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The upper part of high gas coal seam often has a hard and thick sandstone roof, which provides the condition for the occurrence of
gas accident in goaf caused by the friction eﬀect for the sliding and instability of hard quartz sandstone. Based on the engineering
background of the 1007 working face of Xiakuotan Coal Mine, the conditions of sliding instability of hard quartz sandstone and
the possibility of the friction eﬀect are discussed by combining theoretical analysis with the laboratory test. When the ratio of span
to thickness is less than 2∼2.56, the hard-thick sandstone strata may slip and lose stability. The inﬂuence of friction velocity and gas
concentration on the induced gas of quartz sandstone is analyzed and compared. The results show that the point spark, the spark
beam, and the gas explosion time are inversely proportional to the relative friction velocity, and the intensity of the gas explosion is
directly proportional to the gas concentration and the relative friction velocity. This paper provides the basis for the prevention
and control of gas disasters in goaf and the control of hard and thick sandstone roof strata under similar engineering geological
conditions. It is of great signiﬁcance to promote the safe and eﬃcient production of coal mines and to ensure the safety of personal
and property.

1. Introduction
As early as the 1880s, the Prussian Coal Mine Gas Commission ﬁrst proposed the possibility of gas explosion caused
by rock friction [1] After summarizing the related accidents
of gas detonation in goaf during rock caving in the coal roof,
it is concluded that the friction between sandstone and shale
and friction between sandstone and sandstone lead to gas-air
mixture which is the cause of the accident by U.S. Mining
Agency [2]. Golinko et al. [3] It is suggested that the heat
accumulated during friction can be transferred from friction
particles to nearby explosive carriers. In the study by Ward
et al. [4] and Ward Colin et al. [5], in view of the potential
risk of rock friction igniting goaf gas in the Australian coal
mine, it is concluded that quartz sandstone, siliceous quartz
tuﬀ, and iron sulﬁde rock are more likely to cause gas
combustion. Wang et al. [6, 7] suggested that the thermal

convection eﬀect caused by rock collision is the cause of gas
explosion caused by the rock friction eﬀect. The test carried
out by Qu et al. [8], Qin et al. [9], Wu [10], and Wang et al.
[11] showed that the coarse sandstone, quartz sandstone,
and other rocks have the possibility of igniting gas under
friction. In the study by Xu et al. [12], the eﬀects of quartz
content, rock impact angle, height, and rock moisture
content on the friction eﬀect of rock ignition gas are analyzed. In the study by Wu et al. [13], the infrared thermal
imaging technology is used to prove that the spark and rising
temperature produced during the impact of sedimentary
rocks can reach the required temperature for gas ignition. At
the same time, in the test carried out by Liu et al. [14], it is
found that when the friction temperature of rock reaches
700°C, the gas concentration will be reduced to 3.25.
A ﬁne sandstone and quartz sandstone with an average
total thickness of about 20.8 m are covered with a basic top,
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which is shown in Figure 1. The composition is mainly
quartz, feldspar, good integrity, hard, and diﬃcult to fall, and
the working face strata are columnar.
The working face adopts the mining technology of fully
mechanized caving coal mining with strike length 862 m,
inclined length 150 m, average thickness of coal seam 5.5 m,
and average inclination angle 13°. In April 2013, during the
normal mining of the 1007 working face, gas accumulated in
goaf due to roof pressure and the instantaneous impact wind
pressure brought out the burning gas from the upper corner
of the working face resulted in 6 workers being burned. In
June of the same year, the working face was unsealed and
resumed production for less than half a month, and another
similar accident occurred, resulting in a worker being
burned; two accidents resulting in the mine being closed for
3 months, and the layout of the working face and the occurrence of the accident are shown in Figure 2.
Sandstone roof and gas are common in coal mines in
China. The friction eﬀect caused by sandstone instability and
fall and the mechanism of gas explosion in goaf are not
completely clear. In this paper, the inﬂuence of friction
velocity and gas concentration on friction eﬀect-induced gas
in goaf is discussed.

