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Abstract: In order to solve the wall damage problem of roadways with deep and high
stress in methane explosion accidents, mathematical-physical analysis models for the
dynamic response damage of roadway walls were established by LS-Dyna software in this
paper, and the models were validated to be effective. The roadway wall displacement,
stress, and deformation characteristics under the methane explosion impact load were
numerical simulated and the response and damage evolution process of the roadway wall
was studied. The results indicate that the model established in this study can reflect the
dynamic response damage characteristics of the roadway wall. The damage of the roadway
wall caused by the methane explosion impact load was mainly concentrated in the methane
accumulation section, but the maximum principal stress of the roadway wall near the
methane accumulation section was still high, and the damage possibility was also high. The
dynamic response damage of the roadway wall decreased with the increase in the distance
from the initiation explosion point. The stress response of the curved part of the roadway
roof was the most severe, and the stress response of the side part was second to that of the
roof. The stress changes at the corners were significant, but the deformation was small.
The bottom plate was minimally affected by the methane explosion impact loads. The
arch top and two sides of the roadway were first subjected to significant impact, resulting
in a high-pressure zone. The peak pressure of the side part was relatively high, and the
difference in peak pressure between the corner and the bottom plate was not significant.

Keywords: methane explosion; wall response; damage characteristics; impact load action;
numerical simulation

1. Introduction

Coal is the main energy source in China and plays a crucial role in ensuring energy
security, which is an important cornerstone for safeguarding China’s energy security.
However, in the mining process of underground coal, methane explosions in coal mines
often cause casualties and serious damage to roadway facilities [1,2], which seriously
threaten the safe mining of coal resources. Therefore, studying the damage characteristics
of methane explosions is of great significance for the prevention and emergency rescue of
methane explosion disasters in coal mines [3-5].

In order to master the response and damage characteristics of roadway walls by
methane explosion impact loads, many scholars have conducted extensive research and
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achieved fruitful research results. For example, Gao et al. [6] conducted experimental
research on the relationship between methane explosion overpressure and methane con-
centration and found that methane concentration is a quadratic function of the maximum
explosion pressure of the methane constant volume explosion. Jia Zhenzhen et al. [7]
conducted theoretical analysis and experimental research on the suppression effect of the
wall heat effect during methane explosion and its propagation process, and their results
showed that wall heat loss had a significant effect on the methane explosion intensity, flame
propagation velocity, peak overpressure. Zhao et al. [8] studied the disaster mechanism
of explosion wave propagation and obtained the methane explosion characteristics under
different equivalence ratios as well as the main reasons of casualties caused by methane
explosions. Yang et al. [9] studied the destructive characteristics of methane explosions
and found that the shock wave pressure and high-speed airflow were the main causes of
destruction to mine facilities. Xue et al. [10,11] used a numerical simulation method to
study the dynamic response (damage) characteristics of roadway walls under methane
explosion and found that the explosion pressure, damage degree, displacement defor-
mation, and effective stress of roadway walls all increased with the increase in methane
volume. Gao Weiliang et al. [12] studied the distribution characteristics of the vibration
velocity, stress, and bending moment of mountain tunnel lining under a bottom dynamic
load, where it was obtained that the peak vibration velocity at the bottom of the tunnel
lining arch was the largest, followed by the two sides, and the peak vibration velocity in
vault was the smallest. Zhou et al. [13]. tested the dynamic mechanical properties and
static mechanical properties of coals and found that the dynamic compression intensity
and the elastic modulus were obviously larger than those obtained in the static mechanical
properties. Tianyuan et al. [14]. established an underground tunnel numerical model by
FLACS3D software to analyze the response characteristics of underground tunnels under
the action of blasting vibration and obtained the variation characteristics of the velocity
and displacement. Zhu Chuanjie et al. [15] applied AutoReaGas to study the impact and
oscillation characteristics of shock waves of methane explosions in closed pipes as well as
the variation in characteristic parameters. Li Zhipeng et al. [16] used LS-Dyna to compare
the damage characteristics of tunnel lining structures by two methane explosion modeling
methods (TNT equivalent method and methane filling method). They found that the simu-
lated damage characteristics modeled by the methane filling method were more in line with
the actual damage situation on the tunnel site. The above research on the explosion impact
load on structural response and structural damage mainly focused on the explosion of solid
explosives, however, research on the response and damage characteristics of roadway wall
structures by the methane explosion impact load in coal mines is still limited.

