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The distributed optical fiber sensing (DOFS) is a technique that can obtain full spatial and temporal information concerning the
behavior of a large range of measurand fields along a fiber path and realize the distributed monitoring of the overburden section
under mining. To calculate the height of water-flowing fractured zone caused by the exploitation of coal, this study employed
distributed optical fiber sensors with OSI-C-S optical frequency domain reflectometry (OFDR) technology and designed a
similar-material model test based on the engineering geological conditions of Daliuta Coal Mine. Through the test, deformation
characteristics of overlying strata were studied, the linear relationship was summarized between the strain gradient and the
shear stress measured by fiber sensors when the rock layer cracks, and a method was proposed of using the measured strain to
measure the height of the water-flowing fractured zone in overlying strata. The test results show that there are several locations
where the sign of the shear stress changes (positive to negative or vice versa) in the overlying strata during the initial stage of
coal seam mining. As the working face advanced, the change locations gradually concentrated at the place where the rock
cracks. By identifying the breakpoints of the rock and the locations where the sign of the shear stress measured by fiber sensors
changes, this paper calculated the height of the water-flowing fractured zone in Daliuta Coal Mine. After comparing the height
with the abscission layer position in the model test and the predicted height by the empirical formulas in the specification, it has
been found that the three results are basically consistent, which in turn verifies the accuracy of this method.

1. Introduction

After the coal seam is mined, the overlying strata gradually
move to the gob. According to the severity of deformation
and failure of the rock mass, the overlying strata in the gob
can be divided into three zones: caving zone, fracture zone,
and bending zone. The caving zone and fracture zone are col-
lectively called the water-flowing fractured zone [1]. The
water-flowing fractured zone caused by the exploitation of
coal can form a channel for water inrush in the mine and
pose a threat to the safety of coal mining under a body of
water. As the height of the water-flowing fractured zone is a
key parameter, therefore accurate calculation of its height is
very important for safe mining as well as environment con-
servation [2]. According to the mining thickness of coal seam

and the properties and distribution characteristics of overly-
ing strata, many theoretical formulas for calculating the
height of water-flowing fractured zones have been proposed
[3–5]. However, because coal mines are widely distributed
in China, and geological conditions, overburden structures,
and mining techniques in different areas vary greatly, the
existing proposed formulas are affected by regional parame-
ters, hypothetical conditions, and applicability, therefore
cannot be used universally. For example, for the numerical
simulation method, it is difficult to select the rock mass
parameters involved, the model is difficult to accurately
match the actual project, and it needs to be verified with
actual monitoring data [6]. The monitoring of rock mass
deformation is an important means to master the deforma-
tion rules of overlying strata. Common field-testing
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techniques for measuring the overburden deformation
include loss observation of flush fluid, electromagnetic
method, and borehole TV system. These testing techniques
have their own advantages and disadvantages depending on
the geological conditions and mining conditions. The loss
observation of flush fluid is simple, but the test accuracy is
greatly affected by human factors and the test time is rela-
tively longer [7]. The electromagnetic method is affected by
factors such as formation properties, structural distribution,
and image interpretation and is mainly used to assist detec-
tion [8]. The borehole TV system can observe the geological
conditions in the borehole by using photos or video images.
The test method is simple, but the detection accuracy is
undermined when the borehole contains water or the hole
collapses [7, 9].

The distributed optical fiber sensing (DOFS) technology
has many advantages such as distributed monitoring, long
distance monitoring, good durability, strong anti-interfer-
ence, and good performance of coordinating with the mea-
sured object. Though DOFS has been widely used in
geotechnical engineering [10–12], the application research
of this technology in the coal mining field is still in the explo-
ration stage due to such features as the large depth of coal
seams, complex multifield effects of rock and soil, and the
sever deformation of mined overburden. In recent years, by
analyzing the abnormal characteristics of measured values
and the surge loss point of the optical fiber cable [13], the
peak of the Brillouin frequency shift [14], and the layer of
the fiber cable breakpoint [15], many research achievements
have been made in measuring the height of the water-flowing
fractured zone. But no specific criteria have been established.
Through making a similar-material test model and using
optical frequency domain reflectometry (OFDR) technology,
this study analyzed the deformation and failure characteris-
tics of overburden under mining conditions, studied the
strain distribution rules, explored the strain changes and
shear stress sign changes when the rock cracks, and proposed
a method of using the measured strain to measure the height
of the water-induced fractured zone in overlying strata. This
paper has provided theoretical basis and technical support
for the identification of rock cracks and safe mining of coal
mines.