2. Causes and Criterion for the Formation of the
Friction Effect of Sliding Instability in the
Rock Layer
After the roof of goaf is broken O-X″, the middle part of the
working face begins to sink, and the broken rock blocks
squeeze each other to form the horizontal force. Under the
inﬂuence of the increase of horizontal extrusion pressure,
the friction between contact rock blocks increases, and the
forces of each rock block reach a relative equilibrium state,
forming a three-dimensional occlusal relationship in the
space range. The outer surface looks like a beam but essentially an arch ﬁssure “masonry beam” structure, as shown
in Figure 3. With the continuous mining process, the roof
over the goaf is broken periodically, and the masonry beam
structure will also have a “stable-unstable-restable” periodic
change process.
When the friction force at the arch foot is less than the
gravity of the rock block itself and the shear stress of the
overlying load acting on the arch foot, the three-hinged arch
structure will be destroyed. The rock block near the coal wall
will slip and lose stability, and the overlying strata will fall
along the side of the coal wall. In the process of cutting, the
relative motion between the broken rock blocks produces
the friction eﬀect, and the rock block will also have sliding
friction with the unbroken rock block.
As the working face continues to advance, the overlying
strata are “O-X” broken, and the broken strata form a threehinged arch beam structure, as shown in Figure 3. When the
friction force is the same as the bite point, the balance
between the blocks is maintained. When the friction force is
less than the shear force, the failure occurs between the
broken rock blocks, and then, the friction eﬀect will occur
between the rock blocks. The sliding friction force between A
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of the rock block and the nonfractured rock block in the
direction of the working face F can be regarded as
F � Tf �

qL2c
tan φ.
2hg

(1)

T is horizontal thrust (N), and f is sliding friction coeﬃcient between rock blocks, and q is the load (N/m) of
overlying strata. LC is the breakage for strata (m); hg is the
thickness of the rock layer; φ is the internal friction angle of
the rock layer.
The shear force R reaches the maximum at both ends of
the support in the masonry beam structure. When the
friction force is F less than the shear force R, that is, R � qLc ,
qL2c
tan φ < qLc ,
2hg
(2)
Lc
≤ 2 cot ϕ.
hg
The internal friction angle of mine sandstone rock
φ � 38–45° and cotφ � 1–1.28, that is, when the ratio of
breaking size to thickness is less than 2∼2.56, the breaking
rock block may slip and lose stability.

3. Experimental Design of the Friction Effect of 3
Quartz Sandstones on Firing Gas
3.1. Test Equipment. Design and manufacture of the friction
eﬀect-gas explosion test box, as shown in Figure 4. Use rated
voltage U � 380 V, rated power P � 5.5 kW, and three-phase
asynchronous motor with maximum speed n � r/min 2800.
As the power source of the friction eﬀect, select a gas detector with a measuring range of 0∼100 VOL% to determine
the gas concentration in the box (Figure 4(b)). Before the
trial started, the methane monitoring probe is placed in the
upper part of the test box to determine the gas concentration
in the test box. The gas concentration in the box is read out
directly by the main engine outside the box. Use a frequency
converter with rated voltage U � 380 V and rated power
PU � 7.5 kW (Figure 4(c)) to adjust motor speed, in order to
adjust the relative friction velocity between the specimens.
The motor is connected with the bearing in the experimental box through the vehicle coupling, and the motor
power is transmitted to the specimen in the experimental
box, which can greatly improve the transmission eﬃciency
and the stability of the equipment operation, and at the same
time, the external protective shell is installed to ensure the
safety of the test process (Figure 4(d)).
3.2. Selection of Rock Samples and Specimen Processing.
Select quartz sandstone ore suitable for easy processing, ore
of less than 400 mm, in length width not exceeding 300 mm,
and the thickness is about 100∼200 mm. There are no obvious cracks in the ore and has good integrity, as shown in
Figure 5. An inner diameter of 40 mm is processed 120 mm
smooth sandstone ring. The rotating specimen is mainly
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Thickness
(m)

Depth
(m)

Formation

1

2.90

211.70

Fine sandstone

2

4.30

216.00

Sandy mudstone

3

1.00

217.00

Siltstone

4

2.20

219.20

Sandy mudstone

5

0.90

220.10

Fine sandstone

6

1.00

221.10

Sandy mudstone

7

0.90

220.00

Fine sandstone

8

1.10

223.10

Sandy mudstone

No.

