postmining rock strata were identified. The feasibility of using distributed optical fiber
sensing and the parallel electrical method for qualitative and quantitative analysis of mining-induced
fractures was verified. The results showed that optical fiber strain increased significantly at the
location of rock fracture, with apparent resistivity anomalies rising correspondingly. The peak strain
region corresponded well with the region of apparent resistivity anomalies. In a similar simulation
with a geometric ratio of 1:100, the height of the caving zone was measured to be 31.65 cm, with a
caving-to-mining ratio of 6.33. In the field working face, the caving zone height was 29.47 m, with a
caving-to-mining ratio of 6.01, consistent with the actual conditions of the 11-3106 working face.

Keywords: mining roof failure; safe mine recovery; optical fiber sensing technology; parallel electrical
method; optical–electrical combined monitoring

1. Introduction

With decades of sustained mining, shallow coal seams in China are depleting, and
mineral resource development has entered the second deep space [1–4]. Deep rock masses
exhibit stronger rheological properties than shallow ones, and under the combined effects
of high stress, temperature, and humidity, geological disasters caused by strong stress have
become more frequent [5–10]. Mining-induced rock mass rotation and failure create tensile
and compressive fractures, providing major pathways for groundwater, gas, and slurry,
posing significant threats to mine safety [11–14].

Numerous studies have been conducted to find out the failure mechanisms of coal
seam mining roofs. Academician Qian, for example, conducted a series of studies on the
failure mechanism of coal mining roofs and proposed the key stratum theory, pointing out
that the movement of mining strata is a mechanical behavior of stress concentration and
release before and after the failure of hard strata [15,16]. Li et al. analyzed the evolution
law of mining-induced fractures in rock strata based on the key stratum theory. They
proposed that in the study of mining-induced fractures, a combination of multiple technical
methods should be employed to minimize the limitations of relying solely on electrical
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methods [17]. Wang et al. analyzed the temporal and spatial coupling laws of stress
and fractures during deep mining and found that the distribution of the fracture field
exhibited a strong temporal and spatial pattern, with the damage range maintaining a
synchronized and coordinated relationship with the mining progress [18]. Lu et al. used
in situ experiments to analyze the mining-induced stress patterns in ultradeep mines
over 1000 m and found that the support pressure remained stable after reaching a certain
value [19]. Deng and Liang et al. analyzed the fracture inducement mechanism and
three-dimensional spatial characteristics of overburden strata [20,21]. Wang et al. used
FLAC3D technology to analyze the impact of thick sandstone at different positions and
thicknesses on the development of fracture patterns. They found that the evolution of
overburden mining-induced fractures gradually changed from rectangular and L-shaped
patterns to a saddle-shaped form [22]. Li et al. made comparative revisions to the theory
of fracture analysis of surrounding rocks using dynamics [23]. Wang et al. analyzed
the electrical distribution patterns in different roof fracture zones. It was found that the
apparent resistivity of the overburden changed significantly because of the impact of mining
activities [24]. Kan et al. used the parallel electrical method to investigate the distribution
of water-bearing layers in the roof [25]. Yang and Liu analyzed the dynamic changes in the
resistivity of a coal seam mining roof under complex conditions using the parallel electrical
method [26]. They validated the effectiveness of using resistivity for monitoring the roof
and floor. Li et al. utilized the stress–strain sensitivity of fiberoptics to study the interlayer
fractures in coal mine underground reservoirs, successfully monitoring the development
patterns of these fractures [27]. Liu et al. used distributed optical fiber sensing technology
to analyze the optical fiber coupling of roof overburden fractures in experiments and
validated the effectiveness of using fiberoptic strain peaks to characterize the overburden
failure zone. [28]. These achievements have promoted research and development on coal
seam mining roofs, and research results have become increasingly abundant, playing
a non-negligible role in guiding mine production. However, in practical applications,
because of the complex on-site environment, drilling, the parallel electrical method, and
other single geophysical exploration methods are often used to detect roof fractures, which
have problems such as insufficient accuracy and discrete data. With advancements in
technology, the monitoring technology for deformation and failure of surrounding rocks in
mining areas is bound to develop in the direction of diversified, multiparameter, intelligent,
full-process monitoring [29,30].

This paper proposes the use of combined monitoring techniques with distributed
optical fiber sensing technology and the parallel electrical method to monitor and analyze
the roof failure process using different data parameters. By mutually correcting strain and
apparent resistivity, the fracture locations and damage extent of the roof strata during coal
seam mining can be calibrated. To achieve this, a similar model was constructed based
on the actual working face conditions, and the fracture patterns of the mining roof were
analyzed and summarized by simulating the mining process. A comparative analysis of
the temporal and spatial variation patterns of the fiberoptic strain field and the apparent
resistivity during roof failure was conducted, and the roof damage after mining in the 11-
3106 working face was predicted. The simulation experiments revealed a clear periodicity
in the roof strata collapse during mining, and the collapse shape of the roof after mining
was saddle-shaped, validating previous studies on roof fracture patterns. During field
measurements at the working face, distributed optical fiber sensing technology and the
parallel electrical method successfully monitored the roof failure process, verifying the
effectiveness of the combined techniques in monitoring roof conditions in mines. Compared
with single monitoring methods, combined monitoring techniques are more sensitive to
roof fractures, with the monitoring data mutually validating each other, reducing the impact
of data nonuniqueness on the results, improving monitoring accuracy, and deepening the
understanding of the monitored area.
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2. Materials and Methods

