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Abstract. Structural strength, stiffness, etc. are essential safety performances of mine refuge
chamber. In this article, the safety performance of the chamber which is under the impact load
was evaluated by the method of numerical analysis. First of all, according to some relative
standards, a chamber model was established by applying numerical modeling software. In this
way, a method of finite element analysis (FEA) was instituted and we used AUTODUN to
simulate the process of transmission of blast waves in the underworkings. On the basis of Fourier
transform theory, the spectrum analysis of the blast waves acting on the chamber has been done.
In order to obtain the natural frequency, a model analysis of the chamber was made by applying
OPTISTRUCT. Then the main frequency and the natural frequency were compared. The result
shows that the resonance will not happen so that the safety performance of the chamber meets the
demand of engineering safety. The structural strength of the chamber was analyzed by using
LS-DYNA, and the result comes out that the pressure throughout the chamber will not cause
damage to the chamber. After that, according to the simulation results, we proposed some pieces
of advice which will be meaningful for the design and the improvement of the chamber.

Keywords: coal mine refuge chamber, finite element analysis, model analysis, spectrum analysis,
coal mine safety.

1. Introduction
1.1. Background

Mining plays a critical role in economic development and thus remains an important part of
economic structure in many countries, such as the US, China, South Africa, etc. [1]. However,
mine accidents frequently occur in the process of mining [2], and the shock waves from gas
explosion or the explosion of gas mixture and coal dust are destructive, posing a major threat to
the miners’ lives. According to the investigation of various countries in the world, in fire and
explosion accidents, the number of the death which is caused directly by the fire and the explosion
just takes a small percentage of the total death toll [3]. In fact, most of the deaths are caused by
suffocation because of a gug delay and by poisoning because of not escaping from the toxic gas.
In such cases, a refuge chamber installed in the mine will be of great significance to resist the
shock waves, provide food, water and oxygen continuously for trapped miners for over 96 hours,
and guide the outside rescue work via its telecom set and monitors [4]. Such countries with
developed mining industries as the US, Australia, Canada, South Africa, etc., have attached great
importance to mine refuge chamber, and have successful cases in rescuing the trapped workers
using the refuge chamber. Therefore, the research of the refuge chamber can make a critical
difference in the emergency rescue work of the trapped coal miners [5].

1.2. Past research efforts

When the explosion happens, the outside of the refuge chamber can be impacted by the
tremendous shock waves within seconds. Therefore, the strength of the chamber must be tested to
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ensure that it can dissolve the shock waves. Besides, when any of the principal frequency
components of the shock waves is equal or close to the natural frequency of the chamber,
resonance occurs, which may weaken the anti-shock capacity of the chamber, or even damage it.
Therefore, the natural frequency of the chamber must be considered in designing the chamber
structure in order to avoid the occurrence of the resonance.

The researches on gas explosion applying the numerical modeling software have been done by
Di Sarli et al. The result indicates that the flame propagation rate and the overpressure change
gained by numerical model meets the experimental result [6]. Zhao Huanjuan, et al. made a
numerical analysis on the safety performance of chamber under the circumstance that it is
impacted by triangle waves. The article suggests that FEM modeling of the refuge chamber
response under blast loading is verifiable and resultful [7]. However, the potential damage caused
by resonance was ignored and only the blast waves with the triangle waves was imitated in past
study, which maybe do not meet the actual situation. What’s more, it is rare at present to conduct
a model analysis under the circumstance that the chamber is impacted by blast waves.

2. Establishment of finite element model
2.1. The structure of the refuge chamber

The refuge chamber model was established according to coal mine emergency management
system construction Interim Provisions [8]. The coal mine mobile refuge chamber is made up of
10 cabins. The dimension of the refuge chamber is 11336 mmx1800 mmx2080 mm. The fore end
wall has an entry door, and the rear end wall has an emergency escape hatch. The interior of the
cabin has reinforcing ribs uniformly. The entry door and the fifth cabin are equipped with an
observation window respectively. The skin of the refuge chamber is made up of 8mm-thick plate
of steel. All cabins are connected by flanges.

