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The compound dynamic disaster of coal and gas outbursts and rockburst is a typical hazard jeopardizing the mining of the high gas
content coal seam under a hard roof condition. In this study, the hard roof’s mechanism inducing this hazard is analyzed. Physical
analog modeling experiments and in situ monitoring of mining-induced stress were performed during coal seam mining under a
hard roof condition. The pattern of hard roof breakage effect on the stress-fissure field evolution was revealed. The elastic energy
was released and propagated on both sides immediately after the hard roof breaking, leading to energy accumulation. Meanwhile,
expansive roof collapse resulted in the intense weighting of the working face and rockburst. Thus, the coal and gas outburst
occurred under the joint action of the impact energy generated by breaking the hard roof and gas expansion energy. In other
words, the compound dynamic disaster happened. Synergistic stereoextraction integrating cross-seam drilling and along-seam
drilling was combined with deep hole advanced presplitting blasting technology to cope with the compound dynamic disaster in
the high gas coal seam under a hard roof condition.

1. Introduction

Rockburst and coal and gas outbursts are the most severe
dynamic disasters occurring in coal mining. In China, coal
seams are usually featured by complex geological conditions
and faced with the challenge of severe coal and gas outbursts
and rockburst disasters [1]. These disasters have become the
major restricting factors for the safe and high-efficiency min-
ing of coal resources [2]. The coal and gas outbursts in some
deep mines of China are even more complicated, manifesting
obscure features [3]. There are some common features
between the coal and gas outburst and rockburst, and they
cannot be plausibly explained by the conventional theory of
coal and gas outburst or rockburst [4]. The interaction
between the two disasters becomes even more significant in

deep mining, leading to compound dynamic disasters. Due
to the coupling of multiple factors during the compound
dynamic disasters, coal and gas outbursts and rockburst
may become mutually precipitating and strengthening fac-
tors in the genesis, occurrence, and development of the coal
mine incidents [5]. Such interactions add to the difficulty in
the understanding of the occurrence mechanism. The com-
pound dynamic disaster in the coal mines results from the
joint action of high ground stress in deep positions, high
gas pressure [6], hard roof, low-permeability coal bodies,
and other engineering [7] and geological factors. Such disas-
ters seem inevitable as coal extraction goes deeper, bringing
about new challenges for disaster prevention andmanagement
[8]. In recent years, many researchers worldwide have investi-
gated the occurrence mechanism of compound dynamic
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disasters of coal and gas outbursts and rockburst and the
disaster-causing mechanism of a hard roof.

Petukhov [9] proposed integrating studies of rockburst
and coal and gas outburst as two separate but correlated
phenomena. Zhang et al. [10] were the first to propose a
uniform instability theory concerning rockburst and coal
and gas outbursts. They provided the criteria for the occur-
rence of rockburst and coal and gas outbursts. It was sug-
gested that the outburst of gas exceeded coal and gas
outburst, while rockburst was accompanied by zero or very
little outburst of gas. Therefore, rockburst was also known
as the outburst of coal; the term outburst is specifically
referred to as the rockburst with the gas outburst only. Li
et al. [11, 12] assumed that the rockburst was closely related
to gas under deep mining conditions. High-pressure gas
was very likely to be involved in the genesis of rockburst.
The rockburst could be induced by the coupling of excava-
tion unloading of the gas-containing porous media and gas-
bearing structures and desorption and expansion of gas
adsorbed under high pressure. Pan et al. [13] reported that
in a high gas coal mine, increasing the gas extraction vol-
ume to induce gas desorption, seepage, and discharge in
large amounts from the coal seam would change the phys-
ical properties of coal bodies. Thus, gas disasters were
transformed into rockburst disasters, accompanied by
increased intensity and rockburst frequency. The primary
mechanism, by which a hard roof induces rockburst, is
related to the stress concentration due to a hanging roof
and coal and rock failure caused by shock bump under roof
breaking. Such failure can directly lead to rockburst and
other types of disasters, such as water bursting in mine,
coal and gas outburst, and roof caving [14–16]. Lurka
[17] employed the tomographic imaging technique to
quantify the risk of rockburst caused by roof breaking in
the longwall face of the Zabrze Bielszowice coal mine in
Poland. They also delineated the risk area using the same
technology. Dou et al. [18] revealed the dynamic and static
load superposition principle in coal mines’ rockburst
through theoretical and experimental studies. They further
discussed the methods of rockburst monitoring, prevention,
and control. Yang and Zhen [19] studied the characteristics
of overburden movement in mechanized top caving mining
of thick coal seams and mechanism of coal-rock dynamic
disasters caused by the superposition of static and dynamic
loads.

There seems to be a growing awareness of the connec-
tions between rockburst and coal and gas outburst in coal
mines as more studies have been done concerning these
disasters’ occurrence mechanism. However, the transforma-
tion pattern and mechanism between the two disasters
remain unclear. There is still a lack of consensus on the hard
roof’s mechanism inducing rockburst and coal and gas out-
bursts. To reveal the compound dynamic disaster’s occur-
rence mechanism, we need to study the stress evolution and
the deformation and failure features of the surrounding rocks
under a hard roof condition. Here, the A3 coal seam of the
Paner Coal Mine’s mining conditions was taken as the pro-
ject background. A physical analog modeling experiment
on the stress-fissure field evolution in thick coal seam mining

and in situ monitoring of mining-induced stress was per-
formed under a hard roof condition. The hard roof’s stress
distribution and deformation features upon breaking and
the hard roof mechanism inducing the compound dynamic
disaster were analyzed in detail.