Lithology

Thickness
(m)

Depth
(m)

Formation

9

13.90

237.00

Quartz sandstone

10

6.85

243.85

Fine sandstone

11

5.50

249.35

No.10 coal seam

No.

Lithology

Figure 1: Generalised stratigraphic column of the 1007 working face.

ﬁxed by three long bolts of 4 mm diameter 120° triangular
structure, as shown in Figure 6.
3.3. Test Programme. The experiment mainly studies the
inﬂuence of friction velocity and gas concentration on the
friction of quartz sandstone to ignite gas. The test adopts the
control variable method. One of the three factors is the ﬁxed
factor and the other is the control factor. The design scheme
is as follows.
(1) Inﬂuence of diﬀerent velocities on friction ignition
gas of quartz sandstone is studied. Under the condition of
gas concentration of 10% volume fraction, the contact
surface velocity is 2 m/s, 4 m/s, 6 m/s, 8 m/s, and 10 m/s,
respectively. (2) The inﬂuence of diﬀerent gas concentrations
on the friction ignition gas of quartz sandstone is studied.
Under the condition that the indirect contact velocity of the
rock block is 6 m/s, the volume fraction of gas concentration
is 4.3%, 6%, 8.6%, 10.3%, and 12%, respectively.

4. Effect of Friction Speed on the Friction
Effect of Firing Gas
In order to study the eﬀect of friction velocity on the ignition
gas of the friction eﬀect, the gas concentration is 10 and the
friction velocity is 2 m/s, 4 m/s, 6 m/s, 8 m/s, and 10 m/s,
respectively. Under each friction velocity condition, the
typical test (friction spark appearance, spark beam appearance, and gas explosion) phenomenon is shown in
Figure 7.
When the friction velocity is 2 m/s, as shown in
Figure 7(a), in the friction test between the specimens
starting from 0 s until 1.6533 s, a slight spark begins to occur
between the rotating specimen and the friction specimen.
The spark lasted until the end of the 50 s test, and no gas
combustion explosion occurred during the period.
As shown in Figure 7(b), when the friction velocity is
4 m/s, the point spark formed by friction between the

rotating specimen is through 1.503 s, and it is more obvious
than the point spark of 2 m/s, and until 39.0947, the gas was
combusted in the test box.
As shown in Figure 7(c), when the friction velocity is
6 m/s, the rotating specimen and the friction specimen pass
through the friction forming point spark of 2.2044 s. And, at
22.2945 s, the gas in the test box exploded.
As shown in Figure 7(d), when the friction velocity is
8 m/s, the gas in the test box explodes when the rotating
specimen and the friction specimen pass through the friction
forming point spark of 5.6446 s.
As shown in Figure 7(e), when the friction velocity is
10 m/s, the rotating specimen and the friction specimen pass
through 4.8764 s friction-forming point spark, and the
quartz sandstone specimen only passes through 8.83 s
mutual friction test box gas explosion.
The time nodes of typical test phenomena during different friction velocity tests are shown in Table 1 and
Figure 8.
From Table 1 and Figures 7 and 8, it can be seen that,
under other conditions, the mechanical energy of friction
between quartz sandstone specimens is converted into heat
energy. When the velocity increases, the heat energy converted in unit time increases, the formation time of friction
spark is shortened, and the heat energy generated by friction
is transmitted to gas by heat radiation. If the friction speed is
2 m/s, the low friction speed makes the low internal heat
energy density of gas-air mixture gas not enough to ignite
the gas in the test box, so there is no gas combustion and
explosion in this group of tests. With the increase of friction
speed, the time from spark to ignition gas is reduced from
37.5917 s to 4.7522 s, which is due to the increase of relative
friction speed, the increase of friction work per unit time, the
increase of heat energy conversion, the rapid rise of friction
surface temperature, and the increase of energy density of
gas containing gas in unit volume near the friction surface.
To sum up, after the increase of friction speed, the energy
converted from mechanical energy to heat energy increases
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(a)

(b)

(c)

(d)

Figure 4: Test equipment. (a) Friction test box. (b) Gas monitoring device. (c) Speed control device. (d) Connection box.