In light of this, the LS-Dyna numerical simulation software was used to establish
a mathematical-physical model of methane explosions in roadways, and the dynamic
response and damage deformation characteristics of the roadway walls were explored by
measuring the changes in the overpressure, displacement, and equivalent stress of the
roadway wall under the impact load of a methane explosion.

2. Establishment of Numerical Model
2.1. Mathematical Model

In order to carry out reasonable and effective numerical calculations, the basic as-
sumptions were as follows: methane was mixed evenly (CH,4 volume fraction of 9.5%) in
a normal temperature and pressure state; there was only one heat source in the roadway,
namely the methane explosion; the surrounding rock of the roadway was uniform and con-
tinuous; roadway walls were smooth and insulated; the wall heat effect was not considered;
and the intermediate process of the methane explosion reaction was ignored. Based on the
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above assumptions, the basic control equations (mass, momentum, and energy equations)
can be expressed as follows:

M= /pgdvs = /pxdvx = /pxdvx (1)
Ae Ax AX
0
3 /Psvedvs = /tid58+/PeﬂdUE )
X
Ae dAe Ae
E= VSijgij —(r +q)V (©)

where ¢ is a position vector that represents the position of each point in the coordinate
system; v is the motion velocity in space, m/s; Ax, Ay, and Ae are the boundaries of
the material domain, the spatial domain, and the reference domain of any continuum,
respectively; px, px, and p. are the density of each substance in the continuum, kg/ m3; ¢
is the force acting on the unit surface on the boundary, N; f; is the volume force per unit
mass, m/s2; V is the relative volume; V is the relative volume deformation velocity of the
current configuration; s;; is the partial stress tensor; p is the hydrostatic pressure, Pa; ¢;; is
the strain rate tensor; g is the volume viscous resistance, N.

2.2. Physical Model

The physical model was established as shown in Figures 1 and 2. A 1/4 model was
carried out for calculation, and the filling length of methane was set as 10 m. The model
consisted of three parts: surrounding rock, air, and TNT explosive (equivalent methane
quantity). The same five TNT explosives were evenly distributed on the roadway axis,
which was located at a distance of 1 = 1 m from the bottom of the roadway. The axial
coordinates were 0.5, 1.6, 2.7, 3.8, and 4.9 m respectively, and the initiation explosion point
was set as the first TNT on the left end of the model. The coordinates of the initiation
explosion point were (0, 0, 0.5). The length, width, and height of the physical model were
15 m, 7.5 m, and 15 m, respectively. Both the height and the width of roadway are 2 m;
the crown radius is 1 m. The model was meshed by a solid 164 eight-node hexahedron
mesh, and the node information in each part was transmitted by a common node. The
Lagrange algorithm was used for the roadway wall, while the ALE algorithm was used for
methane, TNT, and air. The right end of the roadway was open. Non-reflective boundary is
set in right end to reduce boundary pressure reflection. The minimum mesh size near the
initiation explosion point was set to 3 cm. The total number of meshes was about 590,000.
Lagrange elements were used to observe the deformation and damage in the surrounding
rock, while Euler elements were used for TNT and air to better simulate the propagation of
explosion shock waves. The model was established by using the ALE method to align the
fluid mesh with the solid mesh and control the fluid solid coupling behavior through the
keyword of Constrained-Lagrange in-Solid.

To reduce the boundary reflection effect, a non-reflection boundary was set at the top,
both sides, and rear of the physical model. In order to prevent unreasonable displacement
and deformation in the Y direction under the gravity effect, a rigid boundary was set at the
bottom of the physical model. The symmetrical boundary was set on the Y-Z plane and
X-Y plane.

