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Aiming at the large deformation and the dynamic fracture of roadway during the underground excavation or mining, a physical
simulation and strain testing system was established, and the deformation process of surrounding body and its inner strain
characteristics of the simulated roadway under loading was carried out. Results showed that the inner strain change of the
measurement points can be divided into three types: the strain firstly increases and then decreases, the strain slowly increases and
then increases sharply, and strain firstly reduces and then increases.)e strain starting time is closely related to the failure path and
boundary of tested samples. )is paper suggested two criteria for determining the instability of roadways, which are a huge and
faster increase of strain at the location of the roof and floor with high absolute value, or a small increase with a peak value or
irregular fluctuation. )is paper provides a new idea for the simulation of roadway instability and is significant in deeper
understanding the deformation and destabilization of underground roadway.

1. Introduction

)e efficient production and transportation of coal mine
cannot work without all kinds of roadway in the ground
mining system. Once the deformation of roadways occurred,
the normal production and transportation in mine will be
seriously affected and personal casualties may even be
caused. With expense of mining depth and area, the envi-
ronmental and geological conditions are more complicated.
)e in situ stress of mining area increases associated with
higher fracture frequency and intensity of roadways. )us,
the prediction and control of roadway deformation and
fracture still challenges the safe mining in deep mines [1, 2].
Real-time and reasonable monitoring of roadway de-
formation and accurate control of surrounding rock are very

important for realizing the stability of roadway surrounding
rock and ensuring the safety of roadway [3–7].

Previous studies studied the instability of the tunnel
through numerical simulations and experiments (laboratory
and field). Numerical simulation software verifies the
roadway deformation in an ideal state which failed to
consider the effect of all factors on final results [8–10]. )e
laboratory simulation performed better than field experi-
ment for the isolated nuisance factors which cannot be
controlled. )rough monitoring the long-term deformation
of underground tunnel in Jingchuan Mine and combined
with the engineering geological survey, the main factors
affecting the instability of the mining roadway were ob-
tained, and the ground pressure control measures were
proposed by Lu et al. [11]. )rough the simultaneous
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monitoring program of stress, strain, acoustic emission
(AE), and ultrasonic (UT),Wang et al. [12] obtained the time
and spatial relationship between stability and these pa-
rameters and proposed a joint monitoring method to detect
the tunnel stability and rockburst disasters in coal mines.
Chai et al. [13] used the BOTDA (Brillouin Optical Time-
Domain Analysis) distributed optical fiber sensing tech-
nology to simulate the movement of rock-similar material.
Based on similar simulation experiments, Zeng et al. [14]
studied the failure process of deep roadway, proposed the
boundary conditions of the model, and obtained the vari-
ation law of stress and strain and the failure path of the
roadway model during loading. With the continuous im-
provement of roadway monitoring technology, optical fiber
is employed for monitoring and early warning in mining
industry for it directly measures the strain and temperature
and indirectly measures the pressure, displacement, flow,
acceleration, humidity, and other parameters. For example,
the Fabry–Pérot fiber-optic sensors were used to study the
hydration process in two different concrete volumes, and the
results illustrated that the strain change of concrete was
based on the nature of the mix and the concrete volume [15].
)e microscale strain cannot be accurately determined by
traditional technologies but can be monitored by the fiber-
optic techniques. )e very low strain in large-scale in-
frastructures was determined by a novel fiber-optic method,
which is invented by Regez et al. [16]. At the same time, other
studies [17–20] conducted the experiments in coal mine, and
the results were significant to the study of monitoring de-
formation and fracture process of roadway by FBG.

)e model test is often difficult to achieve the desired
results, and accurate measurement of the internal de-
formation in themodel test is rare.)us, this paper establishes
a similar simulation of the deformation and destruction of
surrounding rock of roadway using the fiber Bragg grating
sensing technology. Findings extend the existing simulation
methods and offer better strategy for the investigation of the
deformation and destruction of the surrounding rock.

