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Abstract: For the rapid construction of a rescue channel in the process of underground emergency
rescue, a method for the expanded rescue channel in the collapse body is proposed and verified
by a model test and a numerical simulation experiment. The motion characteristics and motion
law of the expanded collapse body are analyzed on the basis of the mechanics of granular media,
and a comparative simulation study on the main influencing factors of the collapse body motion is
carried out. The results show that: (1) When the collapse body is expanded for a rescue channel, it
will form three types of six relative slip planes. According to the position of the slip plane and the
distribution of displacement, the collapse body can be divided into a direct displacement region, a
stable region, and an indirect displacement region. (2) The expansion process can be divided into
the initial start-up stage, the uplift stage, and the collapse stage, according to the formation time
of the slip plane and the displacement law of the collapse body. (3) The results of the numerical
simulation and the theoretical analysis of the granular media show that the dip angle of the slip plane
is determined by the internal friction angle of the collapse particles, and the dip angles of the three
slip planes are below θ1 = 90◦ − ϕ, θ2 = 45◦ + ϕ/2, and θ3 = 90◦ + ϕ/2. (4) The transverse scope
and longitudinal distance is brought by the expansion increase with the increase in the expansion
size, and the simulated dip angles of the slip plane are larger than the theoretical values due to the
size effect. (5) In the expansion process, the strong force chain in the collapse body is concentrated in
the stress arch above the expander device, and the failure and reconstruction laws of the stress arch
at each stage are consistent with the formation of the slip plane and the uplift and instability law of
the collapse body.

Keywords: collapse body; emergency rescue; internal friction angle; expansion of the size

1. Introduction

With China’s emphasis on coal mine safety production, and the application and
promotion of mechanized and intelligent working faces, safe coal mining has been initially
realized. However, with the transition of some coal mines from the shallow to the deep
mining stage, various disasters are coupled with each other under abominable conditions,
such as high gas, high ground stress, and high ground temperature, making post-disaster
rescue become more and more difficult. For this reason, emergency rescue is still an
important research subject [1]. According to the statistics on coal mine accidents and rescue
experiences, the proportion of people killed at the moment of disaster, in the gas (coal dust)
explosion, coal and gas outburst, and pressure bumping, is less than 10%, while the deaths
of the rest of the people are mostly caused by the lack of oxygen and unavailable supplies
and the long period of rescue in the case of the obstruction of the rescue channel [2,3].
Therefore, when the collapse roadway is blocked after the disaster, how to safely and
quickly construct a rescue channel in the collapse body for timely rescue has become the
key to reducing casualties.
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Some domestic scholars have carried out some research on roadway collapse and
emergency rescue in collapse bodies. Hao Chuanbo et al. [4,5] classified the collapse types
of the mining roadway in the context of a roadway collapse after a dynamic disaster and
obtained the relationship between the roadway state and the formation of roadway collapse
and blockage by taking the different states of the roadway roof and the two sides as analysis
conditions. Shangge Liu et al. [6] studied the unloading behavior of shale under tunnel
excavation and drainage conditions through a series of conventional triaxial compression
(CTC) tests and unloading confining pressure (UCP) tests and proposed a numerical
simulation method of tunnel excavation based on the UCP test. Zhang Guohua et al. [7]
analyzed the collapse state of a combined bolt supporting roadway after collapse and
predicted the shape of the collapse body. Zhou Xinglong et al. [8] analyzed the collapse
state of a collapsed roadway and developed tools such as hydraulic shears, expanders,
multi-stage hydraulic props, rescue air cushions, and a high-pressure manual oil pump
in order to solve the problems of the cleaning and restoration work of the complex post-
disaster roadway and working face that are difficult to complete with the ordinary tunneling
and mucking machines. Hao Chuanbo et al. [9,10] proposed to construct a rescue channel
by expanding the original roadway, and they carried out force analysis on the reconstructed
rectangular channel, achieving very good results. Hongbo Zhao et al. [11] proposed a
design optimization method (RBDO) for determining the design parameters of the rock
tunnel engineering on the basis of a consideration of the uncertainty and put forward
a simple and feasible method for analyzing the uncertainty in rock engineering design,
stability analysis, and construction. After the collapse of surrounding rock, the collapse
bodies are accumulated and balanced in a discrete state along the original roadway under
gravity. At this time, the basic properties and characteristics of the collapse body are
consistent with the granular media, and the collapse body can be analyzed and studied
with the mechanics of granular media [12].