In order to observe the dynamic response laws of the roadway wall, four sections (A,
B, C, D) were set along the roadway axis, and four measuring points (A, Al, A2, A3) were
set on the roadway wall of each section. The positions of the measuring points are shown
in Figure 3. The positions of each point on the roadway axis in Z coordinates were 0, 2.5 m,
5m, and 7.5 m, respectively.
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Figure 1. Sketch of the model.

Vertical stress

Horizontal stress

Figure 2. Meshing diagram of the finite element model.

bz
(@) (b)

Figure 3. Position of measuring points. (a) Wall measuring point of the roadway axis; (b) wall
measuring point of the roadway section.
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2.3. Material Model

The nonlinear material model and state equation adopted in the numerical model
are described as follows. (1) The JWL state equation and the HIGH-EXPLOSIVE-BURN
material were adopted in the TNT material model; specific parameters are shown in
reference [16]. (2) The NULL material and the LINEAR-POLYNOMIAL state equation were
adopted in the air model; specific parameters are shown in [16]. (3) The surrounding rock
was described by the HJC material model. The material parameters of the surrounding

rock are shown in [17,18].

3. Results Analysis and Discussion

After a methane explosion in the roadway, the generated energy will spread around
and ignite the remaining methane in the roadway along the axial direction, which makes
the shock wave spread farther. The radial explosion load has an impact effect on the
roadway wall, causing the wall to be deformed under tension and compression. A large
amount of energy is transmitted to the roadway wall, causing the wall to fall off and
even collapse. Figure 4 shows the pressure-time-history curve in the air at the origin
coordinate (0, 0, 0), where the peak pressure was 1.738 MPa. It shows that the maximum
pressure of methane explosion in the model was about 1.738 MPa, which is consistent
with the maximum explosion pressure produced by the methane explosion in an actual
roadway [18]. Therefore, the simulation results could verify the feasibility and reliability of

the numerical model.
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Figure 4. Pressure curves at the origin point.

3.1. Propagation Characteristics of Methane Explosion

Figures 5-7 show the propagation process of the methane explosion shock wave
in surrounding rock. It can be seen in Figures 5 and 6 that the shock waves with high
temperature and high pressure propagated rapidly to the surrounding area after the
explosion, part of the shock waves propagated along the axial direction, the kinetic energy
and heat energy were transferred to the surrounding air and wall surface, and the shock
wave intensity was gradually weakened. The other part of shock waves propagated
radially along the roadway, and was reflected or transmitted into the surrounding rock
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0.95 ms

of the roadway after they arrived at the wall. Compared with Figures 5 and 7, the vault
and two sides of the roadway were first impacted obviously, and a high pressure region
appeared. The cause is that the curved shape is conducive to the reflection of the shock
wave, and the effect of the shock wave is enhanced. After that, the explosion load continued
to impact the wall, and a high pressure region appeared at the floor. Since the distance from
the lower corner to the explosion center was relatively large, the pressure appeared last.
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Figure 5. Nephogram of pressure propagation in the surrounding rock.
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Figure 6. Pressure curves of the measuring points in the roadway axial direction.
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Figure 7. Pressure curves of the measuring points in the roadway section.

As can be seen from Figure 7, the relationship between the pressure peaks at the section
of the roadway was Al > A > A2 > A3, and the duration of shock wave overpressure was
similar. The pressure curve at the roof of the roadway had multiple peaks, and the shock
wave was easier to reflect when it arrived at the roof, and the direction change of the
reflected shock wave made it easier to cause serious damage to the wall that had been
damaged by the first impact. The pressure peaks on two sides were also large, reaching
5.48 MPa. After the positive shock wave, the pressure dropped to negative pressure and
then gradually returned to normal pressure. The difference in the pressure peaks between
the corner and the floor was small, but the pressure peak at the corner was negative. This
shows that the surrounding rock was mainly affected by the reflected shock wave and
tensile force, while the tensile strength of the surrounding rock was generally low, so the
surrounding rock was easier to fracture under tensile stress.

