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In order to study the regularity of overburden deformation and mining pressure changes in the stope. Take the geological
conditions of Hanglaiwan coal mine in Yushen mining area as the background, a 3000 mm × 1340 mm × 200 mm physical
similar material model was established in laboratory. Eight ﬁber Bragg grating sensors were embedded in the model, used to
monitor the movement and deformation of the overburden key stratum and the change of mining abutment pressure in real
time and then to determine the inﬂuencing factors and strain transfer coeﬃcients of the ﬁber grating through theoretical
analysis and calibration experiments. The results show the following. (1) The changes in value, position, and shape of the strain
can reﬂect the dynamic evolution process of bending deformation, breaking, and rotation of the key strata. When the key layer
breaks for the ﬁrst time, the strain curve shows a peak shape; when the key layer breaks periodically, the strain curve of the ﬁber
grating sensor showed a plateau shape for a period of time. (2) The strain curve has a good corresponding relationship with the
change in supporting pressure. When the strain curve of the ﬁber Bragg grating sensor was at the trough stage, the abutment
pressure was at the peak stage, with the increase of sensor buried height, and the supporting pressure and the strain value had a
linear relationship within the range of the advanced abutment pressure. The conclusion shows that the ﬁber Bragg grating
sensor monitoring technology has good eﬀect on the internal strain and key supporting pressure monitoring of the overburden
in the model test; it provides new monitoring methods and means for the model tests.

1. Introduction
Underground coal mining activities will inevitably cause
deformation, damage, and movement of the overlying strata.
The movement of overburden can induce a series of disaster
accidents such as rockburst, water permeability, roadway
damage, surface subsidence, and gas outburst. And the deformation of mining overlying strata and its impact on mine
safety and environment are the basic scientiﬁc issues of coal
mining [1–3]. The stratum structure formed by the movement and deformation of mining overburden has signiﬁcant
rock mass mechanical characteristics such as multiscale
deformation and large-scale movement. Since the internal
activities of the rock mass cannot be directly observed, it is