Figure 5: Quartz sandstone rocks.
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4 mm

40 mm

40 mm

40 mm

Figure 6: Test specimens.

in unit time, which accelerates the reaction of gas and plays a
key role in igniting gas by the friction eﬀect.

5. Effect of Gas Concentration on the Friction
Effect of Firing Gas
To study the inﬂuence of gas concentration on the friction eﬀect
of igniting gas, the friction velocity is 6 m/s, the contact surface
pressure is 0.375 MPa, and the gas concentration is 4.3%, 6%,
8.6%, 10.3%, and 12%, respectively. The typical phenomena
during the test are shown in Figure 9.
The time node of the typical test phenomenon is shown
in Table 2.
As shown in Figure 9(a), when the gas concentration in the
test box is 4.3%, 2.338 s is passed from the beginning of the test
to the ﬁrst friction spark formed by the friction between quartz
sandstone and each other. When the test entered 4.3253 s, the
spark beam was formed by friction between quartz sandstone,
and the spark beam appeared continuously and stably during
the subsequent test. The total experimental time is 35 s, but
because the gas concentration is low, the gas ignition concentration is not reached, and the gas in the test box does not
burn.
As shown in Figure 9(b), when the gas concentration in the
test box is 6.0%, only 0.2171 s after the start of the test forms a
point spark and 1.6533 s later forms a spark beam and maintains
a relatively stable state after the start of the test. A total of 32 tests
were carried out. Although the gas concentration has reached
the explosion and combustion concentration, the gas in the test
box did not burn or explode because of the low ignition energy
of the friction eﬀect.
As shown in Figure 9(c), when the gas concentration in the
test box is 8.6%, it is taken as 4.676 s for the point spark
generation from the start of the test, and after 5.9786 s from the
test start, the spark beam is formed and remains in a relatively
stable state. At the time of 7.014 s, the gas in the test box exploded, forming a group of obvious ﬂame, and the explosion
airﬂow broke through the plastic ﬁlm at the vent.
When the gas concentration in the test box is 10.3%, as
shown in Figure 9(d), after 5.4943 s, it forms a spark beam and

maintains a relatively stable state from the start of the test device
to the point spark generation after the 2.4883 test. At the time of
6.2458 s, the gas in the test box explodes, forming a bright ﬂame,
and the explosion airﬂow breaks through the ﬁlm at the vent
and forms a ﬂame impact front.
As shown in Figure 9(e), when the gas concentration in
the test box is 12%, the spark beam is formed from the start
of the test device to the point spark generation after 2.4883 s,
and 6.2959 s after the start of the test, it remains in a relatively stable state. At the time of 7.9826 s, the gas in the test
box explodes, forming a bright ﬂame, and the explosion
airﬂow breaks through the ﬁlm at the vent and forms a ﬂame
impact front.
Gas explosion is a kind of heat-chain reaction. The friction
heat eﬀect of the quartz specimen provides ignition energy
stably. When the gas analysis absorbs the heat eﬀect energy to a
certain extent, the molecular chain participating in the reaction
will break, dissolve into two or more free radicals and becomes a
continuous activation center. Under suitable conditions, free
radicals can further decompose and produce two or more free
radicals. This continuous cycle, more and more free radicals, the
speed of chemical reaction is also faster and faster. When the gas
concentration increases, the number of molecules in the test box
increases, and when the reaction conditions are reached, the
molecules produce more free radicals, which leads to a more
intense reaction and a decrease in the time taken for the
reaction.
Therefore, after the gas concentration increases, the
number of gas molecules in the test box increases. After
the reaction conditions are reached, the number of
participating reaction molecules in unit volume increases, the release energy increases, the energy density
increases, the initial reaction time is shortened, and the
intensity of chemical reaction is increased. When the
ignition concentration of methane is reached by quartz
sandstone friction in the methane-air mixture gas, a small
volume of ﬂame center with high temperature and high
free radical concentration can be produced in the mixture
gas. This ﬂame center initiates a chemical reaction ﬂow
and propagates to the adjacent unburned gas with the
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1.6533 s

7

No ﬁre bouquet

No gas explosion

(a)

1.503 s

28.2397 s

39.0947 s

(b)

1.837 s

4.5758 s

22.2945 s

(c)

4.4088 s

5.6446 s
(d)

Figure 7: Continued.