At present, the theory and the application of granular research, which is similar to that
of the collapse body, have been further developed. Han Wenmei [13] analyzed the factors
affecting rock frictional sliding and studied the mechanisms affecting rock frictional sliding
and the stability from the microscopic level. Sun Hao et al. [14] constructed and simulated
near-field ore drawing by physical experiments, numerical simulation, and theoretical
analysis and verified the reliability and superiority of discrete element code applied to
granular conditions such as caving ore. Cui Wei et al. [15] introduced potential particles
into discrete element software, calibrated the parameters of the particle column collapse
model based on laboratory tests, and studied the collapse characteristics of the particle
column according to the gradation and morphology. Alexander Busch et al. [16] described
the rheological properties of particulate matter by means of the two-fluid model combined
with the particle flow mechanics theory and closure theory in soil mechanics. With respect
to granular simulation, the mechanical behavior and constitutive relationship of particle
flow have garnered considerable attention from foreign scholars. Among them, the µ (I)
constitutive model and its derived non-local constitutive accurately describe many particle
flow phenomena [17–21] and are widely used and developed, but this model still has
limitations with regard to particle friction effect and size effect.

With the continuous in-depth research of scholars, the relevant theories and appli-
cations of collapse bodies and granular medias have been greatly developed, but the
application in emergency rescue is still limited with regard to being an improvement of the
old methods. With the fundamental purpose of the rapid construction of a rescue channel
in emergency rescue, this paper proposes a method for constructing a rescue channel in the
collapse body by means of expansion, and it studies the motion characteristics of collapse
bodies in the process of roadway expansion through theoretical analysis, a model test, and
a numerical simulation experiment.
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2. Expansion Test of Rescue Channel

According to the analysis of Hao Chuanbo et al. [4,7], when disasters such as coal and
gas outburst, gas explosion, and fracture zone falling occur, the external force destroys
the roadway’s surrounding rocks and makes them collapse. A part of the collapsed rocks
transforms into granular bodies under the action of the strong external force. After the
roadway collapses, the surrounding rocks form a stable elliptical boundary again. Within
the boundary, the granular bodies accumulate and block the passage due to the gravity.
The expanded rescue channel refers to a rescue channel rapidly constructed in the collapse
body by expanding from the bottom along the original roadway. As shown in Figure 1, the
green part is the cross-section of the original roadway, the ellipse part is the stable boundary
of the surrounding rock, and the red part is the design position of the rescue channel.
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Figure 1. Schematic diagram of rescue channel expansion in collapse body.

2.1. Expansion Test Scheme of Rescue Channel

(1) Design of physical model for expansion test
In the physical experiment, the experimental platform is supported by a similar simu-

lator stand and is completed by building a collapse body, a base plate, an expansion device,
and a marked particle. Figure 2 shows that the collapse body has an equal proportion
of granular particles made of coal from the roof and floor of the actual roadway and is
mixed and arranged according to the particle size proportion of the field investigation and
statistics; the base plate is a model constructed by pouring with a strength similar to that
of the field floor, which is used to limit the vertical displacement of the collapse body; the
expansion device is a jack embedded in the base plate, which can slowly lift the collapse
bodies above to simulate the expansion test of the rescue channel (as shown in Figure 3).
The marked particles are collapse bodies marked by the color calibration method. They are
arranged in layers with a spacing of 0.1 m for the purpose of the overall monitoring of the
collapse profile displacement, but they cannot be perfectly arranged in a straight line due
to certain differences among the particle sizes. Therefore, by recording and comparing the
way of marking the particle positions before and after the expansion test, the law of the
collapse body is studied when the rescue channel is constructed by means of expansion.
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Figure 3. Particle expansion process.