an obvious “black box” engineering structural problem [4].
The intelligentization of coal mines has become a requirement
and an inevitable direction for the technological revolution
and upgrading of the coal industry. Intelligent perception of
overburden movement is one of the core elements of intelligent mining in coal mines, and the key technology of intelligent perception is monitoring technology [5–7]. The
environment of underground coal mining engineering has
the characteristics of complexity, concealment, and suddenness. Currently, there are few types of intelligent sensing sensors and single monitoring parameters used in the ﬁeld of
coal mining overburden migration monitoring, and most of
them are traditional, conventional, mechanical, and inductive
methods. These sensors are mostly based on manual
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observation, with a large amount of labor and low accuracy.
They cannot achieve real-time monitoring and early warning,
and they cannot live in the special geological environment
such as dark and humid, limited space, serious electromagnetic interference, and gas emission, which urgently requires
the emergence of a modern, information-based, intelligent
overburden monitoring system ﬁber Bragg grating sensing
overburden deformation monitoring system. Therefore, the
application of ﬁber Bragg grating sensor monitoring technology in the detection network of mining overburden area will
become a new direction of coal mine stratum formation control monitoring [8].
With the rapid development of optical ﬁber and optical
communication technology in the 1970s, optical ﬁber sensing
technology has been a new type of sensing technology which
uses light wave as the carrier to sense and measure [9]. Fiber
Bragg gratings have become one of the fastest-growing modern engineering structure monitoring and detection technologies due to their small size, high accuracy, convenient
networking, integration of sensing and transmission, etc.
[10]. In 1979, the optic ﬁber sensors were ﬁrst tentatively
embedded in composite materials for testing by NASA [11].
In 1989, Mendez et al. ﬁrst proposed the introduction of optical ﬁber sensors into the ﬁeld of geotechnical engineering for
the health detection of concrete structure [12]. In 1992, Prohaska et al. ﬁrst embedded ﬁber Bragg gratings into concrete
structure to measure strain and introduced ﬁber grating sensing technology, which was originally used in the aerospace
and aerospace ﬁelds into civil engineering [13]. In 1997,
Meissner et al. buried Bragg gratings in a prestressed concrete
bridge on the A4 highway near Dresden [14]. Through comparative tests, the application feasibility of ﬁber grating sensors has been conﬁrmed. Schulz et al. embedded ﬁber Bragg
gratings in concrete structures to test stress and strain and
perform nondestructive assessment of structural integrity
and internal stress-strain state detection [15–17]. Yeager
et al. installed the FBG sensor on a rectangular thin plate
made of composite materials by embedding and surface
bonding, tested the inﬂuence of the humid environment on
the optical ﬁber readings, and established a diagnostic
method for the health damage of the composite structure
[18]. Since the end of the 20th century, Chinese scholars have
begun to apply FBG sensing technology to engineering practice and achieved rapid development. Hong et al. reviewed
the current status of application of ﬁber optic sensor to civil
engineering both domestic and abroad, focused on the Bragg
grating strain sensor, and pointed out the perspective usage
and future studies of ﬁber optic sensing techniques in civil
engineering [19]. Aimed at the detection for structure reinforcement, Desheng put forward a kind of stickup ﬁber Bragg
grating sensor to monitor the strain of structure during its
reinforcing period, which can realize real-time and online
monitoring [20]. According to the characteristics of strain,
vibration, and impact of the FBG sensor, Jiang et al. reported
a ﬁber optic intrusion alarm system using quasidistributed
FBG sensors [21]. Jian-Hua et al. embedded ﬁber Bragg grating sensors in the dam body and dam foundation, respectively, to monitor the internal displacement of the
structural model in the process of overload [22]. Zhou et al.
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proposed to combine the Brillouin distributed sensing technology with local high-precision optical ﬁber Bragg grating
(FBG) technology to build an integrated system of distributed full-scale and local monitoring technique with single
optical ﬁber [23]. Zhu et al. demonstrated the feasibility of
incorporating ﬁber Bragg grating (FBG) sensing technology
into health monitoring of foundation structures and innovated FBG strain sensors, temperature sensors, settlement
sensors, and horizontal inclinometers, which have been
developed to monitor strains, temperatures, and displacements in foundations [24]. Guangqing et al. discussed the
key problems of package protection, temperature compensation, and monitoring system integration which were often
encountered in the monitoring of FBG used in the construction of tunnels [25, 26]. It has been indicated that the survival
rate of the FBG sensor can be greatly raised via proper sealing
and protection, and the real-time monitoring for the strain
and stress of the arch and supporting bar and temperature
of the tunnel structure during the blasting excavating and
concrete spraying of the tunnel was feasible. Ni et al. installed
FBG temperature, strain, and pressure sensors in underground water pipes [27]. After laboratory tests and ﬁeld tests,
he has successfully found abnormal and local defects in water
pipe structures and established a ﬁber Bragg grating monitoring network for the structural integrity of underground water
pipes. Liu et al. reported a ﬁber optic strain sensor with nanostrain resolution and large measurement range [28]. For
sensing the earth crustal deformation, with this sensor, the
tide-induced crustal deformation and the seismic wave were
successfully recorded in ﬁeld experiments. Fang e al. combined and integrated the ﬁber Bragg grating sensing technology with the safety production of coal mining and discussed
and applied it in the aspects of roof separation, anchor cable
load, goaf temperature, shearer attitude, and so on [29–31].
Chai et al. conducted a crosscombination study on ﬁber
Bragg grating sensing technology and coal mine production
safety issues and tested the mechanical properties of rocks,
physical similarity simulation test, and settlement of the huge
loose layer by using ﬁber Bragg grating sensing technology.
And it has provided new ideas for solving the safety, higheﬃciency, and intelligent perception of basic information of
coal mining [32–35]. At present, FBG sensing and monitoring technology has been widely used in civil engineering,
hydraulic engineering, composite materials, medicine, electric power, aerospace, and other ﬁelds and has achieved signiﬁcant research results [36–38]. However, the application
of FBG sensing and monitoring technology in coal mining
is short, and it is still in the initial stage of application
research and development. There are still many key technologies that have not yet been resolved, especially the application
of ﬁber Bragg grating sensing technology in monitoring the
deformation of overburden. There are also some engineering
application problems, such as the coupling and transfer relationship between the FBG sensor and the tested substrate,
the calibration of the ﬁber grating sensor, and the characterization of the overburden migration law by the ﬁber Bragg grating sensing technology [39, 40].
In order to realize the precise monitoring of deformation
of overburden rock by ﬁber Bragg grating sensing technology,
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based on the deformation mechanism of overburden rock and
the principle of ﬁber Bragg grating sensing, a strain transfer
calculation model of ﬁber Bragg grating packaging material
overburden was established and analyzed, and the transitive
relationship between the strain of the ﬁber Bragg grating and
the strain of the overburden was analyzed. Then, the strain
transfer coeﬃcient was obtained by the calibration experiment
of the FBG sensor. Combined with on-site coal mining geological conditions, a physical similar model was constructed in
the laboratory, and ﬁber Bragg grating sensing technology
was used to monitor the deformation of the overburden and
the change of the supporting pressure in the process of model
mining in real time and to monitor overburden bending,
breaking, and delamination. Performing characterization to
realize the intelligent perception of deformation of mining
overburden is of great signiﬁcance for promoting the informationization of coal mine production and the constructing
intelligent mines.