2. Theoretical Method to Measure the Height of
the Water-Flowing Fractured Zone

2.1. OFDR Test Principle. Optical frequency domain reflec-
tometry technology (OFDR) is a strain measurement tech-
nology based on variations of Rayleigh scattered light. It
uses continuous wave frequency scanning technology to
establish the linear dependence of frequency drifts of Ray-
leigh back-scattered light spectrum with the strain and tem-
perature along the length of an optical fiber, thus realizing
the distributed measurement of the measured structure and
obtaining a high spatial resolution [16, 17].

When using OFDR to measure the tested structure, tem-
perature changes affect the strain value. Therefore, the strain
test of optical fiber was performed indoors under different

temperature conditions. The test results are shown in
Figure 1.

It can be seen from Figure 1 that when the structure was
measured by using the OFDR, a strong linear relationship
existed between the change in strain and temperature with
the slope of 7.8913με/°C. That is, for each change of 1°C in
temperature, the measured strain will change accordingly
by 7.8913με. According to the laboratory tests, a change of
less than 10°C in rock mass temperature caused by aquifer
leakage would result in a variation of 80με in strain [18],
which was far smaller than the strain (greater than 600με)
generated during rock damage. Therefore, the temperature
change induced by aquifer leakage when the cracks appeared
in the rock layer had few impacts on the measured strain and
could not affect the strain-based identification of open
fractures.

2.2. Measure the Height of Water-Flowing Fractured Zone by
Analyzing Strain Measured through Vertical Boreholes. In
order to grasp the characteristics of deformation and failure
of overlying strata under mining conditions, an optical fiber
sensor was laid from the ground to the coal mining area.
Figure 2 shows the distributed monitoring and deformation
characteristics of overlying strata under coal mining.

There are two steps to determine the height of the water-
flowing fracture zone based on the DOFS technology.

2.2.1. Rock Breakpoint Identification. It can be seen from
Figure 2 that the coal seam mining caused the rock strata to
move and deform towards the direction of the gob
(worked-out area at the bottom) and two zones (water-flow-
ing fractured zone and bending zone) were gradually
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Figure 1: Linear relationship between strain and temperature
(obtained by OFDR measurements).
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generated in the overlying strata. The tensile strength of the
rock was far weaker than its compressive strength. Most of
the deformation was tensile deformation. When the stress
of the rock caused by the mining of the coal seam is greater
than its tensile strength, the rock will be damaged [13]. The
identification of the breakpoint at this time can be calculated
by formula (1).

σ½ � ≥ σt: ð1Þ

In the formula, ½σ� is the stress on the rock caused by coal
seammining, which is calculated by the formula ½σ� = Erock ⋅ ε
. Here, Erock is the elastic modulus of the rock and ε is the
strain on the rock. Before tension cracks appeared within
the rock, the fiber sensor deformed along with the surround-
ing rock. Therefore, the strain monitored by the fiber sensor
is considered as the degree of rock deformation. σt is the ten-
sile strength of the rock.

2.2.2. Identification of Overburden Fracture Position. With
the advance of the working face, the immediate roof and
the basic roof were successively damaged, fractures and
abscission layer occurred due to settlement differences
between the main key stratum, inferior key stratum of the
overlying rock layer or the hard rock, and the lower rock
mass. When a fracture occurred in a key stratum or hard
rock, the key stratum or the upper rock layer was settled,
and the lower rock layer was further compressed.

In Figure 2, when fractures occurred in the rock, the
upper and lower rock layers were relatively far away from
each other, but shear deformation occurred between the fiber
sensor and the rock. At this point, the direction of the shear
stress on the fiber sensor at the lower part of the fractured
rock was deviating from the mining area, while the direction
of the shear stress on the fiber sensor at the upper part of the
fractured rock was pointing to the mining area. The shear
stress on the rock mass can be calculated by formula (2) [19].

τ = Efiber ⋅D
4 ⋅

dε
dx : ð2Þ

In the formula, τ is the shear stress acting on the sensing
optical fiber. The shear stress pointing to the mining area
takes a negative value, and the shear stress deviating from
the mining area takes a positive value.