3.2. Change Law of Wall Stress

Figure 8 shows the stress change process of the surrounding rock under the impact
of methane explosion. The impact velocity of methane explosion is very fast. At 0.35 ms,
a high stress region appeared at the side and roof of the roadway, and the maximum
stress between the side and the vault reached 14.8 MPa. Subsequently, high stress regions
appeared successively at the floor and corner. At 0.65 ms, the maximum stress caused by
methane explosion occurred at the roof, and the maximum stress was 29.02 MPa. After
that, the shock wave gradually weakened, and the stress of the surrounding rock gradually
decreased and then stabilized. The maximum stress at the floor and corner changed little
between 10.35 ms and 50 ms, which shows that plastic damage occurred at the two wall
surfaces and certain residual stress occurred at the deformation place. Therefore, attention
should be paid to the protection of the roof and corner in roadway designs.
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Figure 8. Evolution law of effective stress in the roadway.

Figures 9 and 10 show the stress change curve of each measuring point in the roadway.
It can be seen in Figure 9 that with the increase in the distance from the initiation explosion
point, the stress at the measuring point caused a time delay. The equivalent stress response
of point B in the methane section was more severe than that of point A, and the peak
difference was about 1.58 MPa. The dynamic response of the outer wall of the explosion
region attenuated rapidly, and the attenuation amplitudes of equivalent stress at points
C and D reached 68% and 73%, respectively. The peak difference at point C and the wall
surface of the methane region was small, and the attenuation of the maximum main stress in
the wall surface in the air region was fast. This shows that the damage caused by methane
explosion was concentrated in the methane region, but the maximum main stress of the
wall near the methane region was still high, and the damage possibility was also large. It
can be seen in Figure 10 that the stress variation amplitude and peak at the roof and corner
of the roadway were significantly greater than those at the other two places. The equivalent
stress peak at the roof was the largest, reaching 14.5 MPa, and the equivalent stress peak at
the floor was only 6.88 MPa. The maximum main stress peak at the corner was the largest,
followed by the roof, with a difference of 33.6%. The maximum main stress peak of the
upper part and the floor was close, about 1.9 MPa. The duration of high stress in the roof
and corner was longer, and the deformation time of the surrounding rock was longer, so
the damage was also larger.

3.3. Wall Deformation Characteristics

As shown in Figure 11a, under the impact load action of methane explosion, each
measuring point on the roadway wall expanded, the peak displacement relationship of the
measuring point was A > B > C > D, and the expansion deformation peak of the measuring
point in the methane region was the largest. After the displacement of each measuring point
reached the peak, it continued to oscillate and decrease, and finally tended to a non-zero
stable value, which indicates that the wall structure suffered certain damage. However, the
final displacement magnitude was small, only at the um level, so the wall deformation was
almost negligible. Figure 11b shows the velocity time-history curve of the axial measuring
point of the roadway. Under the explosion load, the wall first expanded outward. With the
shock wave propagating along the axial direction, the expansion velocity of each measuring



Methane 2025, 4, 4 9of 16

point reached the peak successively. Subsequently, under the action of internal force, the
wall began to rebound to its original state, and then became stable in the process of dynamic

oscillation.
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Figure 9. Stress curves of the axial measuring points. (a) Time history curve of equivalent stress;

(b) time history curve of the maximum principal stress.
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Figure 10. Stress curves of the measuring points in roadway section. (a) time history curve of
equivalent stress; (b) time history curve of the maximum principal stress.

As shown in Figure 12a, after the shock wave reached the wall, all positions of the
roadway section were in continuous vibration deformation, and the largest vibration
amplitude was on the side and roof, followed by the floor, and the lowest was in the corner.
The reason is that the shock wave reached the corner last. When the shock wave reached
the corner, the side and floor had expanded (deformed) and were squeezed there, which
increased the density and rigidity of this place making it difficult to vibrate and deform
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without damage. Figure 12b shows the time history of the deformation velocity at each
section. The side expanded rapidly at a velocity of about 53 cm/s and then rebounded at a
large velocity, with a long rebound time. Multiple velocity peaks appeared at the expansion
of the arch crown, indicating that there were multiple reflected shock waves acting on the
arch crown, and then rebounded rapidly with a large velocity. The expansion velocity of
the measuring point at the floor was the smallest, and the rebound velocity was also slow.
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Figure 11. Deformation curves of the axial measuring points. (a) Displacement curve; (b) veloc-
ity curve.
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Figure 12. Deformation curves of the measuring points in the roadway section. (a) Displacement
curve; (b) velocity curve.