As this test aims to study the motion law of the collapse body, the geometric parameter
similarity ratio is taken as the main similarity ratio parameter. The main influencing
parameters considered in the simulation device are the width of the expanded channel and
the particle size of the collapse body. Therefore, the length similarity ratio of 10:1 and the
area similarity ratio of 100:1 are used to meet the requirements of the channel expansion test.
In the test, the expansion channel was designed with three different sizes: 0.8 m, 1 m, and
1.2 m. The collapse body can be divided into three particle sizes: 5~10 cm, 10~20 cm, and
≥20 cm, with a ratio of 2:2:1, according to the site survey statistics. In addition, since the
collapse body materials prepared in the experiment are the same, the comparative test for
the materials of the collapse bodies is not designed in the physical experiment. According
to the similarity ratio, the specific parameters of the simulation device can be calculated as
shown in Table 1.

(2) Design of numerical model for expansion test
With reference to similar simulated tests, the numerical model constructed in PFC

(particle flow code) is also composed of the expansion device, the boundary of collapse
body, and the collapse body (as shown in Figure 4). The model uses the actual size of
10 m × 4 m; the expansion device and the boundary of the collapse body are simulated
by the wall element, and the collapse body is simulated by the rigid block model; the
contact model between the blocks and the block and wall element is a linear parallel bond
model. In addition, with reference to the mechanical properties of the actual coal rock, the
numerical model parameters of the collapse body (rigid block) and the boundary (wall)
of the collapse body are shown in Table 2. For the collapse body shown in Figure 4, the
model generates the collapse body by randomly generating irregular shapes based on
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the Gaussian function so that there is sufficient internal locking force among the particles
of the collapse body. At the same time, the collapse particles are generated according to
different particle sizes, and the ratio of the three collapse bodies with different particle sizes
is 2:2:1. In order to restore the natural accumulation of collapse bodies, the collapse body is
generated at a height of 2 m from the bottom with a relatively sparse density, and it falls
and accumulates by gravity. Furthermore, in the simulation, the upper part of the collapse
body with enough space is not affected by the roof; so, no overlying load is applied in
the model.

Table 1. Similarity ratio calculation.

Actual Size (cm) Simulation Experiment Size (cm) Scale

Width of collapse body accumulation 1000 100 10:1
Height of collapse body accumulation 400 40 10:1
Area of collapse body accumulation 400,000 4000 100:1

Expand the width of channel 1 80 8 10:1
Expand the width of channel 2 100 10 10:1
Expand the width of channel 3 120 12 10:1
Expand the area of channel 1 6400 64 100:1
Expand the area of channel 2 10,000 100 100:1
Expand the area of channel 3 14,400 144 100:1

Particle size 1 of collapse body 5~10 0.5~1 10:1
Particle size 2 of collapse body 10~20 1~2 10:1
Particle size 3 of collapse body ≥20 ≥2 10:1
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Table 2. Numerical model parameters.

Rigid Block Wall

Density (g/cm3)
Elasticity

Modulus GPa Poisson’s Ratio Friction
Coefficient

Elasticity
Modulus GPa

Friction
Coefficient

1.76 5.81 0.23 0.7536 12 0.7536

2.2. Experimental Phenomena

Figure 5a–c shows the position data of the monitoring points before and after ex-
pansion in the physical test, in which the auxiliary line is the boundary between the
displacement area and the stable area, and the position change of the monitoring points
in the auxiliary line is obviously larger than that outside the auxiliary line. It can be seen
by comparing the model positions that the maximum displacement area is mainly concen-
trated on the collapse particles directly above the expanded channel, and the maximum
displacement point is located in the center of the expanded channel, while the monitoring
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point outside the auxiliary line has almost no displacement. With the increase in layers, the
change of the position before and after the monitoring point corresponding to the position
of the expansion device gradually decreases, but the range of displacement gradually
expands. With the increase in the size of the expansion device, the displacement of the
monitoring point increases continuously, and the position of the monitoring point in the
upper layer obviously changes.
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Figure 5. Displacement of collapse body under different expansion sizes: (a) the position of the mark
particles when the expansion size is 80 mm; (b) the position of the mark particles when the expansion
size is 100 mm; (c) the position of the mark particles when the expansion size is 120 mm; (d) the
particles displacement when the expansion size is 0.8 m; (e) the particles displacement when the
expansion size is 1.0 m; (f) the particles displacement when the expansion size is 1.2 m.