During the mining process, roof strata are prone to fracturing under stress, and the
presence of fractures can lead to changes in the electrical conductivity of the strata, man-
ifested as an increase or decrease in apparent resistivity on the apparent resistivity map.
Depending on its direction, stress applied to the strata can be broadly classified into tensile
stress and compressive stress. Tensile stress exceeding the tensile strength causes longitudi-
nal fractures and decreased conductivity, while insufficient support leads to bending and
bedding separation fractures, also causing conductivity degradation. In the lateral regions,
compressive stress exceeding the strata’s bearing capacity causes compaction and closure
of fractures, providing a physical basis for the parallel electrical method.

In optical frequency domain reflectometry (OFDR), Rayleigh scattering in optical
fibers arises from the inhomogeneity of the fibers’ refractive index. When light waves enter
the fiber gratings, they undergo elastic collisions with particles in the medium, causing
Rayleigh scattering. As the external environment changes, the reflection spectrum of
Rayleigh waves shifts. Rayleigh scattering can be approximated as a weakly reflecting
fiber Bragg grating (FBG) with a random period, and the spectral shift is linearly related to
external strain and temperature. Using OFDR and optical fiber sensors installed in the roof,
the locations of stresses and strains can be accurately calculated, with positioning errors
typically controlled at the millimeter level. The analytical formula is:

∆λ/λ_0 = −∆v/v = K_T ∆T + K_ε·ε (1)

where ∆λ is the shift in the Rayleigh scattering spectrum, λ_0 is the center wavelength of the
linearly swept light, ∆T is the temperature change, ε is the strain, K_T is the temperature
sensitivity coefficient of the spectral drift, and K_ε is the strain sensitivity coefficient of the
spectral drift.

As shown in Figure 1, with increasing advancing distance of the working face, the
overlying strata are destroyed, which changes the grating shape inside the optical fiber to a
certain extent. Taking the Rayleigh spectrum unaffected by the external environment as
the reference spectrum, the reference spectrum and the measured spectrum are mutually
calculated to obtain:

ε = ((∆λ_1·K_T2) − (∆λ_2·K_T1))/((K_ε1·K_T2) − (K_ε2·K_T1)) (2)

∆T = ((∆λ_1·K_T2) − (∆λ_2·K_T1))/((K_ε1·K_T2) − (K_ε2·K_T1)) (3)
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Figure 1. Schematic diagram of optical fiber deformation under stress.

Based on the time delay of the echo signal, the total time for the optical signal to travel
from emission to return can be calculated. By calculating the time delay, the position of the
strain point in the optical fiber is obtained, with the analytical formula

∆t = 2 L/c (4)

where L is the distance from the strain occurrence point in the fiber to the light source and
c is the speed of light in the fiber.
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The parallel electrical method is a high-density electrical method that integrates
electrical sounding and electrical profiling, featuring multiple coverage overlays. It can
explore positions within a certain range around boreholes and delineate the extent and
degree of roof failure. Two supply electrodes, A and B, and two measuring electrodes, M
and N, are buried in the monitoring area. When a current I is sent into the ground through
supply electrodes A and B, a stable electric field is established in the uniform semispace,
and the potential difference at MN is observed. The analytical formula is as follows:

ρ = 2π/(1/¯AM − 1/¯BM − 1/¯AN + 1/¯BN) (∆U_MN)/I = K (∆U_MN)/I (5)

where K is the device coefficient, with units of meters. The value of K is related to the
relative positions of the supply electrodes A and B and the measuring electrodes M and N.

As shown in Figure 2, as mining progresses, the upper rock strata above the coal seam
generate fractures and delamination under stress. In areas with high rock damage, the
strata either pile up haphazardly or lose their conductivity because of the development of
fractures, bending, and breaking. The emergence of new fractures significantly increases
the porosity of the rock mass. Although the rock mass remains continuous, its conductivity
decreases significantly because of the development of fractures, affecting the changes in
potential differences at different positions within the damaged area.
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Figure 2. Schematic diagram of parallel electrical method monitoring.

To improve data accuracy, the model is divided into a three-dimensional grid during
data processing. Because of the large monitoring range, logarithms are used to calibrate
inversion data and model parameters to improve the stability of the inversion. To avoid
redundant structures, smooth constraints are added to the least squares criterion to obtain
a smooth model through inversion. The algorithm for solving the model modification ∆m
is as follows:

(GˆT G + λCˆT C)∆m = GˆT ∆d (6)

where C is the model smoothness matrix. By solving the Jacobi matrix G and calculating
the inverse of the large matrix, the electrical data of each 3D grid can be obtained.

3. Experimental Test on Mining Strata Failure Model
3.1. Experimental Setup

The experiment employed a plane stress similar simulation experimental system,
a network parallel electrical instrument, and an OSI-S distributed optical fiber sensing
demodulator, as shown in Figure 3. The network parallel electrical instrument had a built-in
16-channel acquisition board that could connect multiple distributed base stations. The
number of base stations was determined by the number of electrode channels required for
the test, and each base station could support 16 electrode sensors. The OSI-S distributed
optical fiber sensing demodulator employed distributed strain-sensing optical fibers with a
specific strain coefficient set at 0.05 MHz/µε. The equipment parameters were as shown in
Table 1.
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Table 1. Equipment parameters.