Efiber is the elastic modulus of the fiber sensor; D is the
diameter of the fiber sensor; dε/dx is the strain gradient of
fiber sensor along the vertical direction of overlying strata.

According to formula (2), the shear stress between the
fiber sensor and the surrounding rock and soil mass is pro-
portional to the strain gradient. The changes of the strain gra-
dient directly reflect the magnitude of shear stress.

The overburden deformation started from the roof of the
coal seam and gradually extended from the bottom to the top.
By using formula (1) to identify rock breakpoints and using
formula (2) to calculate the highest location where the shear
stress changed from a positive value to a negative one, the
study pinned down the height of the water-flowing fractured
zone at the current mining stage.

3. Similar-Material Model Test of Coal Mining

3.1. Test Model Design. As one of the seven largest coal fields
in the world, Shendong Coalfield is the largest coalfield with
proven reserves in China. Daliuta Coal Mine in the Shendong
Coalfield is located in the northernmost part of Shenmu
county, 57 km away from the center of the county. By refer-
ring to the drilling data of J60 in Daliuta Coal Mine and using
the working face of 2-2 coal seam as the background, the
study made a test model with the length, height, and width
at 300 cm, 105.9 cm, and 30 cm, respectively, based on the
similarity theory.

According to field conditions of Daliuta Coal Mine, the
following similarity parameters are selected: geometrical sim-
ilarity ratio (taken as Cl = 100), time similarity ratio
(Ct =

ffiffiffiffiffi

Cl

p

= 10), bulk density similarity ratio
(Cγ = γM/γH = 1:5), and stress similarity ratio
(CR = RM/RH = Cl ⋅ γM/γH = 150). In the formula CR = RM/
RH = Cl ⋅ γM/γH , RM and RH are the mechanical strength of
the prototype and the model, respectively, and γM and γH
are the bulk density of the prototype and the model, respec-
tively. The mechanical parameters of the prototype and test
model of Daliuta Coal Mine and the ratio of similar materials
are shown in Table 1 [20].

The inclination angle of the strata in Daliuta Coal Mine is
near horizontal. For the ease of laying, the model was treated
as horizontal rock formations. Each rock stratum in the test
model was developed based on the ratio for similar physical
properties in Table 1. River sand was used as aggregate,
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Figure 2: Distributed monitoring and deformation characteristics of overlying strata under coal mining.
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calcium carbonate and gypsum were used as cement raw
materials, and borax was used as retarder. After various
materials were mixed evenly, the materials with similar phys-
ical properties were generated. In order to ensure the strength
of the laying model, the generated materials were hammered
and compacted layer by layer from the bottom to the top in
the model test bed. The thickness of each layer of coal rock
stratum was no more than 3 cm, and the surface of each layer
was coated with coarse mica powder to separate the layers.
The river sand used in the model was dried and screened to
remove large particles and ensure particle uniformity and
stability of test data. In the model test, wood strips with a
length of 5 cm and a height of 4.2 cm were closely arranged
to simulate coal seams to facilitate coal mining and ensure
the same advance distance. According to the geometric sim-
ilarity ratio, the actual advance distance and mining height
simulated in this model test are 5m and 4.2m, respectively.

3.2. Overlying Stratum Monitoring Scheme for Coal Seam
Mining. The test used OSI-C-S OFDR to measure the distri-
bution of overburden strain during coal seam mining. Test
equipment is shown in Figure 3.

Table 2 shows the test parameters of the OSI-C-S OFDR
test equipment.

The test used the polyurethane sheath fiber sensor with a
diameter of 2mm to test the overburden strain. Figure 4
shows a physical view and a cross-sectional view of the poly-
urethane sheath fiber sensor.

The mechanical properties and sensing properties of the
polyurethane sheath fiber sensor are shown in Table 3.

The outer layer of the polyurethane sheath fiber sensor
is made of a smooth soft adhesive material. During the
mining process, the monitoring positions may be stag-
gered, affecting the accuracy of the measured data. There-
fore, the fiber sensor in the test section was coated with
colloid and sand and was dried to increase the roughness
of the surface and to improve the coupling between the
fiber sensor and the model rock mass. Figure 5 shows
the pretreatment of the fiber sensor.