Figure 5d–f shows the displacement cloud image of the collapse body when the size
of the expansion device is 0.8 m, 1.0 m, and 1.2 m, respectively, in the numerical simulation
of channel expansion. Compared with the change law of the monitoring point position
in the physical test, the two are in good agreement, and the displacement range and
displacement size of the collapse body increase with the expansion size. Moreover, the
figure also shows that there are obvious divisions in the displacement of the collapse
bodies, which is consistent with the data boundary of the physical experimental monitoring
points in Figure 5a–c. According to the positional changes of the monitoring points in
the physical test and the displacement cloud image in the numerical simulation, the
particles can be divided into the following three regions according to the displacement size
generated by the collapse particles: the stable region, the direct displacement region, and
the indirect displacement region. The stable region is the two approximately right-angled
trapezoid regions formed on both sides of the channel after the channel is formed by
expansion, and the particles in this region are hardly affected by the expansion process.
The direct displacement region is the triangle area directly above the expanded channel,
and its displacement size is equal to the height of the expansion device and is triangular
in the displacement cloud image. The indirect displacement region is the area where
the displacement and position are between the stable region and the direct region. The
displacement cloud image shows that each displacement area has a clear boundary with
the other displacement regions.

The displacement data and monitoring point data in the numerical simulation and
physical test are basically consistent by comparison, and the characteristics of the displace-
ment areas and the boundary of the displacement areas are also almost the same. Therefore,
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it is concluded that the numerical model of the expanded test based on the rigid block
model and the linear bond contact model is reliable in PFC.

3. Expansion Test Simulation Considering Geometry and Material Properties

In order to further analyze the influence factors of the displacement range and the
displacement size of the collapse body and further study the motion characteristics of the
collapse body when the rescue channel is constructed by means of expansion, the influence
factors of the expanded channel size and internal friction coefficient are compared and
analyzed on the basis of the consideration of the actual needs of the expanded rescue
channel and the main research contents in the granular research.

3.1. Analysis of the Expansion Process

When the rescue channel is expanded in the collapse body at the same lifting speed,
there is a deviation in the duration of the different expansion sizes. In addition, different
expansion sizes and the properties of the collapse bodies also have a certain influence on the
displacement range of the collapse body, but the displacement of the collapse body in the
expansion process can still be divided into the same stages. Figure 6 shows the displacement
changes of the collapse body in a different time when the size of the expanded channel and
the coefficient of internal friction are taken as single variables.

The first stage is the initial start-up stage. The collapse body is lifted during the
start-up of the supporting device and is further compacted. At this time, except for the
small displacement of the bottom collapse particles directly above the supporting device,
the collapse bodies at other positions are in a static or micro-displacement state. With the
further uplift of the supporting device, a funnel-shaped displacement region with a small
lower part and a large upper part appears in the collapse body, and the displacement region
gradually expands with the increase in the displacement, which is embodied in the decrease
in the inclination angle of the inclined edge of the funnel-shaped displacement region and
the increase in the funnel opening. Furthermore, due to the effect of the interlocking force
between the particles of the collapse body, the structure of the particles in the collapse body
is relatively stable in the initial start-up stage, and the resistance of the expansion device
is relatively large. The first two displacement diagrams of the different expansion tests
in Figure 6 show that the duration of this stage is roughly 2.5~3.7 s, corresponding to the
expansion height of 0.25~0.37 m, and the expansion process enters the next stage.

The second stage is the uplift stage; the size of the displacement area of the collapse
body is basically determined, and the displacement value in the displacement area con-
tinues to increase under the lifting effect of the supporting device. As the collapse body
rises, the structure of the collapsed accumulation body becomes loose, as shown by the
red boundary in Figure 7b; at this time, the displacement region and the stable region are
obviously dislocated along the boundary. As the funnel-shaped displacement region is
distributed in a wide position at the top and a narrow position at the bottom, the collapse
body is inclined to the displacement region by gravity after rising and is supported by
the stable region after redistribution. In addition, the displacement area of the collapse
body begins to show obvious direct and indirect displacement divisions at this stage. The
duration of this stage is generally still 2.5–3 s; apart from the internal friction angle of 45◦,
the lifting height of the other working conditions reaches 0.5~0.6 m.