2. Experimental Systems

2.1. Experimental System. )e experimental system is com-
posed of loading system and data acquisition system (fiber
grating strain acquisition system), as shown in Figure 1. )e
loading system is composed of hydraulic oil pump, DCS
controller, and Power Test V3.3 control program. )e data
acquisition system consists of FBG (fiber Bragg grating)
sensor, fiber grating demodulator (America Micron Optics
Company), and computer.

2.2.ExperimentalProgram. )e specimens were prepared by
pulling the required amount of paraffin and sand into the
mold after being dried and uniformly mixed (the mass ratio
between paraffin and sand is chosen from the paper [21] by
Wang et al.). )ey were then placed onto the bottom plate of
the testing equipment as shown in Figure 1. Top load was
then gradually applied to the specimen until its failure. Stress
and strain data were recorded during the test.

2.3. .e Model Sample Preparation. )e tunnel model was
made as shown in Figure 2(a). )e fiber grating sensor was
placed firstly in the design position, and then, the cylinder was
placed in the middle of the device. )e mixed sand and
paraffin was put into the mold and compacted. After the
paraffin was cooled, the mold was removed and placed into
the loading chamber (as shown in Figure 2(b)) where the
membrane stress meter was installed. According to the di-
ameter of the round rock roadway that is 3.75m, the diameter
of similarity model was 75mm as experimental design.

2.4. SensorPlacement. )e deformation of surrounding rock
is gradually expanding from inside to outside, and the study
of internal deformation is a breakthrough to determine the
macroscopic deformation. )erefore, in this paper, fiber
Bragg grating sensing technology is used to study the in-
ternal strain characteristics of circular simulated roadway at
different depths and orientations. According to the fractured
image and the experimental results, the fiber grating sensor
(Figure 3(a)) is selected. )e radial distance of the model
circular hole wall is chosen as 10mm, 20mm, 30mm, and
40mm, and the interval between each adjacent point is 45°as
shown in Figure 3(b).

3. The Experiment Results of Internal
Deformation of Roadway

According to the different radial distances experiment, the
results of internal tunnel strain are shown in Figures 4–7.

)e results show that the strain variation observed by
four sensors is different as shown in Figure 4. )e strain
started from point 1, while the responding trends of points 1,
2, 3, and 4 are similar. Compared with the smooth variation
at points 1 and 3, the strain curves of points 2 and 4 were
jagged. It is noted from Figure 4(b) that the strain curves at
points 5–8 were significantly different from the former ones.
For example, the strain at point 8 increased rapidly at 125 s.
After reaching the minimum value, the strain at point 5 also
began to rapidly increase at 175 s. As a comparison, the
strain change of point 7 was more stable, and point 6 had
almost no change.

As shown in Figure 5, it can be seen that the change of
points 1 and 3 is similar, and so do the points 2 and 4. )e
strain time of points 1 and 3 is earlier than that of points 2
and 4, and the value begin to rapidly increase at 140 s, after
which the trend is more intense. Although the changes of
points 5, 6, 7, and 8 are more complex, they are similar in the
whole, and there is one impulse change of each between
100 s and 250 s, and the changes of them express as sawtooth
shape from 250 s to the end of the experiment.

From Figure 6, the characteristics of strains at points 1, 4,
5, and 8 are similar.)e strain at sensors 1 and 5 was observed
earlier than that at sensors 4 and 8, respectively. )ere are no
significant changes between points 2, 3, 6, and 7.

It can be seen from Figure 7 that the strain increased
earlier and rapidly at points 1 and 3, and both of them
reached 3000 μm/m after 230 s. As a comparison, the strain
variation at point 2 is more stable, while one peak strain
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(a) (b)

Figure 2: Similar model sample: (a) model and (b) the sample.
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Figure 3: FBG sensor layout diagram: (a) grating sensor layout plane and (b) location of measuring points.
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value 700 μm/m was observed between 200 s and 300 s at
point 4. However, the strains at points 5, 6, 7, and 8 mainly
change in the posttest stage. For both points 5 and 6,
negative peak strain values were observed at the time 180 s
and 260 s, respectively, which indicated the existence of local
ruptures. )e strain value at points 7 and 8 rises as vertical
angle at 350 s and 410 s.