2. Working Principles of FBG
In 1978, Hill et al. ﬁrst used the standing wave writing method
to make the ﬁrst ﬁber Bragg grating in a germanium-doped
ﬁber. After nearly 40 years of development, the ﬁber Bragg
grating sensor has been widely used in the ﬁeld of structural
health monitoring research [41]. Fiber Bragg grating makes
use of the photosensitivity of optical ﬁber materials, through
special fabrication methods (usually irradiating the Ge magnetic core ﬁber with about 240 nm ultraviolet light), which
makes the external incident photons interact with the doped
particles in the ﬁber core, resulting in the periodic or aperiodic
permanent change of the refractive index of the core along the
ﬁber axis, forming a spatial phase grating in the core [42, 43].
According to coupled-mode theory, when broadband light
propagates in an optical ﬁber, the light that meets the Bragg
condition will be reﬂected, and the remaining light will continue to propagate forward as the transmitted light, as shown
in Figure 1. The Bragg wavelength can be expressed as
λB = 2neff Λ,

ð1Þ

where λB is the center wavelength of the Bragg, neff is the eﬀective refractive index, and Λ is the grating period.
When the temperature or stress around the ﬁber Bragg
grating changes, it will cause the grating period and the eﬀective refractive index of the core to change, which will cause
the Bragg center wavelength to shift. It is assumed that the
changes of the Bragg center wavelength caused by strain
and temperature are independent of each other. For the
single-mode quartz ﬁber, the Bragg center wavelength, strain
and temperature of the sensing ﬁber are linearly related [44].
ΔλB
= K ε Δε + K T ΔT,
λB

ð2Þ

where ΔλB is the drift amount of the Bragg central wavelength, Δε and ΔT are the strain and temperature variation of the grating, respectively, K ε and K T are the strain

and temperature calibration coeﬃcient of the ﬁber Bragg
grating, respectively.
In the strain measurement, in order to avoid the inﬂuence
of temperature on the measurement, a ceramic-encapsulated
temperature sensor is embedded as temperature compensation in the test [45], and the value of strain δε of FBG can
be obtained by eliminating the inﬂuence of temperature
change ΔT. Assuming that the temperature is constant, that
is, ΔT = 0, formula (2) can be converted to
ΔλB
= K ε Δε:
λB

ð3Þ

From the above formula (3), it can be known that when
the optical ﬁber is subjected to axial tensile stress, ε increases,
and the central wavelength of the ﬁber grating increases, and
vice versa. And the wavelength change data can be processed
into strain results.
In the actual engineering monitoring system, multiple
ﬁber Bragg grating sensors are usually distributed on the same
ﬁber; that is, several ﬁber Bragg grating sensors can use topology or sensor array to build a sensor network system that
meets the needs of various levels or develop a quasidistributed
solution so as to achieve a large area, wide coverage, and multidimensional real-time intelligent monitoring. When multiple ﬁber gratings are connected in series to form a sensing
array for quasidistribution monitoring, in order to enable the
demodulation system to obtain the wavelength information
of each reﬂection center, it is necessary to ensure that each
ﬁber grating can be “searched.” And it is required that the central wavelength and its variation range of each FBG in the
array cannot overlap, cross, or disturb each other. In the ﬁber
grating quasidistribution sensing array, the center wavelengths
of two adjacent ﬁber gratings need to have a certain interval,
and the two adjacent ﬁber grating sensing signals must not
crosstalk with each other [46, 47].
λi + Δλi+ < λ j − Δλ j+ ð1 ≤ i ≤ jÞ:

ð4Þ

In the formula, set i = j − 1, i and j are two adjacent FBG
sensors in the array, λi and λ j are the center wavelengths of
any two adjacent gratings, Δλi+ and Δλ j+ are the maximum
positive wavelength shifts, and Δλi− and Δλ j− are the maximum negative wavelength shifts.
Therefore, when using the grating string for testing, the
grating wavelength parameters must be set to meet its ﬂuctuation range.

3. Strain Transfer Theory of the FBG Sensor
The ﬁber grating sensor’s mechanical transfer interface eﬀect
with the deformation of the packaging material and the substrate during the strain transfer process causes the strain of
the ﬁber grating to be diﬀerent from the actual strain of the
measured matrix. Therefore, it is necessary to study the
mechanical state of FBG embedded in the measured matrix
and the interface transfer characteristics of strain sensing
[48, 49]. The strain transfer model of the FBG sensor is
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Figure 1: Sensing principle of ﬁber Bragg grating.