Figure 6 shows the similarity model made by similar
materials of rock stratum in Daliuta Coal Mine in Table 1.

As can be seen from Figure 6, in order to ensure that the
mining boundary does not affect the deformation of overly-
ing strata of the coal seam, the open-off cut of 2-2 coal seam
in the test was located at 75 cm from the left of the model,
with the advance distance of the model being 125 cm and
the advance distance of the simulated working face being
125m. In order to detect the characteristics of overburden
deformation of coal seam, line B and line C fiber sensors were
embedded in the mining area of coal seam, and line A and
line D fiber sensors were embedded in the pillar area of coal
seam. The distances between lines A, B, C, and D and the left
boundary of the model were 50 cm, 115 cm, 190 cm, and
250 cm, respectively. Considering the high-intensity mining
of overlying strata in the coal seam, a section which was
115 cm to 170 cm away from the left boundary was selected
as the study area, to test the method for measuring the height
of the water-flowing fractured zone in the process of coal
seam mining.

Before the coal seam mining test, all fiber sensors were
connected to the test instrument independently and the ini-
tial strain of overburden was tested. Each time when the
working face advanced by 5 cm, the test model was left to
stand still for 30 minutes. The data collection of each mining
stage started only after the overburden deformation was sta-
bilized during 30 minutes. This data collection procedure was
adopted until the end of the test. The actual overburden
strain equals to the overburden strain caused by coal seam
mining minus the initial strain.

4. Test Result Analysis

After the working face passed the monitoring point of line B,
the roof of the coal seam was taken as the starting reference
point, and the deformation range from the starting reference
point up to the ground was defined as the affected depth. The
overburden strain distribution caused by each mining of the
coal seam is shown in Figure 7.

As can be seen from Figure 7, the working face passed the
monitoring section of line B fiber sensor. As the working face
advanced by 5 cm, the strain value at the distance of 5 cm
away from 2-2 coal seam roof was 1433με. After comparing
the strain value with the tensile strength of the rocks in
Table 1 and combining the calculation of formula (1), it
can be indicated that at this time, the rock layer 5 cm away
from the roof has been damaged and the upper rock mass
was in a stable state. With the advance of the working face,
the strain value decreased gradually due to the stress release
of the rock mass in the original disturbance area, but the
strain between the key stratum of fine sandstone (9) and
sandy mudstone (8) increased gradually. As the working face
advanced to 40 cm, the strain gradually concentrated at
14.3 cm and 37.8 cm away from the roof of the coal seam,
and its magnitude was 662με and 1836με, respectively. After
comparing the strain value with the tensile strength of the
rocks in Table 1 and combining the calculation of formula
(1), it can be indicated that the rock strata broke at this time.
As the working face advanced to 55 cm, the strain value
surged at the place 37.8 cm away from the roof of the coal
seam, reaching 6065με, after which the test signal weakened
and the strain value could not be measured accurately.

Figure 3: OSI-C-S OFDR test equipment.
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Table 2: Test parameters of the OSI-C-S OFDR instrument.

Name Test length
Number of test

channels
Spatial

resolution
Sampling rate

Strain test
range

Strain test
accuracy

Temperature
range

Option
Up to
100m

4 1mm or 1 cm
4 hz as the
fastest

±12000με ±1.0 με -200°C~1200°C

(a) Physical map

Fiber

Polyurethane
elastic sheath

(b) Profile

Figure 4: Polyurethane sheath fiber sensor.

Table 3: Mechanical properties and sensing performance of polyurethane sheath fiber sensor.

Parameter
category

Fiber
diameter/mm

Core
diameter/mm

Maximum
breaking force/N

Modulus of
elasticity/GPa

Coefficient of
strain/MHz/με

Temperature
coefficient/MHz/°C

Strain
measuring
range/με

Value 2.0 0.9 220 0.2 0.04998 1.89 -10000~20000

(1) glue applying (2) sand sticking (3) drying (4) finished product

Figure 5: Pretreatment of fiber sensor.
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Figure 6: Rock distribution, fiber sensor arrangement, and research scope in model test (unit: cm).