The third stage is the collapse stage. After the funnel-shaped displacement region of
the collapse body reaches a certain height, the collapse body in the displacement region will
dislocate while the volume increases and will collapse after gradually losing the support of
the stable regions on both sides. As shown in the red boundary in Figure 7c, the destabilized
collapse bodies begin to slide down to fill the cavities formed by the expanded collapse
body. The collapse bodies on the inner side of the boundary still rise with the lifting of
the expansion device as a whole, but the collapse bodies above the boundary and the
collapse bodies at the bottom also have relative dislocations due to the increase in the
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upper volume. This stage lasts the longest, until the expansion device stops lifting, and the
relative movement of the particles is also the most complex and frequent in this stage.
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It can be seen by comparing the expansion process of the collapse body in Figure 6
that the change of the displacement region and the boundary is the most obvious feature
of the collapse body in the expansion process. In the expansion process, the boundary
change of the displacement region reflects the formation and expansion of the relative
displacement between the displacement region and the collapse body; so, the boundary of
the displacement region is also the relative slip plane of the collapse body. By combining
the schematic diagram of the displacement of the collapse body and the displacement
boundary at each stage in Figure 7, it can be determined that the three stages of the collapse
body in the expansion process can be distinguished by the formation and determination
of the three relative slip planes. Figure 6 also shows that the dip angle of the relative slip
plane and the size of the displacement region are related to the internal friction angle and
the expansion of the size.

3.2. Analysis of Displacement Region and Slip Plane

In order to determine the influence of the size of the expansion device and the internal
friction angle on the size of the displacement region and the dip angle of the slip plane,
the relation curves of the dip angle of the slip plane and the maximum width of the
displacement region and the size of the expansion device and the size of the internal friction
angle are given, respectively. Figure 8 shows the variation curve of the dip angle for the
slip plane, in which the relative slip planes 1~3 refer to the boundary between the indirect
displacement region and the stability region, the boundary between the direct displacement
region and the indirect displacement region, and the instability boundary in the indirect
displacement region, respectively. Figure 8 shows that the dip angles of the slip plane 1 and
the slip plane 3 decrease with the increase in the internal friction angle but are not affected
by the change of the expansion size. The dip angle of the slip plane 2 increases with the
increase in the internal friction angle but decreases with the increase in the expansion size.
The material properties between the collapse particles can directly affect the mechanical
structure change of the particles after expansion; so, the change of the friction angle in the
collapse body directly influences the change of the dip angle of the slip plane. Although the
change of the expansion size affects the size of the displacement region of the collapse body,
the overall mechanical structure does not change significantly; so, it does not affect the dip
angle of the slip plane 1 and the slip plane 2. The dip angle of the slip plane 3 decreases
with the increase in the expansion size, which is due to the size effect brought about by the
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increase in the expansion device and the aggravation of the slip in a direct displacement
region with the increase in the lifting height.
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Figure 9 shows the variation curve of the maximum width of the displacement region.
Obviously, as the internal friction angle and the size of the expansion device in the collapse
body increase, the maximum width of the displacement region of the collapse body also
increases. When the internal friction angle increases to the maximum, the maximum width
of the displacement region is decreased due to the following items: first, it is affected by
the boundary conditions of the collapse body. Second, the loose volume caused by the
expansion of the collapse body increases with the increase in the internal friction angle.
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4. Analysis of the Movement Mechanism of the Collapse Body in the Expansion Process
4.1. Particle Mechanics Analysis

Unexpanded collapsed accumulation bodies are in a quasi-static state [22], with high
solid concentration and relatively stable structure, and their mechanical behavior and
structural failure modes are similar to those of solid structures. However, due to the high
discreteness of the collapse body, the collapse body above the expansion device will have
displacements in different directions and sizes rather than form an overall unidirectional
movement [23]. In view of the difference between the quasi-static state and the discrete
state before and after the expansion of the collapse body, the mechanical state of the collapse
body in the expansion process is analyzed in combination with the relevant theories of
solid yielding and granular flow.