Equipment Highest Spatial
Resolution

Measurement
Accuracy Measurement Range

OSI-S 1 mm ±1.0 µε ±12,000 µε

/ Maximum Emission
Current

Measured Voltage
Accuracy

Measured Current
Accuracy

Network Parallel
Electrical Instrument 2A 5% 5%

In Figure 3, picture 1⃝ is the host of the parallel electrical instrument; picture 2⃝ is
the monitoring base station; picture 3⃝ is the OSI-S distributed fiber optic demodulator;
pictures 4⃝ and 6⃝ are the connecting wires of the monitoring system; picture 5⃝ is the
copper nail; and pictures 7⃝ and 8⃝ are the data connecting wires.

3.2. Experimental Protocol

The similar materials used in the model were continuous and homogeneous media.
First, the differential equation of the prototype can be expressed as:

∂(σ_x)_p/(∂x_p) + ∂(τ_xy)_p/(∂y_p) + (f_x)_p = 0 (7)

∂(σ_y)_p/(∂y_p) + ∂(τ_xy)_p/(∂x_p) + (f_y)_p = 0 (8)

The differential equation of the model is:

∂(σ_x)_m/(∂x_m) + ∂(τ_xy)_m/(∂y_m) + (f_x)_m = 0 (9)

∂(σ_y)_m/(∂y_m) + ∂(τ_xy)_m/(∂x_m) + (f_y)_m = 0 (10)

The similarity constants for the various physical and mechanical parameters are:

C_l = x_p/x_m = y_p/y_m (11)

C_σ = σ_p/σ_m = τ_p/τ_m (12)

C_γ = f_p/f_m (13)

Substituting the similarity constants into the equation gives:

C_σ/(C_l C_γ) = 1 (14)
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According to the dimensional analysis method, the dimensionless similarity con-
stants of the physical and mechanical parameters are 1, and the similarity constants of the
dimensional quantities are the same. Therefore, we can obtain:

C_ϵ = C_φ = C_µ = 1 (15)

From σ = ε·E, we get C_µ = 1, and thus we can obtain:

C_E/(C_l C_γ) = 1 (16)

The time similarity ratio can be expressed as:

C_ρ = C_γ ≈ C_tˆ2 =
√

(C_l) (17)

where the geometric dimensions are 1, γ is the unit weight, t is the movement time, σ
is strength, E is the elastic modulus, f is force, ε is strain, µ is Possion’s ratio, C_1 is the
geometric ratio, C_σ is the stress similarity ratio, and C_γ is the unit weight similarity ratio.

The geometric ratio of the model was 1:100, with a length of 250 cm, a width of 30 cm,
and a height of 200 cm; the similarity ratio of unit weight was 1.66, and the time similarity
ratio was 0.1. To ensure that the experimentally obtained electric field–stress–strain rela-
tionship accurately reflected the characteristics of the model experiment, the experimental
materials used were based on the similarity principle, with fine sand as the aggregate, lime
and gypsum as the cementing materials, mica powder to simulate the interlayer spacing
between upper and lower rock strata, and mixed black ink as a special marker for coal
seams. The strata layout parameters are shown in Table 2.

Table 2. Strata layout parameters.

Serial Number Lithology Layer
Thickness/m

Elastic
Modulus/kPa Ratio

1 Coarse Sandstone 7 103 755
2 Sandy Mudstone 4.5 141 555
3 Siltstone 1.3 156 728
4 Mudstone 5.2 112 564
5 Silty Mudstone 4.5 141 555
6 Fine Sandstone 2.8 220 428
7 Mudstone 10.8 112 564
8 Medium Sandstone 3.1 185 628
9 Mudstone 10.6 132 564
10 Silty Mudstone 5.3 141 555
11 Medium Sandstone 2.4 185 628
12 Silty Mudstone 16.6 141 555
13 Medium Sandstone 18.8 185 628
14 Silty Mudstone 9.1 141 555
15 Fine Sandstone 1.7 220 428
16 Medium Sandstone 6.7 185 628
17 Silty Mudstone 6 141 555
18 Coarse Sandstone 1.46 103 755
19 Silty Mudstone 8.66 141 555
20 No. 1 Coal Seam 7.60 112 564
21 Mudstone 8.20 112 564
22 Medium Sandstone 12.00 185 628
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Table 2. Cont.