6 Geofluids



According to the overburden strain distribution in
Figure 7, formula (2) was adopted to calculate the distributed
shear stress of the fiber sensor after the working face passed
the monitoring section of line B. The calculation result is
shown in Figure 8. In order to facilitate the analysis of prob-
lems, this paper chose the distributed shear stress of the fiber
sensor when the working face advanced to 5 cm, 30 cm, and
55 cm, respectively (as shown in Figure 8). It can be seen
from Figure 2 that the distribution of tensile fractures in rock
strata was related to the sign changes of shear stress during
coal mining. Therefore, the mean value of the shear stress
of the fiber sensor was obtained to form a solid line in
Figure 8 by averaging the shear stress in the same direction
(indicated by a dotted line). According to the position where
the sign of the shear stress changed in the solid line in
Figure 8, the overburden deformation caused by coal seam
mining has the following characteristics: when the working
face advanced to 5 cm, the sign of the shear stress changed
for the first time at the position 5 cm away from the roof of
the coal seam. When the working face advanced to 30 cm,
the damaged rock mass moved towards the gob due to the
pressure of the overlying strata, and the overlying rock strain
gradually increased from the bottom to the top, and a num-

ber of sign change points of shear stress appeared. However,
according to the rock breakpoint identification formula (1),
the rock at the abovementioned positions where the sign of
shear stress changed has not been broken. When the working
face advanced to 55 cm, the degree of overburden disturbance
intensified, and the change points of shear stress gradually
concentrated at the positions 14.3 cm and 37.8 cm away from
the roof of the coal seam. The magnitude of the shear stress
exceeded the tensile strength of the rock. Therefore, in this
test, it can be concluded that when the working face advanced
to 55 cm, the height of the water-flowing fractured zone was
37.8 cm.

In order to grasp the characteristics of overlying stratum
deformation and failure during coal seam mining, according
to the monitoring requirements of photogrammetry system,
noncoding points were set at 10 cm intervals along the hori-
zontal and axial directions of the model, starting from the left
boundary of the coal seam roof and model frame in the
model test. In order to compare with the monitoring results
of mining-induced overburden strain, representative images
about overburden deformation after the working face passed
through line B fiber sensor were selected, as shown in
Figure 9. Figure 9(a) shows that when the working face
advanced to 5 cm, the rock layer 5 cm away from the roof
of the coal seam collapsed and moved towards the gob.
Figure 9(b) shows that when the working face advanced to
40 cm, cracks appeared 14.3 cm and 37.8 cm away from the
roof of the coal seam. Figure 9(c) shows that when the
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working face advanced to 60 cm, the abscission layer was
formed at 37.5 cm away from the roof of the coal seam, and
the rock layers below the abscission layer were settled and
compressed.

The height of the water-flowing fractured zone calculated
by using the proposed strain-based method is basically the
same with the deformation and failure results of the overly-
ing strata in the model test.

The formula for calculating the height of the water-
flowing fractured zone in building, water, railway, and main
shaft roadway pillar and coal mining specification (specifica-
tion in short) is shown in formula (3) [3].

H = 100∑M
1:6∑M + 3:6 ± 5:6: ð3Þ

In the formula, ∑M is the cumulative thickness. The
cumulative mining thickness of the coal seam in this test
was 4.2 cm.

According to formula (3), the predicted height of the
water-flowing fractured zone is between 35.1 cm and
46.3 cm. This predicted height includes both the height of
the water-flowing fractured zone calculated by the measured
strain and the height of the abscission layer in the model test.
It shows that the proposed method for calculating the height
of water-flowing fractured zones in this paper is reliable.

5. Discussion

(1) The method of using the measured strain to calculate
the height of the water-flowing fractured zone shows

that as long as there was a crack between the upper
and lower stratum layer, the sign of the shear stress
changed. Due to the high resolution of the OFDR
instrument, in the early stage of coal seam mining,
even small strain differences in the overburden mon-
itoring section can cause sign changes of the shear
stress in many places. As the working face advanced,
the crack that has appeared gradually closed, the
shear stress gradually increased, and the sign changes
concentrated at specific positions. Influenced by the
fiber sensor’s own strength, the overburden strain
distribution curve was centered on the maximum
deformation position of the rock mass, with the value
gradually decreasing from that position to both the
top layer and bottom layer. Therefore, when calculat-
ing the rock layer strength according to formula (1), a
large fracture range appeared, which was not consis-
tent with the results of the model test. The height of
the water-flowing fractured zone can be accurately
calculated only by combining the rock breakpoint
identification formula (1) with the fracture position
identification formula (2)