established as shown in Figure 2. With the center position of
the FBG sensor as the coordinate origin, the ﬁber axis is set as
the x coordinate axis, and the vertical drilling direction is the
y coordinate axis. The following assumptions are made: (1)
the materials are linear, and the matrix material only bears
uniform tensile strain along the ﬁber axis direction, not
directly aﬀected by external force; (2) the FBG sensor is
completely coupled with the packaging material and the
measured matrix, without slippage.
The mechanical equilibrium condition of the ﬁber grating sensor’s axial resultant force is zero, and we get


dσq = −



2τq x, r q
:
rq

ð5Þ

In the formula, σq is the axial stress of the FBG sensor, τq
is the shear force along the surface of the FBG sensor, r q is the
half width of the FBG sensor, L is the half gauge length of an
optical iﬃer sensor, and 2L is the total length that the ﬁber is
bonded to the host material through the middle layer.
For the packaging material of the FBG sensor, if the resultant force of any cross section in the axial direction is zero, it
can be obtained from equation (5).
τc ðx, r Þ = −

r 2q dσq r2 − r 2q dσc
−
,
2r dx
2r dx

ð6Þ

where τc is the shear stress on the surface of the packaging
material of the FBG sensor, and σc is the axial stress of the
packaging material of the FBG sensor.
Assuming that the stress gradients of each layer of the
ﬁber Bragg grating sensor are equal, formula (7) can be
obtained by neglecting the Poisson eﬀect.
r 2q
r 2 − r 2q
τc ðx, r Þ = −
Eq +
Ec
2r
2r

!

dεq
:
dx

ð7Þ

In the formula, Ec is Young’s modulus of the coating or
adhesive, Eq is Young’s modulus of the ﬁber, and εq is the
axial stress.
If only the axial deformation is considered, μ is the shear
displacement of the packaging material along the axis of the
ﬁber Bragg grating sensor, and formula (8) can be obtained.
τc ðx, rÞ = Gc

dμ
,
dr

ð8Þ

where Gc is the shear modulus of the ﬁber Bragg grating sensor packaging material (GPa).
Combining formulas (7) and (8), we get
"



Eq 2
1 2 1 2
μc − μq = −ð1 + μc Þ r c − rq − 1 −
r ln
2
2
Ec q

rc
rq

!#

dεq
:
dx
ð9Þ

In the formula, r c is the half width of the tested matrix, rq
is the half width of the FBG sensor, and μc and μq , respectively, denote the axial displacement from the x coordinate
origin in the host material and ﬁber.
Let k be the strain lag parameter.
k22 =

1

h

 


i :
ð1 + μc Þ ð1/2Þr 2c − ð1/2Þr2q − 1 − Eq /Ec r 2q ln r c /r q
ð10Þ

By deriving equation (9), the strain transfer rate of the
FBG sensor in the measured substrate can be obtained.
α2 ðk2 , xÞ = 1 −

cosh ðk2 xÞ
:
cosh ðk2 LÞ

ð11Þ

It can be known from the above formula that the factors
aﬀecting the strain transfer rate are the half-length of the
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Figure 2: Coordinate system of symmetrical section of optical ﬁber.

sensor, the elastic modulus of the packaging material, and
Poisson’s ratio.

4. Calibration Experiment of the FBG Sensor
The FBG sensor is calibrated by equal strength beam experiment. The experimental materials are 1 m equal strength
beam of Beijing Runhengao Company, M1 weight of Shanghai Shirun Industrial Co., Ltd., red optical ﬁber pen of Zhejiang Yousi Company, Sm225 ﬁber grating network
demodulator of MOI Company in Germany, CM-1L static
resistance strain analyzer of GUMI company in the USA,
BX120-100AA resistance strain gauge of Beijing Xizhou
Company, AV6481 series welding machine of the 41st

Research Institute of China Electronics Technology Group
Corporation, BLE company 50 ml epoxy resin, OJE company
75% alcohol, etc. The main accessories of the equal strength
beam test device are equal strength beam, base, weight hook,
and adjusting leg. The equal strength beam is 45# low carbon
steel, the elastic modulus is about 210 GPa/m2, Poisson’s ratio
is about 0.28, the overall dimension is 1100 mm ðlengthÞ ×
315 mm ðwidthÞ × 310 mm ðheightÞ, the ambient temperature
is 0~40°C, and the relative humidity is less than 65%. The calibration test system diagram is shown in Figure 3. The test
strain gauge and FBG were, respectively, pasted on the surface
of equal strength beam with epoxy resin adhesive and evenly
arranged. The ﬁber Bragg grating sensor and ﬁber jumper
are fused into a ﬁber by using the fusion stage, then connected
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Figure 3: FBG sensor calibration system.
Table 1: Wavelength drift of the FBG sensor.
Sensor
number
FBG1
FBG2
FBG3

Before
loading
(pm)

1st level
loading
(pm)

2nd level
loading
(pm)

3rd level
loading
(pm)

4th level
loading
(pm)