Serial Number Lithology Layer
Thickness/m

Elastic
Modulus/kPa Ratio

23 Silty Mudstone 6.14 141 555
24 Limestone 1.50 202 355
25 Silty Mudstone 7.17 141 555
26 Coal Seam 0.30 112 564
27 Silty Mudstone 3.60 141 555
28 Fine Sandstone 11.60 220 428

Protective coal pillars of 25 cm were retained on both sides, with a coal seam inclination
of 7◦ and a mining height of 5 m. A load pressure of 16.9 KPa was applied to the upper part.
Two boreholes, a roof hole and a floor hole, were set in the roof and floor of the coal seam.
The roof hole had an angle of 34◦ with the coal seam, and the floor borehole had an angle
of 14◦ with the coal seam. Each borehole was equipped with 32 sensing electrodes with an
electrode spacing of 6 cm, totaling 64 sensing electrodes. The OFDR fibers were distributed
vertically to the model, 50 cm away from the model edge, with a fiber spacing of 50 cm. A
coordinate system was established, with the left vertex of the model as the origin, the right
and upper directions as positive directions, and the side edge as the XY axis, as shown
in Figure 4. In order to better represent the relationship between the caving zone and the
mining height, the concept of the caving-to-mining ratio, i.e., the ratio of the height of the
roof collapse area after mining to the height of the coal seam being mined back, was used.
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3.3. Failure Process of Roof Rock Strata

The model started mining from a position 25 cm along the positive direction of the
X-axis. Based on the development and changes in the caving zone and water-flowing
fractured zone in the strata, the experimental process can be divided into four stages: the
noncaving stage, the development stage of the caving zone, the development stage of the
water-flowing fractured zone, and the stable stage of the water-flowing fractured zone.

The period from the beginning of mining to the first occurrence of caving in the
roof is known as the noncaving stage, during which the roof strata maintained a complete
structure and possessed strong bearing capacity. Stress concentration gradually bent the top
strata, leading to the formation of interlayer fractures and microfractures. After reaching
the maximum bearing capacity of the strata, the first caving occurred, filling the goaf, as
shown in Figure 5a.
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Following the initial caving of the coal seam roof, the roof structure changed, and its
compressive resistance weakened, marking the onset of the development stage of the caving
zone. As depicted in Figure 5b, during this stage, fractures appeared in the medium-grained
sandstone of the roof. Delamination and vertical fractures rapidly developed upwards,
and the caving zone expanded speedily forward with the excavation of the model. A large
number of cracks appeared in the upper roof, with the caving zone reaching a height of
31.65 m, a caving-to-mining ratio of 6.33, and an angle of 62◦. The rubble formed after the
collapse exerted a filling and expansion effect on the goaf, hindering further collapse of the
right-side strata.

As shown in Figure 5c, during the development stage of the water-flowing fractured
zone, the stress concentration in the roof strata rapidly intensified, and vertical fractures
quickly propagated upwards and eventually extended to a height of 65.15 cm. The strata
bent towards the goaf, creating a detachment space of approximately 100 cm in length
and 1.5 cm in width at the top. Microfractures in the central region closed because of the
compression and bending of the overlying strata.

After the vertical fractures reached their maximum height, mining progressed to
the stable stage of the water-flowing fractured zone. The water-flowing fractured zone
extended forward with the excavation of the model, while the collapsed strata in the central
goaf underwent compaction under stress, closing the fractures. As illustrated in Figure 5d,
the overall structure of the two zones exhibited a typical “terraced platform” distribution,
with the maximum height of the water-flowing fractured zone stabilizing at 92.28 cm above
the top of the coal seam, resulting in a fracture-to-mining ratio of 18.45.
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3.4. Analysis of Experimental Results
3.4.1. Periodic Collapse of Rock Strata

Under the influence of top stress, the roof strata exhibited two failure modes. First,
when the strata with high stiffness and strength were subjected to huge shear force, they
were directly cut off. Second, in strata with weaker stiffness and strength, horizontal
and vertical fractures developed under stress. These fractures expanded, closed, and
redeveloped under bending and tensile effects, leading to segmented shearing and sliding
of the strata, eventually forming numerous, irregularly shaped collapsed rubble.

The failure of the coal seam roof showed obvious periodicity after the model mining
entered the development stage of the collapse zone. As depicted in Figure 6, upon the
formation of the goaf, influenced by the shear fractures in the already collapsed area, the
immediate roof of the coal seam collapsed. With the gradual excavation of the working
face, the old roof strata collapsed under shear stress, and new shear fractures emerged in
the upper part. As the model mining progressed, these shear fractures extended down-
wards towards the working face, cutting through the strata, weakening their load-bearing
capacity, and leading to the collapse of the old roof following the failure of the immediate
roof. Meanwhile, the shear fractures from the previous collapse cycle were closed under
compressive stress.

Energies 2024, 17, 5471 9 of 17 
 

 

formation of the goaf, influenced by the shear fractures in the already collapsed area, the 
immediate roof of the coal seam collapsed. With the gradual excavation of the working 
face, the old roof strata collapsed under shear stress, and new shear fractures emerged in 
the upper part. As the model mining progressed, these shear fractures extended down-
wards towards the working face, cutting through the strata, weakening their load-bearing 
capacity, and leading to the collapse of the old roof following the failure of the immediate 
roof. Meanwhile, the shear fractures from the previous collapse cycle were closed under 
compressive stress. 

  
(a) (b) 

  
(c) (d) 

Figure 6. Periodic collapse of rock strata. (a) Rockfall; (b) New fracture appear; (c) Fissure enlarge-
ment; (d) Fissure closure. 

3.4.2. Strain–Geoelectric Field Response 
The strain curve of the optical fiber in the model is represented by the red dotted 

curve, with positive strain indicating compression and negative strain indicating tension. 
To make the strain curve clearer, it is filled with yellow. It is stipulated that the red area 
in the apparent resistivity map represents the high-resistivity area, while the blue area 
represents the low-resistivity area. 