2.2. Meshing

The model of the chamber was meshed by HYPERMESH. When the component size in one
direction is much larger than the other two directions, the simulation was made in one-dimensional
element. When the component size in two directions is much larger than another direction, the
simulation was made in two-dimensional element. When the sizes in three directions of
component are in the same order magnitude, it was meshed in three-dimensional grid [9]. On these
bases, our result is that the joint flanges, reinforcing ribs, door panel and doorframe are meshed
with three-dimensional grid, and the skin of cabin was meshed in two-dimensional element. The
whole finite element model comprises 380822 elements and 578640 nodes. By using master-slave
relationship rigid element RBE2, the welding was simulated, and 277636 pairs welding unites are
formed. The finite element model of refuge chamber is shown in Fig. 1.

Fig. 1. Finite element model of refuge chamber

2.3. Material property

In the analysis, the material of refuge chamber was chosen as Q345 steel, and material
parameters were listed in Table 1.
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Linear elastic fracture model was used in toughened glass of the observation window, and its
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material parameters were shown in Table 2.

Table 1. Material parameters of the refuge chamber

The name of the parameter Detail
Yield strength 345 MPa
Ultimate strength 470 MPa
Density 7800 kg/m?
Modulus of elasticity 210 GPa
Poisson’s ratio 0.3

Table 2. Material parameters of toughened glass

The name of the parameter Detail
Yield strength 43 MPa
Density 2500 kg/m?
Modulus of elasticity 73 GPa
Poisson’s ratio 0.28

2.4. Boundary conditions

The chamber model was fixed at the bottom on the ground through pressing plate and anchor
bolts, etc., thus there is no relative movement. When the numeric calculation was being done,
constraints in six directions would be set.

3. Numerical analysis
3.1. Spectrum analysis of explosion shock wave

According to Fourier transformation theory [10], any complicated signal can be decomposed
into different frequencies of sine function and cosine function to some extent [11]. The shock
wave from explosion is a complicated vibrant signal which changes with time, and Fourier
transformation can help to decompose the shock waves into frequency components and identify
the principal ones [12].

On the basis of AUTODYN, the process of explosion against the refuge chamber was
simulated and the laneway was designed as a semicircle arch, an equal cross section straight
laneway model with a height of 2.6 m and a width of 3.2 m, and the total length is 160 m according
to the standard requirements. The length of the explosion source is 28 meters, and the distance
from explosion shock wave to the front of the refuge chamber is 100 meters. The refuge chamber
was placed in the horizontal geometric center of the laneway. The flow field pressure and pressure
monitoring points were set in the geometric center of the laneway including one meter in fore end
wall of the chamber, the rear end wall of refuge camber, two sides wall and the roof of each cabin.
After simulating the explosion process in the laneway and the impact on the surface of the
chamber, the authors obtained the explosion shock wave pressure history curves of each cabin,
and the explosion shock wave pressure history graph of fore end wall is shown in Fig. 2.

Fig. 2 shows that the time of explosion shock wave transmitted to the fore end wall of the
refuge chamber is 175 ms. Due to encounter with refuge chamber, pressure value rapidly rose to
the first top 713.9 KPA, and rapidly decreased to the second top 640 KPa. The pressure reached
maximum at 178 ms, and then the pressure value declined to 544 KPa rapidly. The minimum
pressure is 99.423 KPA in the whole explosion process.

Based on MATLAB software, the biggest explosion shock wave history graph from fore end
wall was taken to be used in the spectrum analysis. The length of sample time is 1s and sample
interval is 1 ms. Amplitude spectrum is shown in Fig. 3.
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Fig. 2. Explosion shock wave pressure history curve of fore end wall
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Fig. 3. Amplitude spectrum

As is shown in Fig. 3 the frequency components of explosion shock wave have low
frequencies. There are three high peaks in amplitude spectrum. The highest amplitude is at 2 Hz,
and the value of the amplitude is 68.65, and the second one appeared at 4 Hz and the value of the
amplitude is 52.14. The third appeared at 6 Hz and the value of the amplitude is 35.59. When the
frequency reaches 35 Hz, the value of the amplitude declines to 3.569 rapidly. The amplitude is
close to 0 when the frequency reaches 300 Hz.