4. The Strain Law in Different Areas

)e surrounding rock of roadway is divided into three re-
gions: the cracked, plastic, and elastic regions [22], as

illustrated in Figure 8. )e sample radius is r0, the original
stress is p0, the support load is pi, and the variables sub-
scripted 1, 2, and 3 denote rupture, plastic, and elastic zones,
respectively.

Based on the equilibrium equation of the stress satis-
faction in each zone (ignoring the volume force), the fol-
lowing equation is gained:

dσr

r
+

σr − σθ( 

r
� 0, (1)

where σ is stress. )e subscripts θ and r represent radial
direction and circumferential direction, respectively.
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Figure 5: )e grating strain-time curve at 20mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the strain-
time curve of 5–8 FBG sensors.
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Figure 4: )e grating strain-time curve at 10mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the strain-
time curve of 5–8 FBG sensors.
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)e stress of the surrounding rock in the presence of
plastic yield and rupture satisfies the Mohr–Coulomb cri-
terion, which can be expressed as

F � σθ −
(1 + sinϕ)

(1− sinϕ)σr

−
2c cos ϕ

(1− sinϕ)
� 0, (2)

where φ is the internal friction angle and c is cohesion.
Based on the deformation law in each region, the fol-

lowing equation is gained:

εr �
zs

zr
,

εθ �
s

r
,

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(3)

where ε is strain and s is displacement.
According to the plasticity theory, the plastic strain

depends on the plastic potential and corresponding to the
Mohr–Coulomb criterion, the plastic potentialΦ is obtained
by the following equation:
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Figure 6: )e grating strain-time curve at 30mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the strain-
time curve of 1–4 FBG sensors.
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Figure 7: )e grating strain-time curve at 40mm from the roadway wall: (a) the strain-time curve of 1–4 FBG sensors and (b) the strain-
time curve of 1–4 FBG sensors.
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Φ � σθ − βσr, (4)

where β � (1 + sin δ)/(1−sin δ) and δ is the expansion angle.
Based on Equation (4) and nonassociated flow rules, the

constitutive equation in rupture and plastic zone is
expressed as

εr �
(1− μ) σr −P0( − μ σθ −P0(  

(2G)
− ξβ,

εθ �
(1− μ) σr −P0( − μ σθ −P0(  

(2G)
+ ξβ,

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(5)

where P0 is the initial stress and G is the shear modulus; μ is
Poisson’s ratio, and ξ is the plastic strain.

)e stress boundary and contact condition of the
problem are as follows:

σr1 � Pi (r � r0),

σr1 � σr2, u1 � u2 (r � R1),

σr2 � σr3, u2 � u3 (r � R2),

σr3 � P0 (r �∞),

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(6)

Based on the above condition and equations, the strain
laws in rupture, plastic, and elastic zones are gained as
shown in Equations (7)–(9).

(1) )e strain law in rupture zone

εr1 �
[Μ1η1P1

i (r/β)M1−1 + Aβ1(R1/r)β1−1 − (1− 2μ)P1
0]

(2G)
,

εθ1 �
[η1P1

i (r/β)M1−1 + A(R1/r)β1−1 − (1− 2μ)P1
0]

(2G)
,

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(7)

where P1
i � c1 cotφ1 + Pi, η1 � (1− μ)(Μ1β1 − 1)/(Μ1 + β1)

− μ, M1 � (1 + sinφ1)/(1− sinφ1), β1 � (1 + sin δ1)/
(1− sin δ1), P1

0 � P0 + c1 cotφ1.