According to the analysis of the apparent resistivity diagram and optical fiber strain 
diagram during the mining process, when the model was not excavated, as shown in Fig-
ure 7, the apparent resistivity profile was distributed between 120 and 300 Ω·m, with no 
high-resistivity anomaly response; the strains of optical fibers V1, V2, V3, and V4 were 
basically 0 µε, indicating that the model was basically stable. 

Figure 6. Periodic collapse of rock strata. (a) Rockfall; (b) New fracture appear; (c) Fissure enlarge-
ment; (d) Fissure closure.

3.4.2. Strain–Geoelectric Field Response

The strain curve of the optical fiber in the model is represented by the red dotted
curve, with positive strain indicating compression and negative strain indicating tension.
To make the strain curve clearer, it is filled with yellow. It is stipulated that the red area
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in the apparent resistivity map represents the high-resistivity area, while the blue area
represents the low-resistivity area.

According to the analysis of the apparent resistivity diagram and optical fiber strain
diagram during the mining process, when the model was not excavated, as shown in
Figure 7, the apparent resistivity profile was distributed between 120 and 300 Ω·m, with
no high-resistivity anomaly response; the strains of optical fibers V1, V2, V3, and V4 were
basically 0 µε, indicating that the model was basically stable.
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Taking Figure 8a,b as examples, when the model was initially excavated and the coal
seam roof had not yet collapsed, the stress concentration occurred at the position of the
upper confined layer of the coal seam roof, causing microcracks in the rock strata and
slight fluctuations in the geoelectric field. The apparent resistivity increased, and its range
gradually expanded. As demonstrated in Figure 8a, when the model was excavated to
30 cm, positive strain occurred within the height range of 20~59 cm above the coal seam
for optical fiber V1, with a maximum strain value of 140 µε. At the same time, small
fluctuations in apparent resistivity occurred within the height range of 33~59 cm above
the coal seam roof, with a maximum resistivity of 500 Ω·m. As indicated in Figure 8b,
when the model was excavated to 60 cm, the working face approached optical fiber V2,
and the rock strata above the goaf had not yet collapsed, resulting in significant stress
concentration. Under stress, the positive strain of optical fiber V1 increased to 207 µε, and
small fluctuations in apparent resistivity occurred within the height range of 32.9~60 cm in
the upper part of the coal seam roof, with an expanded high-resistivity range.

As the model was excavated further, before the stress concentration in the coal seam
roof reached the peak bearing capacity of the rock strata, negative strain facing the goaf
occurred in front of the working face, and stress redistribution occurred after the roof strata
collapsed. As displayed in Figure 8b–d, when the model was excavated to 60 cm and the
roof had not yet collapsed, optical fiber V2 exhibited compressive strain of −149 µε, with
the peak strain distributed within the height range of 20.5~60.55 cm above the coal seam
roof. The strain direction confirmed the stress concentration above the goaf. After the
model was excavated to 80 cm, the rock strata collapsed, releasing the concentrated stress.
The boundary of the strain step caused by the collapse of optical fiber V2 shifted to the right,
the peak strain decreased, the positive strain increased to 42 µε, and the negative strain
narrowed to −48 µε. Subsequently, with the formation of new goafs, stress concentration
resumed, generating positive strain with a value of 114 µε.
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After the initial collapse of the rock strata, the structure of the roof strata changed,
weakening its bearing capacity. As mining progressed, the roof strata fractured and col-
lapsed more densely. As shown in Figure 8e–g, the high apparent resistivity value rapidly
rose to 1000 Ω·m, reaching a height of 65.15 cm above the coal seam roof. Stress continu-
ously concentrated in the rock strata and was released after each collapse. When mining
entered the area covered by the apparent resistivity diagram, significant strain peaks existed
at the locations of high-resistivity anomalies.

After the model excavation advanced beyond 180 cm and entered the stable stage of
the water-flowing fracture zone, the model no longer underwent sudden changes in the
water-flowing fracture zone due to stress concentration effects, and it was slowly deformed
under stress. As demonstrated in Figure 8h, after the model excavation was completed, the
range of abnormal apparent resistivity values extended to 86.3 cm above the coal seam roof,
and the height of rock strata strain reached 92.28 cm above the coal seam roof. Because
of the mining height of 5 m, with a fracture–mining ratio of 18.45, a large number of
cracks appeared in the upper roof, with the caving zone reaching a height of 31.65 m, a
caving-to-mining ratio of 6.33.

4. On-Site Monitoring and Rock Fracture Analysis
4.1. Monitoring System Plan

In the 11-3106 working face of a mining area, the mid-Jurassic Yan’an Formation coal
seam is being extracted, with an average coal thickness of 4.9 m and a coal seam inclination
angle ranging from 3.5 to 7.0 degrees. To monitor the deformation and failure patterns of
the coal seam roof during mining, as well as its impacts, a monitoring borehole with an
elevation angle of 39◦ and a controlled height of 80 m was arranged in the return airway of
the working face. A single-mode optical fiber and parallel electrical sensors were embedded
in the monitoring borehole, which deviates 30◦ from the return airway towards the working
face and has a depth of 132 m, as shown in Figure 9.
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4.2. Result Analysis

Based on the above analysis, since the strain peak and apparent resistivity values at
the rock failure location were significantly greater than those in the structurally intact areas
of the rock strata, the peak optical fiber strain and abnormally high apparent resistivity
can be used as criteria for judging the failure of the roof strata. In the diagram of the
on-site monitoring results, the monitoring results are composed of two parts: the apparent
resistivity results graph and the fiber strain graph. Taking Figure 10(a1,a2) as an example,
Figure 10(a1) shows the apparent resistivity results graph, and Figure 10(a2) shows the
fiber strain graph at the same moment.