3.2. Modal analysis

To prevent the main frequencies of explosion shock waves from falling into the range of
natural frequencies which may lead to chamber resonance, it is necessary to make modal analysis
of the chamber, which can help to reveal and assess the dynamic performance of the chamber and
optimize the structure designing [13]. Low mode frequencies tend to couple with external
conditions and that the effect of low mode shapes is more serious than high mode shapes in the
dynamic analysis of structure. So the authors only focused on the first six mode frequencies of the
chamber, and then made a dynamic analysis by applying OPTISTRUCT. The natural frequencies
and the corresponding mode shapes of the chamber under 3 different constraint conditions were
obtained. The diagrammatic drawings of 3 different constraint conditions are shown in Fig. 4.

Table 3 shows the natural frequencies and increase with the number of constrains and the
stiffness of the chamber structure increases as well. By comparison, the natural frequencies of the
chamber under the first constraint condition and the second constraint condition are significantly
different while those frequencies under the second and the third constraint condition only change
slightly.

Analysis based on mode shapes:
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1st mode shape: the 3 constraint conditions are at the same mode shape, where the upper part
of the chamber swings along the X axis, either in the minus or plus direction.

2nd mode shape: the chamber swings along the Y axis either in the minus or plus direction
under the first constraint condition, while the vibration of the sides and top of the chamber follows
the pattern of 1st mode shape.

3rd mode shape: the upper and lower ends of the chamber twist in vibration under the first
constraint condition while vibration of the sides and top of the chamber follows the pattern of 2nd
mode shape.

4th mode shape: the vibration of the sides and top of the chamber follows the 1st mode shape
while the vibration of the right door occurs along the Z axis either in the minus or plus direction
under the second and the third constraint conditions, and the vibration of the other parts is not
significant.

5th mode shape: the vibration of the sides and the top of the chamber follows the 1st mode
shape under the first constraint condition while the front and rear of the chamber twist around the
Z axis under the second and third constraint conditions.

6th mode shape: the front and rear doors of the chamber vibrate along Z axis either in the
minus or plus direction under the 3 constraint conditions.

a) The first constraint condition

b) The second constraint condition

¢) The third constraint condition
Fig. 4. Three different constraint conditions

Table 3. Former six natural frequencies of different constrain conditions

Modal order Natural frequencies / Hz
The first constraint | The second constraint | The third constraint
1 30.57 39.88 40.33
2 37.29 71.56 72.05
3 48.13 72.73 73.13
4 60.29 74.18 74.42
5 60.83 74.45 74.99
6 61.85 75.43 75.69
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It is generally required that the natural frequencies stay as far as possible off the main
frequencies of external excitation in structure designing [14]. In comparison, the natural
frequencies under the second and the third constraint conditions are high and the mode shapes are
reasonable, considering that the relative frequencies under the second and the third conditions are
slightly different and the stiffness of the chamber structure does not vary much, and that the factors
such as mobility of the chamber and installation technology must be involved and the second

constraint condition be regarded as the best.

The scale factor was 5. The front six vibration modes under the second constraint condition

were shown in Fig. 5.

Analysis system
5424E-01
4 830E-01
4226601
3622601
T3019E-01
B-2415E-01

1.811E-01
1.207E-01
6.037E-02
0.000E+00
Max = 5 434E-01
Grids 423432

Min = 0.000E+00
Grids 17280

Y
i
ZA)\X

Analysis system
e

a) The first vibration mode

6 M3E-01

5.3756-01
—4 B0TE-01
383501
20mE0

23M4E-01

1.536E-01

7 678E-02

0.000E+00
Max = 6911E-01
Grids 530879

Min = 0 000E+00
Grids 17280

2 g

Analysis system
T 042E-01

6 250E-01
5477E-01
—4FME-0
T39IZED
&3 130801

2 347E-01
1 865€-01
T 824E-02

0 000E+00

[
GAds 17280

e) The fifth vibration mode
Fig. 5. Former six vibration modes of refuge chamber
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3.3. Comparing spectrum analysis with natural frequencies

In engineering, excitation frequencies and natural frequencies should have a least 10 %
difference to avoid resonance [15]. From the results of modal analysis, it can be seen that the first
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6th natural frequency of the refuge chamber is distributed in 39 Hz-76 Hz with the method of
constraints on both ends of each cabin. As the main frequencies components of explosion shock
wave are 2 Hz, 4 Hz and 6 Hz, which are much less than the first 6th natural frequencies, the
resonance won’t produce. So under the impact of explosion shock wave, natural frequencies of
the refuge chamber avoid the principal frequencies of explosion shock wave, and the modal design
of the refuge chamber is reasonable.