3.4. Damage Evolution Process of Wall Under Methane Explosion Load

In order to make the change part of the surrounding rock more intuitive and clearer,
the surrounding rock part of 2 m around the roadway was intercepted for demonstration.
Figure 13 shows the evolution of wall damage. At 0.35 ms, the side and lower part of the
roof were damaged under the positive shock wave. Subsequently, the damaged region
spread to the axial and corner of the roadway, and the floor was also damaged. At 0.9 ms,
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the damage region diffused to the corner, where the explosion shock wave arrived at 0.5 ms,
and high stress occurred at 0.65 ms, indicating that the wall damage is not only determined
by the two parameters of pressure and stress peak, but is also affected by the action time
of the explosion shock wave. Subsequently, with the propagation of the shock wave, the
damage region gradually spread along the roadway axis. At 1.80 ms, the complete damage
region was formed and the wall was no longer damaged. As shown in Figure 14, under the
methane explosion load, the roadway wall had been damaged, the damage of the methane
accumulation region was relatively serious, and the damage depth at the corner reached
0.25 m. The simulation results were similar to the actual methane explosion wall damage

effect [18].

‘ ‘
0.35 ms 1.35ms
‘ ‘
0.50 ms 1.80 ms
‘ ‘
0.90 ms 50 ms

Figure 13. Damage evolution diagram of the roadway wall.
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Figure 14. Final damage of the roadway wall.

4. Conclusions

In this paper, a numerical model of methane explosion in underground arched road-
ways was established and numerical simulations were carried out. The dynamic response
and damage characteristics of wall structure were analyzed from the aspects of the methane
explosion propagation characteristics, wall stress variation law, wall deformation character-
istics, and wall damage evolution process under a methane explosion load. The following
conclusions were obtained:

(1) The wall damage caused by the load action of the methane explosion was mainly
concentrated in the methane accumulation region, in which the stresses at the roof
and corner were the most concentrated and the damage was the most serious. The
maximum peak principal stress of the upper and lower plates was close to the peak
stress of the top plate, reaching 1.9 MPa. The duration of high stress at the roof
and corners was longer, and the deformation time of the surrounding rock was
longer. Under the methane explosion load, the dynamic response of the roadway wall
decreased with the increase in the distance from the initiation explosion point.

(2) The pressure and stress response at the curved part of the roadway roof were the most
severe; the pressure and stress response of the upper part were secondary to that of
the top plate, and the degree of deformation and damage was the highest. The stress
change at the corners was significant, but the deformation was relatively small, and
the bottom plate was minimally affected by the methane explosion loads.

(38) The arch top and two sides of the roadway were first subjected to significant impact,
resulting in a high-pressure zone. Subsequently, the explosion load continued to
impact the walls, and a high-pressure zone appeared at the bottom plate. The distance
from the explosion center at the lower corner was relatively larger, and the pressure
appeared last.

(4) The peak pressure of the upper part was relatively high, and there was not much
difference in the peak pressures between the corner and the bottom plate, which was
about 4 MPa. Plastic damage occurred on the top plate and corner walls, resulting in
residual stress at the deformation site.

(5) Under the load action of explosion, the wall first expanded outward, with the shock
wave propagating along the axial direction, and the expansion velocity of each mea-
suring point reached its peak successively.
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(6) After the shock wave reached the wall, various positions of the roadway section were
constantly vibrating and deforming. The vibration amplitude of the support and roof
was the largest, followed by the bottom plate, and the vibration amplitude at the
corner was the smallest.
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