As shown in Figure 10(a1,a2), when the working face was mined to a distance of 95 m
from the monitoring borehole orifice, the monitoring area was not significantly affected
because of the relatively far distance between the working face and the borehole. The
apparent resistivity mainly ranged from 300 to 1000 Ω·m, and no significant strain was
detected by the optical fiber monitoring system. However, after the working face entered
the monitoring range, microfractures occurred in the strata ahead of the working face under
the action of stress, resulting in strain generation and an increase in apparent resistivity. As
indicated in Figure 10(b1,b2), when the working face advanced to a position 80 m from the
borehole orifice, a positive strain of 6579 µε was generated at a height of 20–30 m in the
monitoring area under stress, accompanied by an increase in apparent resistivity ahead of
the working face. There was a 1700 Ω·m apparent resistivity high-resistance anomaly above
the monitoring height of 50 m, and the optical fiber exhibited a positive strain of 2473 µε,
which was relatively small. This indicates that the destruction of the water-conducting
fracture zone occurred in the upper part of the coal seam roof.

As shown in Figure 10(c1,c2), an abnormal change in apparent resistivity occurred
below the height of 50 m above the monitoring borehole, with a high-resistance anomaly in
the goaf appearing below the height of 20 m, with a maximum abnormal value of 1900 Ω·m.
The optical fiber strain exhibited a uniform distribution, decreasing gradually from bottom
to top, with the peak strain occurring at a height of 30 m above the monitoring borehole.
This indicates that the rock strata within a 30 m range above the monitoring borehole were
continuously deforming and collapsing under stress, and according to physical experiment
results, this value roughly corresponds to the boundary between the water-conducting
fracture zone and the caving zone, indicating that the collapse and failure of the roof strata
mainly occurred below 30 m.
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Optical fiber acoustic sensing−drill port 20m. 
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similar experiments, it was observed that within the peak range of optical fiber strain, 
the rock strata were severely damaged with high apparent resistivity. The measured 
height of optical fiber strain was 92.28 cm above the roof strata of the model coal 
seam, and the abnormal range of apparent resistivity was 86.3 cm, with a maximum 
value of 1000 Ω·m. Based on these findings, the height of the caving zone was 
determined to be 31.65 cm, with a caving-to-mining ratio of 6.33. Meanwhile, the 
height of the water-flowing fractured zone was 92.28 cm, with a fracture-to-mining 
ratio of 18.45. 

2. As the goaf area gradually expanded during coal mining, before the first collapse of 
the roof strata, the strata structure remained intact with strong bearing capacity, 
leading to negative strain towards the goaf in front of the working face. After the roof 
strata collapsed, the fractured area developed periodically and progressively with 
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Figure 10. Diagram of on-site monitoring results. (a1) Parallel electrical method−drill port 100 m;
(a2) Optical fiber acoustic sensing−drill port 100 m; (b1) Parallel electrical method−drill port 80 m;
(b2) Optical fiber acoustic sensing−drill port 80 m; (c1) Parallel electrical method−drill port 60 m;
(c2) Optical fiber acoustic sensing−drill port 60 m; (d1) Parallel electrical method−drill port 40 m;
(d2) Optical fiber acoustic sensing−drill port 40 m; (e1) Parallel electrical method−drill port 20 m;
(e2) Optical fiber acoustic sensing−drill port 20 m.

As the mining working face advanced to a certain height, the height of roof failure
gradually stabilized and extended forward with the mining process. As displayed in
Figure 10(d1,d2,e1,e2), when the working face advanced to a distance of 40 m from the
monitoring position, the peak optical fiber strain was concentrated at a height of 0–27.71 m
in the monitoring area, with a maximum strain value of 8922 µε. The high-resistance
anomaly of apparent resistivity ranged from 1600 to 2100 Ω·m, mainly distributed at a
height of 0–29 m. After the working face advanced to a distance of 20 m, the optical
fiber strain height fluctuated slightly, and the high-resistance range of apparent resistivity
decreased slightly but remained at a height of 28 m above the monitoring borehole. By
incorporating the strain locations and peak positions with the abnormal points of apparent
resistivity into the detection algorithm, it can be seen that the optical fiber strain locations
corresponded well with the changes in apparent resistivity. It was determined that the
height of the caving zone in the 11-3106 working face was 29.47 m, with a caving-to-mining
ratio of 6.01, which further verified the accuracy of the combined monitoring method using
optical fiber sensing technology and the parallel electrical method.
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5. Conclusions

1. By simulating the fracture development in roof strata during coal mining through
similar experiments, it was observed that within the peak range of optical fiber strain,
the rock strata were severely damaged with high apparent resistivity. The measured
height of optical fiber strain was 92.28 cm above the roof strata of the model coal seam,
and the abnormal range of apparent resistivity was 86.3 cm, with a maximum value
of 1000 Ω·m. Based on these findings, the height of the caving zone was determined
to be 31.65 cm, with a caving-to-mining ratio of 6.33. Meanwhile, the height of the
water-flowing fractured zone was 92.28 cm, with a fracture-to-mining ratio of 18.45.