0
0
0

95.1
97.61
97.79

189.63
193.58
196.36

285.85
289.86
293.79

373.5
381.61
386.08

to the FBG network demodulator, and then connected to the
resistance strain analyzer by the strain gauge connecting wire.
The calibration test was carried out in a step-by-step
loading mode, with the load of 5 N for each step. After loading, the data would be collected once after the equal strength
beam stabilizes. This calibration experiment was loaded with
a total of four stages to 20 N, and the test loading was over.
The wavelength drift of the collected FBG sensors under different loads is shown in Table 1. During the four-stage loading, the average strain values of the resistance strain gauge
were 81.82 με, 163.25 με, 244.91 με, and 321.44 με, respectively. The average wavelength shift of the corresponding
FBG sensors were 96.83 pm, 193.19 pm, 289.83 pm, and
380.40 pm, respectively. From Figure 4, the strain transfer
coeﬃcient of the FBG sensor is 1.18 pm/με.
The change rule and ﬁtting curve of the strain value of the
FBG sensor under the fourth level load are shown in Figure 5.
It can be seen from Figure 5 that the strain value measured by
FBG has an excellent linear relationship with the load.

5. FBG Sensing Monitoring Test of
Overburden Deformation
5.1. Establishment of the Physical Similarity Model. The
model test takes the comprehensive mining face of Hanglaiwan Coal Mine as the research object. The average thickness
of the coal seam is about 9.13 m, the average dip angle is
about 0.5°, the average burial depth is about 230 m, the average thickness of bedrock is about 150 m, and the average of

the loose layer is about 80 m. The coal seam contains 1 to 2
layers of mudstone and lime mudstone, with a thickness of
0.05 to 0.46 m, which belongs to the type of simple structure.
The direct roof is dominated by siltstone and mudstone, with
a small amount of ﬁne-coarse feldspar sandstone. The direct
ﬂoor is mainly composed of siltstone and mudstone, with a
small amount of ﬁne-coarse sandstone and carbonaceous
mudstone; the speciﬁc lithologic parameters of the formation
are shown in Table 2. Based on the mining geological conditions of the fully mechanized coal mining face in Hanglaiwan
Coal Mine as a prototype, a plane stress model with a
length × width × height of 3000 mm × 200 mm × 1150 mm
is established according to the test prototype geological conditions and test purposes. According to the similarity theory,
the model test must be similar to the original system in
geometry, kinematics, and dynamics. Therefore, similar
parameters such as the geometric similarity ratio and bulk
density similarity ratio are determined as shown in Table 3.
In this experiment, river sand, ﬂy ash, and clay were used
as aggregate, gypsum, and large white powder (calcium carbonate) as cementing material, mica powder as layered material, and water as mixture. The river sand is divided into
single size particles with diameters of 0.18-0.78 mm by standard sand and stone square hole sieve, and their average
diameters are 0.31-0.52 mm. The setting time of gypsum is
more than 3 min, the compressive strength is more than
4.0 MPa, the ﬂexural strength is more than 2.0 MPa, and
the ﬁneness of the residue of the 0.2 mm square hole sieve
is less than 10%. The speciﬁcation of white powder is 300
mesh. The particle size of mica powder is 800 mesh, the sand
content is 0.05%, and the loose density is 0.38 g/cm3. According to the proportion number of each simulated rock stratum, mix the materials with water and put them into the
model frame.
5.2. FBG Monitoring System. A total of 9 ﬁber Bragg grating
sensors are installed in the physical model. The FBG sensors
were the same batch and the same type of sensor as those
used in the calibration experiment, and the set number is
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y = a + b⁎x
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Figure 4: Fitting curve of FBG sensor calibration data.
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Figure 5: Fitting curve of FBG monitoring strain data.

FBG001~FBG009. In the similar model, the FBG sensor is
embedded in advance, and they are buried vertically. In the
physical model, the FBG1 and FBG2 sensors were buried in
the rock stratum (the subcritical stratum) 500 mm away from
the coal seam ﬂoor, and the FBG3 and FBG4 sensors were
buried in the rock stratum (the subcritical stratum) 700 mm
away from the coal seam ﬂoor. Those sensors were used to

monitor the mining deformation movement rules of diﬀerent
heights, diﬀerent horizons, and diﬀerent lithology. In addition, the FBG5, FBG6, FBG7, and FBG8 sensors were buried
in the rock stratum 250 mm away from the coal seam ﬂoor in
the model to monitor the distribution rule of supporting
pressure in the stope. The FBG sensors of the same height
in the model were connected in series, and the FBG
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Table 2: Main overburden stratum structure and physical parameters.