(2) )e strain law in plastic zone

εr2 �
[N2η2σ1P1

i (r/R1)
N2−1 + Bβ2(R2/r)β2+1 − (1− 2μ)P2

0]

(2G)
,

εθ2 �
[η2σ1(r/R1)

N2−1 −B(R2/r)β2+1 − (1− 2μ)P2
0]

(2G)
,

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(8)
where σ1 � P1

i (R1/a)Μ2−1 + c2 cotφ2 − c1 cotφ1, η2 � (1− μ)

(M2β2 + 1)/(M2 + β2)− μ, M2 � (1 + sinφ2)/ (1− sinφ2),
P2
0 � P0 + c2 cotφ2, β2 � (1 + sin δ2)/ (1− sin δ2).

(3) )e strain law in elastic zone

εr3 �
−(P0 − σ2)P2

2r
−2

(2G)
,

εθ3 �
(P0 − σ2)P2

2r
−2

(2G)
,

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(9)

where σ2 � σ1(R2/R1)
((1+sinφ2)/(1−sinφ2))−1 + c2 cotφ2.

It can be noted that the strain value decreases in radial
direction and increases in circumferential direction with the
distance increasing, while the strain value in radial direction
and circumferential direction is different at one circum-
ference.)is explains how the strain changes under the load.
However, the actual change of strain at different measuring
points needs to be judged by the experimental result.

5. Discussion

5.1. .e Characteristics of Strain at Different Points. Due to
the influence of excavation, the original stress state at the
roof and floor of the tunnel is changed from the steady state
to the stress concentration state and finally reaches the new
stress stabilization state. During this transaction, the sample
produces secondary cracks and new cracks, and the original
cracks are closed at the same time. At this point, the shape of
the sample may be expanded or compressed and may be
transferred from elasticity to plasticity and macroscopic
rupture. As the FBG is applied as the carrier of probe, FGB
will be stretched and shrunken during the loading process,
so the strain value will appear positive and negative values.
)e strain value at point 7 in Figure 5 and points 5 and 8 in
Figure 7 is negative, which means that regions are com-
pressed under pressure. )e strain value at points 1 and 3 in
Figure 4 and points 4 and 8 in Figure 6 is positive, which
means that the specimen is stretched under the stress. With
the increases of axial load on specimen, the strain of the
different probes varies. )e types of the strain can be divided
into three categories: Firstly, with the increase of the load,
the strain firstly increases and then decreases. Secondly, the
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Figure 8: Analytic model of a circular opening.
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strain increases continually during the whole loading pro-
cess. In detail, the growth rate is slow at the beginning, and
then at a certain moment, the strain increases exponentially.
)e last category is that the strain of the specimen decreases
and then increases. As shown in Figures 4–7, the point 4 in
Figure 7 and the point 5 in Figure 5 belong to the first type,
while the point 1 in Figure 4 and the points 1 and 3 in
Figure 5 belong to the second type. Surely, some points
belong to the third type, such as points 5 and 6 in Figure 7.
From Figure 9, during the loading process, the top of the
specimen bent to the free surface after loading is greater than
the degree of compaction, which is shown as type 1. Under
the axial stress, as the measuring point in the rupture zone is
close to the direction of the wall and principal stress, the
strain is negative and gradually decreases because the cracks
and pores inside the specimen are compacted during the
loading process. On the other hand, the sample is bent
toward free surface that causes the strain value to be greater
than zero and gradually increasing. At the early stage, the
effect of them is basically equal, which causes the strain to
remain essentially unchanged. However, with the increase of
the load, the structure gradually loses the carrying capacity
which resulted in higher strain rate that increases rapidly
until the sample ruptured, and this change is type 2. When
the angle near the roof is 30°, the sample will slip. When be
obstructed at the axis of the roadway, the structure near it
will be compacted. Due to the confining pressure, the pore at
the bottom of the sample will be gradually compressed.
When the compaction limit is reached, the confining
pressure hinders its lateral expansion, resulting in a kick
drum phenomenon, manifested as type 3. Due to the uneven
distribution of internal porosity and structure of the sample,
different probes of the sample showed the localized rupture
characteristics.