2. As the goaf area gradually expanded during coal mining, before the first collapse
of the roof strata, the strata structure remained intact with strong bearing capacity,
leading to negative strain towards the goaf in front of the working face. After the roof
strata collapsed, the fractured area developed periodically and progressively with the
advancement of the working face. Once the working face reached the monitoring area,
the abnormal range of apparent resistivity in the damaged area expanded rapidly,
with the apparent resistivity value increasing to five times the background value.
The strain height remained stable after advancing to a certain distance, while the
fractures in the already collapsed area were compacted and closed under stress, and
the apparent resistivity decreased slightly.

3. The application of distributed optical fiber sensing technology and the parallel electri-
cal method in the field measurement of the failure height of the “two zones” (caving
zone and water-flowing fractured zone) in the 11-3106 working face revealed a larger
range of optical fiber strain and a maximum high-resistance abnormal value of appar-
ent resistivity of 2100 Ω·m. The measured height of the caving zone was 29.47 m, with
a caving-to-mining ratio of 6.01. The peak value of optical fiber strain corresponded
well with the range of apparent resistivity anomalies, verifying the reliability of using
the combined technology of distributed optical fiber sensing and the parallel electrical
method to monitor and study the fracture of mining-induced strata.

Author Contributions: This paper was jointly completed by Z.S., B.W., Y.Z., L.Z., L.X. and S.S.
Conceptualization, Z.S. and B.W.; data curation, Z.S., Y.Z. and L.X.; formal analysis, Z.S., L.Z. and
S.S.; funding acquisition, B.W.; investigation, L.X. and Y.Z.; methodology, Z.S. and B.W.; project
administration, Z.S. and Y.Z.; resources, B.W.; validation, Z.S.; visualization, Z.S.; writing—original
draft, Z.S.; writing—review and editing, B.W., L.Z., L.X. and S.S. All authors reviewed and provided
revisions to the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This paper was supported by the National Natural Science Foundation of China
(No. 42404148, No. 42174165) and Natural Science Foundation of Jiangsu Province (No. BK20230197).

Data Availability Statement: The raw data supporting the conclusion of this article will be made
available by the authors without undue reservation.

Conflicts of Interest: All authors declare that this study was conducted without any commercial or
financial relationships that could be perceived as a potential conflict of interest.

References
1. Hi, M.-C.; Wu, Y.-Y.; Gao, Y.-B. Research progress of rock mechanics in deep mining. J. China Coal Soc. 2024, 49, 75–99.
2. Cao, L.M.; Zhao, W.M. Material Stress Analysis of Hydraulic Support in Deeply Inclined Top Coal Caving Face Based on Virtual

Prototyping Technology. Adv. Mater. Res. 2012, 568, 230–233. [CrossRef]
3. Kang, H.-P.; Jiang, P.-F.; Huang, B.-X. Roadway strata control technology by means of bolting-modification destressing in synergy

in 1 000 m deep coal mines. J. China Coal Soc. 2020, 45, 845–864.
4. Kang, H.-P. Spatial scale analysis on coal mining and strata control technologies. J. Min. Strat. Control Eng. 2021, 3, 5–27.
5. Li, S.; Wang, Z. Study on the Coupling Effect of Stress Field and Gas Field in Surrounding Rock of Stope and Gas Migration Law.

Energies 2023, 16, 6672. [CrossRef]
6. Pan, J.-F.; Xia, Y.-X.; Wang, S.-W. Technical difficulties and emerging development directions of deep rock burst prevention in

China. J. China Coal Soc. 2024, 49, 1291–1302.

https://doi.org/10.4028/www.scientific.net/AMR.568.230
https://doi.org/10.3390/en16186672


Energies 2024, 17, 5471 17 of 17

7. Xie, H.-P. Resource Extraction under Deep High Stress—Current Status, Basic Science Issues and Prospects. In Proceedings of the
175th Xiangshan Scientific Conference, Beijing, China, 8 October 2004; pp. 179–191.

8. Li, H.Z.; Guo, K.K.; Guo, G.L. Strata and surface influence range of deep coal mining for mine land reuse. Environ. Earth Sci. 2022,
81, 68. [CrossRef]

9. Kang, H.P.; Gao, F.Q.; Ren, H.W. Mechanical behaviors of coal measures and ground control technologies for China’s deep coal
mines—A review. J. Rock Mech. Geotech. Eng. 2023, 15, 37–65. [CrossRef]

10. Xie, H.P.; Gao, M.Z.; Li, A.Q. Study on the Mechanical Properties and Mechanical Response of Coal Mining at 1000 m or Deeper.
Rock Mech. Rock Eng. 2019, 52, 1475–1490. [CrossRef]

11. Cao, Z.-G.; Ju, J.-F.; Xu, J.-L. Distribution model of water-conducted fracture main channel and its flow characteristics. J. China
Coal Soc. 2019, 44, 3719–3728.