When the lower part is expanded, the collapse particles are affected by their own
gravity, vertical force, and lateral compressive stress. As shown in Figure 7a, the relative
motion of the particles occurs as the expansion device rises, and the collapse body directly
above the expansion device is lifted and compacted, while the collapse body at a higher
position is loosened, and the horizontal compressive stress in the collapse body gradually
decreases with the increase in the porosity between the particles. As shown in the lateral
stress curve in Figure 10, when the expansion device is advanced to the position shown in
Figure 7b, the relative slip of the collapse body occurs with the increase in the expansion
height; the lateral compressive stress of the granular media is the minimum, and the
displacement regions are divided into the direct and the indirect displacement regions.
Figure 11 shows the stress state of the collapse body at the slip plane in the direct and the
indirect displacement regions.
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At this time, any point on the slip plane is:

Fh = Fg tan(θ2 − ϕ) (1)

Fg =
Y2ρg tan(90◦ − θ2)

2
(2)

where Fh is the lateral stress value in the collapse body, Fg is the gravity, θ2 is the dip
angle of the slip plane, ϕ is the internal friction angle of the granular particles, and ρ is the
granular particle density.

Let tan ϕ = f , and introducing Equation (2) into Equation (1), we obtain:

Fh =
Y2ρg tan(90◦ − θ2) tan(θ2 − ϕ)

2
=

Y2ρg(tan θ2 − f )
2(1 + f tan θ2) tan θ2

(3)

tan θ2 is always substituted by x; let dFh/dx = 0 because the lateral stress value Fh of
the collapse body at the slip plane is the minimum, and we obtain:

x + f x2 − (x − f )(1 + 2 f x)

(1 + f x)2x2
= 0 (4)

The calculation results are:

x = tan θ2 = tan
(

45◦ +
ϕ

2

)
(5)

The dip angle of slip plane 2 is:

θ2 = 45◦ +
ϕ

2
(6)

As shown by the red slip plane 1 in Figure 7b, the collapse bodies in the upper indirect
displacement region and the lower stable region on both sides of the expansion device
also show a relative slip phenomenon with the further expansion of the rescue channel.
During the formation of the slip plane, the principal stress leading to the failure of the
“solid structure” of the accumulation body is the thrust along the orthogonal direction of
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the slip plane 2. Combined with the Mohr–Coulomb failure criterion in the solid structure
and the envelope of the accumulation body, the angle between the slip plane 1 and the
principal stress is 45◦ − ϕ/2. As shown in Figure 12, the dip angle of slip plane is given
below according to the geometric derivation

θ1 = 90◦ − ϕ (7)
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As shown in Figure 10, the lateral compressive stress of the granular media falls
again with the further expansion of the collapse body; the supporting stress of the ex-
pander and the supporting effect of the stable region on the displacement region decrease
synchronously, and the friction on the slip plane of the direct and indirect displacement
regions increases gradually. As the action direction of the principal stress in the indirect
displacement region gradually shifts upward, the included angle of the failure surface in
the accumulation body also shifts upward, and a slip plane 3 is formed in the indirect dis-
placement region, as shown in the red line in Figure 7c. It can be inferred by combining the
dip angle data of the slip plane 3, measured by numerical simulation, that the inclination
of slip plane 3 satisfies:

θ3 = 90◦ +
ϕ

2
(8)

The dip angle of the simulated slip plane is slightly larger than the theoretical value
given by comparing the dip angle data of the slip plane in Figure 8 and the theoretical value
calculated as per Equations (6)–(8). In Figure 8a, the dip angle of slip plane 2 decreases
with the increase in the expansion size and gradually approaches the theoretical value.
Therefore, it is considered that the size effect has the effect of amplifying the dip angle of
the slip plane.