5.2. Relationship between Initial Strain Time and Final
Macrofracture Mode. Figure 10(a) shows the initial time
(moment) when the strain changes significantly of different
monitoring points in Figures 4–7.)e initial time of strain is
important information to reflect where the sample will
rupture. In order to make a comparison between the initial
times of monitoring points and the final macrofracture of
the specimen, we extract these initial times and draw this
color map as shown in Figure 10(a).

As there is a hole existed at the middle of the sample with
no strain, the start time of its strain is set to a longer time
(longer than the rupture time). In this paper, Surfer software
is used to plot the start time of strain and the position into
the cloud map as shown in Figure 10(a). It can be seen from
the cloud map that the first response time of the sample’s
strain measurement point is distributed ring-shaped. Dang
et al. [23] conducted experiments and numerical simulations
on direct shear tests to analyze the variation of shear forces
and sample inclination during loading. )e distribution is
shear type at the right wing and extends from the vicinity of
the wall to both ends and the direction of main stress. )e
strain time is discontinuous at the top of the arc, and it
extended to the tunnel wall and the top of the arc. When the

points at left wing and bottom are measured and the char-
acteristics is opposite at two lower wings, the results found
that the “time crack” extended from the border to the internal,
and there is no obvious change at the horizontal axis before
the macrofracture. However, the two lower wings became the
macroscopic rupture boundary. According to the research
[24–27], the stress region of both the postexcavation coal
mine roadway and the loaded specimen is divided into the
elastic zone and plastic zone with ring-shaped distribution
and other zone, and thus, the first response time of the strain
measurement point is presented ring-shaped distribution
basically. As the load on the specimen increases, the radius of
plastic area continues to expand, which provides a channel for
crack extending. As the original structure of the right wing is
weak, the structure is damaged under load, and the secondary
and new cracks occur in this process. )ose cracks extend to
the two ends in the shear type and expand to themain stress at
the same time. )e area of the top of arc is obstructed by the
two wings, which causes that it failed to extend horizontally
and resulted in the formation of the vertical cracks which
extend to both ends. As the region of horizontal axial is in
force balance state and the internal structure is stable, the
sample is not compacted to cause secondary cracks. Due to
the squeezing force from both ends, the bottom structure is
broken and extends to the free face.)erefore, the nephogram
shows the law of the strain time and position and reflects
rupture path and boundary of the specimen at the same time.

5.3. Scale Effect of the Physical Simulation. )e scale effect
means that the physical and mechanical properties of rock
materials are not constant, and it changes with the geo-
metrical dimensions of the material. Scale effect is widely
found in defective materials such as rock and coal. Martin
[28] experimented on 13 kinds of granite square specimens
with different hole diameters and obtained the experimental
results as shown in Figure 11. When the diameter of the hole
is less than 75mm, the effect on the specimens’ damage is
more obvious which indicates that the hole diameter has
strength size effect on cave wall failure. )e study of Gong
et al. [29] also supports this conclusion. In order to study the
roadway stability, the geometrical similarity ratio usually
takes 20–50. )is paper is based on a real rockburst coal
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mine and the diameter of the rock tunnel is 3.75m. As for
the design of the specimen containing hole for simulating
the roadway in a real coal mine, under the premise of
meeting the requirements, we optimized the scale and size of
the simulated roadway and reduced section area by reducing
radius of curvature. )erefore, the roadway diameter in the
simulated model is designed as 75mm. And the model
similarity ratio takes 50 so that it can effectively exert the
strength size effect to enhance the stability of simulated
roadway.