12. Shen, W.L.; Bai, J.B.; Yu, Y. Response and control technology for entry loaded by mining abutment stress of a thick hard roof. Int.
J. Rock Mech. Min. Sci. 2016, 90, 26–34. [CrossRef]

13. Zhu, Z.J.; Wu, Y.L.; Liang, Z. Mining-Induced Stress and Ground Pressure Behavior Characteristics in Mining a Thick Coal Seam
with Hard Roofs. Front. Earth Sci. 2022, 10, 843191. [CrossRef]

14. Klishin, V.I.; Fryanov, V.N.; Opruk, G.Y. Modeling Top Coal Disintegration in Thick Seams in Longwall Top Coal Caving. J. Min.
Sci. 2019, 55, 247–256. [CrossRef]

15. Xu, J.-L.; Qian, M.-G.; Zhu, W.-B. Study on Influences of Primary Key Stratum on Surface Dynamic Subsidence. Chin. J. Rock
Mech. Eng. 2005, 24, 787–791.

16. Qian, M.-G.; Xu, J.-L. Behaviors of strata movement in coal mining. J. China Coal Soc. 2019, 44, 973–984.
17. Li, Q.-S.; Li, X.-B.; Xu, J.-L. Research advances in mining fractures evolution law of rock strata and ecological treatment technology.

Coal Sci. Technol. 2022, 50, 28–47.
18. Wang, X.-F.; Gao, M.-Z.; Li, L.-Q. Spatiotemporal coupling law of mining pressure, strata movement and fracture field distribution

in deep stope. J. Min. Saf. Eng. 2016, 33, 604–610.
19. Lu, Y.-C.; He, Z.-Q.; Wang, Y.-W. Mining-induced mechanics behavior in the deep mine with an over-kilometer depth. J. China

Coal Soc. 2019, 44, 1326–1336.
20. Shuang, H.-Q.; Xin, Y.-Q.; Li, S.-G. Characterization of fissure distribution of overburden rock under roof cutting and entry

retaining based on key strata theory. Coal Sci. Technol. 2024, 52, 102–113.
21. Liang, B.; Xing, J.-C. Mechanisms and three-dimensional spatial characteristics of fissures induced under the influence of fracture

of mining overburden rocks. Coal Sci. Technol. 2024, 1–13.
22. Wang, S.-M.; Wei, J.-B. Influence of thick sandstone on development of overburden mining fissures in northern Shaanxi coal

mining area of Yellow River Basin and suggestions on water-preserved coal mining. Coal Geol. Explor. 2022, 50, 2.
23. Li, L.-M.; Tu, Y.-L.; Zeng, X.-R. Comparison Research on Experiments and Theory of Zonal Disintegration Belt in Deep Tunnel

Surrounding Rock. Chin. J. Undergr. Space Eng. 2024, 20, 1180–1190.
24. Wang, Y.; Liang, D.-X.; Zhai, P.-H. Study on electrical property variation law of overburden strata above seam under mining

influences. Coal Sci. Technol. 2015, 43, 122–125, 105.
25. Kan, X.-D.; Yang, C.; Zhang, L.-L. Study on detection of water-bearing structure of coal seam roof by three-dimensional direct

current method. Saf. Coal Mines 2023, 54, 158–164.
26. Yang, H.-P.; Liu, S.-D.; Yang, C. Analysis of Electrical Characteristics of Mining Destruction on Coal Seam Roof and Floor with

Simultaneous Dynamic Monitoring Method. J. Eng. Geol. 2021, 29, 1002–1009.
27. Li, X.-J.; Chi, M.-B.; Wu, B.-Y. Study on the development law of overburden interbeded fractures of coal mine underground

reservior based on distributed optical fiber mointoring. China Coal 2022, 48, 49–56.
28. Li, Q.; Niu, J.-B.; Li, Q.-H. Deformation zoning characterization of mining rock mass based on partition coupling optical fiber

sensing. J. China Coal Soc. 2024, 49, 1345–1357.
29. Zhang, P.-S.; Xu, S.-R.; Guo, L.-Q. Prospect and progress of deformation and failure monitoring technology of surrounding rock

in stope. Coal Sci. Technol. 2020, 48, 14–48.
30. Wu, X.F.; Li, H.X.; Zhu, M.B. Review on Improvements to the Safety Level of Coal Mines by Applying Intelligent Coal Mining.

Sustainability 2022, 14, 16400. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12665-022-10174-6
https://doi.org/10.1016/j.jrmge.2022.11.004
https://doi.org/10.1007/s00603-018-1509-y
https://doi.org/10.1016/j.ijrmms.2016.10.001
https://doi.org/10.3389/feart.2022.843191
https://doi.org/10.1134/S1062739119025527
https://doi.org/10.3390/su142416400

	Introduction 
	Materials and Methods 
	Experimental Test on Mining Strata Failure Model 
	Experimental Setup 
	Experimental Protocol 
	Failure Process of Roof Rock Strata 
	Analysis of Experimental Results 
	Periodic Collapse of Rock Strata 
	Strain–Geoelectric Field Response 


	On-Site Monitoring and Rock Fracture Analysis 
	Monitoring System Plan 
	Result Analysis 

	Conclusions 
	References