4.2. Particle Contact Evolution Analysis

In the granular accumulation, the contact between particles reflects the characteristics
of the solid structure, the stress distribution, and the motion state of the collapse body.
Figure 13 is the distribution diagram of the contact force chain in the collapse body at
different expansion heights. It shows that when the collapse body expands with the
expansion device, the collapse body forms an umbrella-shaped stress arch structure above
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the expansion device, and the arc arch of the stress arch structure expands with the increase
in the expansion height. In addition, the principal stress in the collapse body on both sides
develops directly upward with the rise of the expansion device according to the distribution
of the strong force chain in the collapse body.
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The proportion of the strong force chain and the coordination number of particles are
two characterizations of particle contact. The proportion of the strong force chain reflects
the stability of the accumulation body, and the coordination number reflects the change
in the porosity of the collapse body. Figure 14 is the evolution curve of the proportion of
the strong force chain and the particle coordination number in the collapse body with time
under different internal friction angles. The dotted line in Figure 14a refers to the formation
time of the slip planes 1 and 3 in the collapse body. It can be seen that the proportion of
the strong force chain has decreased significantly, which is consistent with the structural
instability caused by the formation of the slip plane of the collapse body. In Figure 14b, the
coordination number in the dotted line also shows a similar change rule, but the overall
change is relatively small, and the coordination number of the collapse body is weakened
to a certain extent.
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When the slip planes 1 and 3 are formed, the dislocation and instability of the displace-
ment region and the stability region exist in the collapse body, leading to the reduction in
the contact of the collapse bodies on both sides of the slip plane and the interruption and
reconstruction of the strong force chain dominated by the stress arch. The failure of the
stress arch causes the collapse body in some displacement regions to slide erratically, as
shown in Figure 15; the collapse body converts potential energy into kinetic energy; so, the
kinetic energy in the front and rear collapse bodies formed by the slip plane increases to a
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certain extent. In addition, it can be seen from the change curve of the potential energy that
with the increase in the expansion height, the increase rate of the potential energy of the
collapse body increases first and then decreases, which is consistent with the formation
and instability of the displacement region in the collapse body.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 16 
 

  
(a) (b) 

Figure 14. Characteristic evolution curve of contact force chain: (a) the proportion of strong chains 
at different internal friction angles; (b) the coordination number proportion at different internal fric-
tion angles. 

When the slip planes 1 and 3 are formed, the dislocation and instability of the dis-
placement region and the stability region exist in the collapse body, leading to the reduc-
tion in the contact of the collapse bodies on both sides of the slip plane and the interrup-
tion and reconstruction of the strong force chain dominated by the stress arch. The failure 
of the stress arch causes the collapse body in some displacement regions to slide errati-
cally, as shown in Figure 15; the collapse body converts potential energy into kinetic en-
ergy; so, the kinetic energy in the front and rear collapse bodies formed by the slip plane 
increases to a certain extent. In addition, it can be seen from the change curve of the po-
tential energy that with the increase in the expansion height, the increase rate of the po-
tential energy of the collapse body increases first and then decreases, which is consistent 
with the formation and instability of the displacement region in the collapse body. 

 
Figure 15. Variation curve of potential energy–kinetic energy. 

  

Figure 15. Variation curve of potential energy–kinetic energy.

5. Conclusions

1. The results of the rescue channel expansion test and numerical simulation show that
the collapse body will form a slip plane when the expansion device rises. According
to the displacement size of the collapse body, the collapse body can be divided into
the following: the direct displacement region, the stable region, and the indirect
displacement region.

2. A total of six slip planes are formed in the expansion process of the collapse body,
and the slip plane can be classified into the following three categories: the boundary
between the indirect displacement region and the stable region; the boundary between
the direct displacement region and the indirect displacement region; and the instability
boundary in the indirect displacement region.

3. The expansion process can be divided into the initial start-up stage, the uplift stage,
and the collapse stage according to the formation of the slip plane and the displace-
ment law of the collapse body.

4. Numerical simulation shows that there is a significant correlation between the three
slip planes and the size of the internal friction of the collapse particles. Through
mechanical analysis and calculation, the dip angles of the three slip planes are
θ1 = 90◦ − ϕ, θ2 = 45◦ + ϕ/2, θ3 = 90◦ + ϕ/2.

5. In the expansion process, the strong force chain in the collapse body is concentrated
in the stress arch above the expansion device, and the failure and reconstruction laws
of the stress arch at each stage are consistent with the formation of the slip plane and
the uplift and instability law of the collapse body.
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