Strata

Compressive strength (MPa)

Tensile strength (MPa)

Elastic modulus (GPa)

Poisson’s ratio

11.6
15.3
20.5
32.1
40.6
46.6
41.9
16.2

0.23
0.29
0.12
3.21
5.59
5.00
2.03
0.86

12.0
20.4
23.5
26.0
33.9
32.5
36.0
13.5

0.30
0.31
0.34
0.30
0.28
0.29
0.32
0.27

Aeolian sand
Loess
Mudstone
Sandy mudstone
Medium sandstone
Fine sandstone
Siltstone
Coal seam

Table 3: Main similar parameters.
Name
Geometric similarity ratio
Bulk density similarity ratio
Stress similarity ratio
Displacement similarity ratio
Time similarity ratio

Parameter
1 : 200
1 : 1.6
1 : 320
1 : 200
1 : 14

demodulator was connected after the jumper was fused. The
whole monitoring system of this test consists of the Sm225
FBG network demodulator, computer, and FBG sensor, as
shown in Figure 6.
5.3. Model Test Process. The total length of the physical
model is 3000 mm, the boundary coal pillars of 300 mm are
set on both sides of the model, and the mining length of the
model is 2400 mm. The mining length of the model is
20 mm each time, 20 times a day, and the total mining length
is 400 mm per day; the actual picture of model mining is
shown in Figure 7. It took 6 days for the experimenter to
complete the mining of the whole physical model. After each
model mining, the experimenter ﬁrst recorded the model
excavation time, distance, and other information. After the
deformation of overburden was stable, the sensing data of
FBG could be collected. Then, the model test entered the next
model mining cycle, and it would not be completed until
2400 mm was mined. The entire model test must observe
and record the whole process of the movement and deformation of the mining overburden in detail.

6. Analysis of FBG Sensor Monitoring Data
6.1. Monitoring the Movement and Deformation of
Overburden by the FBG Sensor. The FBG1 sensor is located
in the subcritical stratum above the coal seam of the fully
mechanized mining face, which is away from 500 mm in
front of the working face. The monitoring data curve of the
FBG1 sensor is shown in Figure 8. After mining along the
strike direction of the working face for a certain distance,
because the FBG1 sensor was far away from the coal seam
and was not aﬀected by mining, the strain curve of the
FBG1 sensor data had not changed signiﬁcantly in the early
stage of mining. When the working face advanced to

480 mm (point B in Figure 8), the strain value of the FBG1
sensor has changed signiﬁcantly, and the strain value has
increased from 0 με to 5.71 με, indicating that the subcritical
stratum had begun to be aﬀected by coal mining. When the
working face continued to advance to 720 mm (point C in
Figure 8), the overburden had collapsed below the subcritical
stratum, and the subcritical stratum had formed a ﬁxed beam
structure at both ends. Under the action of the overburden
load, the subcritical stratum had bent and deformed, and
the strain value had increased rapidly to 40.61 με. When
the working face continued to advance to 780 mm (point D
in Figure 8), the ﬁrst collapse of the subcritical stratum
occurred, and the strain value of the FBG1 sensor was
aﬀected by the collapse, and the strain value decreased
sharply to 96.92 με, which was negative at this time. When
the working face continued to advance to 2200 mm (point
E in Figure 8), the rock mass of the key stratum where the
FBG1 sensor was located collapsed into the goaf. Since the
FBG1 sensor was only aﬀected by the gravity of the caving
rock mass in the goaf, the strain value did not change significantly and trended in a steady state. The strain value curve of
the FBG1 sensor reﬂects the ﬁrst breaking process of the subcritical stratum and had the characteristics of short and rapid
movement time.
The FBG2 sensor is located in the subcritical stratum
above the coal seam of the fully mechanized mining face,
which is away from 900 mm in front of the working face.
The monitoring data curve of the FBG2 sensor is shown in
Figure 9. In the early stage of mining, because the rock formation where the FBG2 sensor was embedded was far from
the working face, the monitoring data of the FBG2 sensor
was not aﬀected by coal mining. When the working face
advanced to 840 mm (point B in Figure 9), the strain value
of the FBG2 sensor began to change signiﬁcantly. The strain
value is -5.98 με, which is negative. The FBG2 sensor was
subjected to compressive strain, indicating that the FBG2
sensor was in the leading support pressure area of the working face. When the working face continued to advance to
1040 mm (point C in Figure 9), the subcritical stratum where
the FBG2 sensor was aﬀected by coal mining moved and
deformed to form a cantilever beam structure, and the strain
value increased sharply to 2145.18με, reaching the maximum
peak. When the working face continued to advance to
1360 mm (point D in Figure 9), the subcritical stratum where
the FBG2 sensor is located reached the bearing limit, periodic
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breakage occurred, and the rock block broke and touched the
gangue and is hinged with the rear rock block to form a
masonry beam structure. At this time, the strain value of
the FBG2 sensor decreased sharply to 883.39 με. When the
working face continued to advance to 2200 mm (point E in
Figure 9), the strain value of the FBG2 sensor was basically
stabilized. It was shown that the strain curve of the FBG2 sensor reﬂected the process of periodic fracture of the subcritical
stratum with a time duration, which was in sharp contrast to
the abruptness of the ﬁrst fracture.
The FBG3 sensor is located in the main key stratum
above the coal seam and 500 mm in front of the fully mechanized mining face. The monitoring data curve of the FBG3
sensor is shown in Figure 10. When the working face
advanced to 600 mm (point B in Figure 10), because the
FBG3 sensor was located far from the coal seam, it was not
aﬀected by coal mining. When the working face advanced
to 1000 mm (point C in Figure 10), there was a large separation layer under the key stratum where the FBG3 sensor is