8.9679 s
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4.0748 s

5.678 s

8.83 s

(e)

Figure 7: Typical experimental results of diﬀerent friction velocities. (a) v � 2 m/s. (b) v � 4 m/s. (c) v � 6 m/s. (d) v � 8 m/s. (e) v � 10 m/s.
Table 1: Time of occurrence of point sparks at diﬀerent friction velocities and time of gas explosion.
Friction velocity
Formative time of ﬁre spark (s)
Formative time of ﬁre bouquet (s)
Gas explosion time (s)

v � 2 m/s
1.6533
No ﬁre bouquet
No gas explosion

v � 4 m/s
1.503
28.2397
39.0947

v � 6 m/s
1.837
4.5758
22.2945

v � 8 m/s
4.4088
5.6446
8.9679

80
70

Time (second)

60
50
40
30
20
10
0

4

6
8
Friction speed (m/s)

10

Bouquet-to-gas explosion interval
Spark-to-gas explosion interval
Spark-to-fire bouquet interval

Figure 8: Time node information of typical test phenomena.

2.338 s

4.3253 s
(a)

Figure 9: Continued.

No gas explosion

v � 10 m/s
4.0748
5.678
8.83
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1.6533 s
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(b)

4.676 s

5.9786 s

7.014 s

(c)

2.4883 s

5.4943 s
(d)

Figure 9: Continued.

6.2458 s
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2.4883 s

6.2959 s

7.9826 s

(e)

Figure 9: Typical experimental phenomenon of diﬀerent methane concentrations. (a) 4.3% VOL. (b) 6.0% VOL. (c) 8.6% VOL. (d) 10.3%
VOL. (e) 12.0% VOL.
Table 2: Statistics of point spark, spark beam, and reaction time node of gas explosion at diﬀerent gas concentrations.
Gas concentration
Formative time of ﬁre spark (s)
Formative time of ﬁre bouquet (s)
Gas explosion time (s)

VOL% � 4.3%
2.338
4.3253
No gas explosion

VOL% � 6%
0.2171
1.6533
No gas explosion

VOL% � 8.6%
4.676
5.9786
7.014

VOL% � 10.3%
2.4883
5.4943
6.2458

VOL% � 12%
2.4883
6.2959
7.9826

help of heat and free radical diﬀusion. Thus, the methane
gas in the test box is all involved in the combustion
explosion reaction.

Data Availability

6. Main Conclusions

Conflicts of Interest

Through the comparison of the above ten groups of tests, it can
be seen that the relative friction velocity has the most direct and
intuitive inﬂuence on the test among the two inﬂuencing factors
of friction velocity and gas concentration. For diﬀerent gas
concentrations, when the relative friction velocity is constant,
the formation time of the friction point spark and spark beam is
still aﬀected by the parameters of the specimen itself, but the
ignition energy of the rock friction heat eﬀect is relatively low
relative to other ignition modes. Therefore, the prevention and
control of this kind of accidents should be placed in the control
of coal seam gas:

The authors declare that they have no conﬂicts of interest.

(1) When the ratio of span to thickness is less than
2∼2.56, the hard-thick sandstone strata may slip and
become unstable, and severe relative friction will
occur between the broken rock blocks.
(2) With the increase of the friction velocity of the sandstone rock mass, the mechanical energy is converted
into the heat energy rate. When the gas concentration is
suitable, the time of spark, spark beam, and gas combustion explosion is shortened. The relative friction
velocity is the key factor of the friction eﬀect.
(3) The test results show that the ignition energy of the
friction heat eﬀect of rock is lower than that of other
ignition methods, and the friction heat eﬀect cannot
be ignited even if the gas concentration is suitable.

The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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