3.4. Strength analysis

As the refuge chamber needs to resist explosive shock wave, it must have a sufficient
performance of strength, stiffness and sealing. On the basis of dynamic optimization design,
strength analysis is carried out [16]. The flow field pressure curves of explosion shock wave were
loaded to appropriate location of the refuge chamber which is gotten from AUTODYN simulation
results. By analyzing the displacement, stress and relative displacement of sealing position of the
refuge chamber with LS-DYNA, maximum displacement contour and displacement history graph,
maximum stress contour and stress history graph and maximum relative displacement history
graph of sealing position were obtained [17].
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Fig. 6. Maximum displacement moment contour and displacement history graph of refuge chamber

The simulation results show that the maximum displacement of the whole cabin appeared in
central on the underside of cabin during the impact process. The maximum displacement value is
14.57 mm, less than 20 mm. The maximum stress is 359 MPa, which means the position is in
partial flange, less than the ultimate strength of material 470 MPa. The maximum stress acted on
the entry door is 316 MPa, less than the yield strength of material 345 MPa. It occurred in the
reinforcing ribs behind the entry door, and the maximum displacement is 14.66 mm. The
maximum stress sustained by emergency escape hatch is 87.88 MPa, less than the yield strength
of material 345 MPa, and the maximum displacement is 4.36 mm which is less than 15 mm [18§].
The maximum stress bore by observation window is 30.96 MPa which is less than 43 MPa. The
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maximum relative displacement of sealing position in entry door and emergency escape hatch is
1.04 mm which is less than 2 mm. The results show that the refuge chamber met all the standard
requirements of sufficient strength, stiffness and sealing, will be not damaged under the explosion
shock wave [19].
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Fig. 7. Maximum stress moment contour and stress history graph
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Fig. 8. Maximum relative displacement history graph of sealing position

4. Conclusions

The numerical simulation and analysis of the coal mine refuge chamber have been done to
ensure the refuge chamber would not be severely damaged when explosion happened. And the
main conclusions drawn from the results are listed as follows:

Spectrum analysis of flow field pressure in the explosion shock wave was made with

MATLAB, and the principal frequencies are obtained. The principal frequencies are 2 Hz, 4 Hz
and 6 Hz.
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Through analyzing the modal of refuge chamber under three constraint conditions, the first six
natural frequencies and corresponding mode shapes are obtained. By comparing the three
constraint methods, we found that constraints on both ends of each cabin are suitable for the refuge
chamber. And the corresponding first sixth natural frequencies are as follows: 39.882 Hz,
71.564 Hz, 72.728 Hz, 74.178 Hz, 74.453 Hz, 75.435 Hz.

By comparing the results of spectrum analysis with natural frequencies, it can be seen that the
first 6th natural frequencies of the refuge chamber with the method of constraints on both ends of
each cabin are significantly larger than the principal frequency components of explosion shock
wave, so resonance would not happen and the dynamic design of the refuge chamber is reasonable.

Besides, the strength of the coal mine refuge chamber was analyzed. During the process of
impact, the maximum stress of refuge chamber is 359 MPa, the maximum displacement is
14.66 mm, and the maximum relative displacement is 1.04 mm, so all the parameters meet the
standard requirements. It proved that the refuge chamber can maintain integrity under the impact
of explosion shock wave. Therefore the refuge chamber has sufficient strength, stiffness and
sealing.

At last, suggestions were presented based on the numerical analysis. It is proposed that a
reasonable constraint should be chosen to avoid resonance. The flange should be reinforced. A
topological optimization should be done to lighten the weight of the stiffener.
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