located, and the main key stratum began to bend and deform
slightly under its inﬂuence. The strain value of the FBG3 sensor started to increase gradually and increased to a peak of
60.99 με. When the working face continued to advance to
1120 mm (point D in Figure 10), the main key stratum broke
for the ﬁrst time, but it is not unstable. Because the goaf was
basically ﬁlled, the rotational deformation space of the rock
block is limited. The rock block implanted by the FBG3 sensor forms a good hinged structure with the rear rock block
and still has a certain bearing capacity; the strain value of
the FBG3 sensor is reduced to 43.34 με. When the working
face continued to advance to 2200 mm (point E in
Figure 10), due to the limited rotation space, the deformation
of the rock block where the FBG3 sensor was located was
small, and the strain value basically tended to be stable. The
strain curve of the monitoring data of the FBG3 sensor
reﬂects that the initial breaking process of the main key stratum also had the characteristics of short and rapid movement
time, but due to the limitation of the deformation space of the
rock layer, the main key stratum is broken for the ﬁrst time
but not unstable, and the deformation is small.
The FBG4 sensor was located in the main key layer above
the coal seam and 900 mm in front of the fully mechanized
mining face. The monitoring data curve of the FBG4 sensor
is shown in Figure 11. When the fully mechanized mining face
advanced from 0 mm to 1000 mm (section AB in Figure 11),
the strain value of the FBG4 sensor decreased from 0 με to
-42.78 με and then increased from 42.78με to 12.13 με, indicating that the rock blocks monitored by the FBG4 sensor
had an interactive state of tensile and compressive stress
occurs in the process of pushing the block in the working face.
When the fully mechanized mining face continued to advance
to 1360 mm (point C in Figure 11), the rock block of the main
key stratum where the FBG4 sensor was located formed a cantilever beam structure. As the coal mining was subjected to the
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overburden load, the strain value of the FBG4 sensor increased
sharply to 1838.48 με. When the fully mechanized mining face
continued to advance to 1680 mm (point D in Figure 11), the
main key stratum where the FBG4 sensor was located reached
the bearing limit and periodic breakage occurred. At this time,
the strain value of the FBG4 sensor decreased sharply to
-243.75με. When the fully mechanized working face continued to advance to 2200 mm (point E in Figure 11), the
rotation deformation of the main key stratum was limited
due to the space limitation of the rotation deformation of
the goaf, and the strain value of the FBG4 sensor basically
tended to be stable. It was shown that the strain value
curve of the FBG4 sensor reﬂected that the periodic rupture
of the main key stratum had a time-continuous process, but
the lag phenomenon of the deformation process of the subkey layer was more obvious.
Through the monitoring of the primary and periodic
breakage of the main key stratum and the subcritical stratum
by the FBG sensor, the results showed that the strain curve
of the FBG sensor in the ﬁrst breaking process of the key layer
was a peak, and the strain value basically tended to be stable
after the ﬁrst breaking. The strain curve of the FBG sensor in
the periodic breaking process of the key stratum was a plateau,
and the periodic breaking process was that the strain value
decreased slowly after reaching the peak, mainly because the
reverse rotation occurred after the periodic breaking of the
key stratum, and the reverse rotation time of the main key
stratum was longer than that of the subcritical stratum.
6.2. The Distribution Law of Mining Supporting Pressure
Monitored by the FBG Sensor. It shows the one-to-one corre-

spondence curve diagram between the strain value of overburden deformation monitored by the FBG5 and FBG6
sensors and the supporting pressure value of the working face
ﬂoor monitored by the pressure sensor in Figure 12. When
the fully mechanized mining face is advanced from 0 mm to
400 mm, the supporting pressure value of the working face
is basically above the original rock stress value due to the
action of the front side exceeding the front supporting pressure, but the strain value monitored by the FBG5 and FBG6
sensors was still 0 με at this time. When the working surface
advanced to 480 mm, the ﬁrst pressure on the working surface occurred, and a signiﬁcant stress concentration phenomenon appeared in front of the working surface. The
peak value of the support pressure reached 6.35 MPa. At this
time, the strain values of the FBG5 and FBG6 sensors began
to change obviously. When the working face continued to
move forward, the supporting pressure began to decrease
gradually, the minimum value was 0.45 MPa, and it showed
a trough state. At this time, the strain values of the FBG5
and FBG6 sensors began to increase gradually. As the working face continued to move forward, the supporting pressure
value gradually increased until the end of mining, and the
pressure value increased to 5.83 MPa. When the working face
advanced to 700 mm, the strain peak of the FBG5 sensor
appeared to be 142.48 με. When the working face advanced
to 1080 mm, the peak strain of the FBG6 sensor was
273.85με. Then, the working surface continues to be mined
until the end of mining, and the strain values of the FBG5
and FBG6 sensors gradually decrease.
It shows the one-to-one correspondence curve diagram
between the strain value of overburden deformation
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Figure 13: Comparison curve between the FBG sensor strain value and the supporting pressure value (FBG7 and FBG8).