It is absolutely correct that using merely one size or scale
is not perfect in the similar simulation tests, and the
size/scale effect of the model hole must be taken into ac-
count. However, due to the size limitation of the servo press
machine in the simulation test, the crack propagation
characterizations in the deformation and failure process of
the surrounding rock in the similar simulation test are
relatively difficult, and it lacks direct internal observation
approach to obtain the obvious characteristics of crack
development. Numerical simulation can make up for this
deficiency; for example, Gao et al. [30] and Zhang et al. [31]
used UDEC, ABAQUS, and other software to conduct in-
depth studies on deformation and failure of roadways and
instability of surrounding rock under actual size conditions.
)e combination of physical model and numerical simu-
lation can complement each other at different scales.
)erefore, in the further studies, on the one hand, we need to
develop the internal observation approaches to obtain the
crack propagation process inside through the similar sim-
ulation tests considering its size effect. On the other hand, we
are supposed to carry out large-scale refined numerical
simulation to provide basic model parameters and com-
plement different scales with similar models.

5.4. Judgement on Tunnel Instability. Based on the study, the
distance determines the plastic zone and the final time of
rupture [32]. )erefore, the strain at 40mm away from
tunnel wall was used to judge the rupture.

From Figure 12, it can be seen that the strain at points 1
and 3 increases rapidly at about 175 s and existed for 30 s,
which is due to the optical fiber fracture. Strain at point 4 has
a slight pulsed signal fluctuation when close to failure and
then tends to be stable. )e strain signal of points 5 and 6
appears to be negative at the loading stage, which indicates
that there is a certain degree of internal squeezing in this
place. )e points 6 and 7 lose signal at the loading stage and
the critical destruction stage. Strain at points 5 and 8 in-
creases at the failure stage, with a peak value lower than 2000,
which may be due to the influence of the damage in the
vicinity of the damage point during and after damage stage.

It can be found that the strain at the measuring point of
the roof and floor is usually increased rapidly at the be-
ginning of the loading stage and lost signals before the
critical point at the destructing stage. In other locations, the
strain of the measuring point increases first and then de-
creases at the loading stage and tends to be constant in the
destruction phase. Based on the analysis of the experimental
results, the following conditions for judging the instability of

560
540
520
500
480
460
440
420
400
380
360
340
320
300
280
260
240
220
200
180
160
140
120
100
80
60
40

Ti
m

e (
s)

806040200–20–40–60–80
–80

–60

–40

–20

0

20

40

60

80

D
ist

an
ce

 (m
m

)

Distance (mm)

(a) (b)

Figure 10: )e strain-time cloud map and macrofracture figure: (a) the start time of strain and measurement points cloud map (b) the
macrofracture figure.

0 15 30 45 60 75 90 105
Borehole diameter (mm)

0.5

1.0

1.5

2.0

2.5

3.0

Stress averaging

Ra
tio

 ta
ng

en
tia

l s
tre

ss
 (σ

c)

Martin [28]
σc: uniaxial compressive strength

Figure 11: Tangential stress required to cause borehole fracture.

8 Advances in Civil Engineering



sample are put forward. (1) )e strain value at the roof and
floor of the roadway starts to increase more rapidly with an
absolute value of over 4000 um/m, or the strain value in-
creases rapidly in a short time. (2) )e strain value increases
a bit and then decreases with irregular fluctuation.

6. Conclusion

In this paper, we established a simulation to study the strain
change of sample representing the actual tunnel. )e strain
time and trend are analyzed, and the conditions of instability
of the tunnel are explored.

(1) )e strain of the different measurement points can
be divided into three kinds, which are as follows: the
strain firstly increases and then decreases with higher
load, the strain increases continually throughout the
loading stage with higher increasing rate, and the
strain decreases firstly and then increases with higher
load.

(2) )e initial time of strain is important information to
reflect where the sample will rupture, and where is
the rupture boundary. By comparing the cloud map
with macrorupture figure, it can be seen that there is
a certain relationship between the fracture path of
specimen and the initial strain time. )e weak
structure causes the local rupture, which determines
the final form under load.

(3) )e criteria of determining the instability of tunnel
include the bending tensile strain at the roof and
floor of the tunnel which began to increase more
rapidly with high absolute value, and the strain value
increases a bit and then decreases and may associate
with irregular fluctuation.
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