(2) In the study of coupling between the fiber sensor and
surrounding medium, Madjdabadi et al. [21] fixed
the fiber sensor to the beam body with binder and
analyzed the process of coordinated deformation
and strain transfer between the two. Zhang et al.
[22] developed a test device for testing the interaction
between the fiber sensor and soil and proposed a cou-
pling coefficient to quantitatively describe the cou-
pling. In the aspect of mining-induced overburden

Collapse

(a) Working face advanced to 5 cm

Fissure

(b) Working face advanced to 40 cm

Abscission layer 

(c) Working face advanced to 60 cm

Figure 9: Overburden deformation and failure diagram after the working face passed line B fiber sensor.
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deformation measurement by DOFS technology, the
coupling between the fiber sensor and rock mass is
affected by the interaction between the two materials
and rock mass structure, which needs further theo-
retical derivation and experimental verification to
establish the shear-stress-based fracture identifica-
tion criterion

(3) Using single-point sensors such as resistance strain
gauge or vibrating string stress meter to monitor
mining-induced overburden deformation is prone
to problems including leakage detection and electro-
magnetic interference [23]. By applying OFDR tech-
nique, the position where overburden fracture
occurs is detected accurately. However, the strain
measurement range of this technology is ±12000με.
The initial deformation test in the overburden model
test is relatively accurate. But when large deformation
occurs, for example, an abscission layer forms, the
test signal weakens until the fiber sensor breaks, and
the signal cannot be tested. At present, Brillouin opti-
cal time domain reflectometry (BOTDR), Brillouin
optical time domain analysis (BOTDA), Brillouin
optical frequency domain analysis (BOFDA), and
other testing instruments are widely used in the field
of rock and soil deformation monitoring, and their
strain measurement range is ±15000με [24]. The
Brillouin back-scattering signal of the BOTDR
instrument is very weak, so it is easy to miss the signal
when the rock breaks and an abscission layer forms
in the model test. However, this instrument has the
advantage of single-end measurement, and no circuit
is needed, which is suitable for field test. According to
stimulated Brillouin effect, BOTDA and BOFDA
instruments receive strong signals and have a high
spatial resolution, which are suitable for indoor
model test. But this kind of equipment requires
double-ended measurement to form a test loop, and
the whole monitoring section cannot be measured
when the rock mass deformation is too large and
the fiber sensor breaks in the field application. There-
fore, in the overburden monitoring during coal seam
mining, it is important to select suitable test instru-
ments and fiber sensors according to the measure-
ment range and develop fiber sensors suitable for
measuring large deformation

6. Conclusion

(1) Based on the overburden strain distribution under
the mining condition of coal seam, the study detected
the deformation and failure state of rock mass. By
combining the coordinated deformation characteris-
tics between the fiber sensor and surrounding rock
and soil mass, this paper summarized a linear rela-
tionship between the shear stress and strain gradient
of the fiber sensor. By observing the position where
the sign of the shear stress was changed from positive
to negative, the study then detected the fracture posi-

tion and proposed a method to predict the height of
the water-flowing fractured zone. In addition,
according to the similarity model test by using similar
materials of Daliuta Coal Mine, the height of the
water-flowing fractured zone was calculated to be
37.8 cm based on measured strain. This result is in
close agreement with the actual rock failure height
in the model test and the predicted height by empir-
ical formulas’ result in the specification, which indi-
cates that the calculated result of the proposed
method meets the engineering practice. Besides, this
method has the characteristics of distributed mea-
surement, high sensitivity, and good stability and
has a good application prospect in measuring the
height of the water-flowing fractured zone in time
in the process of coal mining

(2) The OFDR measurement result shows that there was
a strong linear relationship between strain and tem-
perature. In general, if the change of temperature
caused by water seepage from aquifer was small, the
strain magnitude had little influence on the identifi-
cation of rock fracture position. Due to the limitation
of the deformation of the fiber sensor, the test signal
was weakened when large deformation occurred, so
it was difficult to measure the strain accurately.
Therefore, it is necessary to develop a fiber sensor
suitable for large deformation of overlying strata.
The fracture position can be detected by the strain
measured by the fiber sensor and the location where
the sign of the shear stress changed, but the fracture
identification based on shear stress value requires
further study
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