monitored by the FBG7 and FBG8 sensors and the supporting pressure value of the working face ﬂoor monitored by
the pressure sensor in Figure 13. When the fully mechanized
working face advanced from the cut hole to 1040 mm, the
supporting pressure was basically above the original rock
stress value. The stress peak value of the supporting pressure
is 9.12 MPa when the fully mechanized mining face advanced
to 840 mm, because the mining had not disturbed the overburden position of the FBG sensor, and the strain values of
FBG7 and FBG8 are basically unchanged in this time. When
the fully mechanized mining face continued to advance to
1120 mm, the minimum supporting pressure was reduced
to 0.35 MPa, and the strain values of the FBG7 and FBG8 sensors began to increase sharply. When the working surface
advanced to 1240 mm, the strain peak value of the FBG7 sensor is 1326.43 με. When the working surface advanced to
1520 mm, the strain peak value of the FBG8 sensor is
1295.32 με. When the working face continued to advance
until the end of coal mining, the supporting pressure began
to increase gradually, but the pressure value increased slightly
and was basically in a stable state in the later stage. At the
same time, the strain values of the FBG7 and FBG8 sensors
began to decrease sharply, but they were also basically in a
stable state in the later stage.
The results show that there is a peak stage and a trough
stage for the ﬂoor supporting pressure value and the strain
value of the FBG sensor in the mining process of the fully
mechanized coal face, respectively. From the analysis of mine
pressure and stratum control, coal seam mining makes the
load of the overlying rock mass transfer to both sides of the
strike direction of the working face. As a result, the peak stage

of the supporting pressure of the working face is located in a
certain range of coal and rock mass in front of the working
face. At this time, the strain value of the FBG sensor begins
to increase in a negative direction, indicating that the FBG
sensor is in a state of increasing pressure stress. After the
working face is advanced for a certain distance, the supporting pressure value decreases sharply, and its trough stage is
located in the goaf behind the working face. With the collapse
of the goaf and the accumulation of rock blocks, the supporting pressure value increases to a certain extent, but the
increased range is not signiﬁcant. At the same time, the collapse of rock will lead to the increase of the strain value of
the FBG sensor, and the strain reaches the peak value when
the collapse of rock is broken. Therefore, the decreasing stage
of the strain value of the FBG sensor indicates the leading
bearing pressure increasing stage in the working face, and
the peak stage represents the collapse process of overburden
and the stage where the supporting pressure decreases ﬁrst
and then increases. This is also the stage where the support
pressure gradually recovers after the rock mass in the goaf
is gradually compacted.

7. Conclusion
(1) Aiming at the mechanical transfer interface eﬀect
between the strain transfer of the FBG sensor and
packaging material and the matrix deformation in
the physical similarity model test, a hypothetical condition for strain transfer of ﬁber Bragg grating sensors suitable for physical models is proposed in the
article. Establishing a strain transfer model which
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considers the half-length of the sensor and the elastic
modulus and Poisson’s ratio of similar material can
improve the monitoring accuracy of ﬁber Bragg grating sensors in the model test
(2) The strain curve of the FBG sensor has a good oneto-one correspondence with the movement of key
strata in the overburden. When the key stratum is
broken for the ﬁrst time, the strain curve of the
FBG sensor shows a peak shape. When the key stratum is broken periodically, the key stratum deforms
in a bidirectional rotating motion in the state of the
cantilever beam. At this time, the strain curve of the
FBG sensor is plateau-shaped and will last for a
period of time
(3) The strain curve of the FBG sensor has a good corresponding relationship with the change of supporting
pressure. The strain curve reﬂects the collapse shape
of rock strata and the alternating process of tensile
and compressive stress in the process of movement.
When the coal seam is fully mined, the strain curve
of the FBG sensor is in the trough shape, and the supporting pressure curve is in the convex peak shape.
The test results show that the supporting pressure
value of the working face will increase with the
increase of the buried height of the sensor, and the
horizontal dislocation will occur. There is a linear
relationship between the supporting pressure and
the strain value in the range of the inﬂuence of the
advance bearing pressure; that is to say, the change
of the supporting pressure of the overburden can be
partially reﬂected by the FBG sensor
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