2. Project Overview

2.1. Geological Conditions. The A3 coal seam of the 11223
working face of Paner Coal Mine in Huainan has elevation
from -460.0 to -500.0m; the layout of the working face is
shown in Figure 1. The coal seam thickness range is 2.09 to
7.91m, the average being 5m. The coal seam has a simple
structure and rarely contains the dirt bands. The average
dip angle of the stratum is 13°. The roof of the coal same is
the directly overlying fine sandstone old roof, in the
grayish-white color, and contains quartz predominantly.
The roof has a fine-grained structure and a thickness of
8.3~20.9m, the average being 14.6m, f = 5:88. The direct
floor of the coal seam is the mudstone, with an average thick-
ness of 1.5m. The rock column diagram of the stratum is
shown in Figure 2. The 11223 working face extends for
180m in length, and the longwall fully mechanized full-
seam mining is performed along the strike. The elevations
of the ventilation roadway and transportation roadway are
-460.1~-498.6m and -500.1~-554.8m, respectively. The fully
caving method is used for roof management. The full strike
length of the working face is 1466m.

The 11223 working face is located in the risk area of gas
outbursts, mainly in the A3 coal seam. It is estimated that
the absolute volume of outburst gas is 36.41m3/min during
stoping. The entire A3 coal seam is prone to spontaneous
combustion. The maximum comprehensive gas pressure of
the A3 coal seam is 2.6MPa, the maximum gas content is
11.19m3/t, and the gas gradient is 6.67m3/t. The gas content
varies quickly with elevation. The gas permeability coefficient
of the A3 coal seam is 0.23m2/(MPa2·d).

2.2. Disaster Manifestations. The 11223 working face is over-
lain by two layers of thick hard rock strata. Above the coal
seam, the hard roof exerts a clamping load on the coal bodies
when forming a hanging roof, which increases stress concen-
tration in coal bodies. Moreover, the shock bump produced
by roof breaking can be transferred to the coal bodies in the
roadway, leading to strong ground pressure. The working
resistance of the support upon the initial weighting of the
working face increases abruptly. The phenomena of leaky
roof and spalling occur on the coal wall side, giving rise to a
high risk of impact for the coal bodies (as shown in
Figure 3). The leaky roof problem is particularly severe when
the 11223 working face advances to 54m.

The 11223 working face is located within the risk area of
the outburst. The A3 coal seam is the outburst coal seam,
where 14 coal and gas outbursts occurred during the shaft
construction. Ten outbursts occurred in the A4 coal seam,
and the elevation of the initial outburst was -385m. One out-
burst occurred in the A3 coal seam, with an elevation of
-522m. These outbursts generally occurred when tectonic
belts were encountered during cross-cut coal uncovering
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and tunneling of the working face. The coal and gas outbursts
during the shaft construction of Paner Coal Mine are shown
in Table 1.

As coal mines are getting deeper each year, they experi-
ence the interaction of such complex factors as high crustal
stress, high gas, high anisotropy, and low permeability. Con-
sequently, the scopes of the two dynamic disasters keep
expanding. Since higher elastic energy and internal energy
of coal gas accumulate in deeper coal and rock masses, the

latter get closer to the threshold for the transition from steady
state to nonsteady one. In that case, outbursts and impact
become mutually disturbing and precipitating factors. The
conditional threshold for dynamic disasters drops compared
to that of pure rockburst or coal and gas outburst, while the
disaster intensity increases. Based on the above, the existing
predictors for a single dynamic disaster may fail, and new
challenges occur concerning the prevention and manage-
ment of dynamic disasters.

N

Study area (Paner Coal Mine)
3#coal seam

4#coal seam

Tail entry

11223 goaf

Head entry

High level gas extraction

roadway of 11223 working face

Low level gas extraction

roadway of 11224 working face

Figure 1: The layout of the working face.

Lithology Thickness/(m) Lithologic characteristics

4 #coal 3.0 Mainly black, massive and scaly, mainly semi-bright

Sandy
mudstone

6.6 Dark gray, dense, sandy muddy structure

Gritstone 12.8 Gray-white, dense, medium-fine structure

Mudstone 2.8 Gray, muddy structure

Fine
sandstone

12.0 Gray-white, fine-grained

Sandy
mudstone

2.2 Dark gray, sandy argillaceous structure, visible thin mudstone

Fine
sandstone

14.6 Light gray, fine-grained, complete layer

Sandy
mudstone

5.0 Dark gray, sandy muddy structure, dense

3 #coal 5.0 Mainly black, massive and scaly, mainly semi-bright

Mudstone 1.5 Grayish black, sandy muddy structure, visible

1#coal 3.5 Mainly black, massive and scaly, mainly semi-bright

Mudstone 2.2 Grayish black, sandy muddy structure, visible

Columnar

Figure 2: The rock column diagram of the stratum.
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3. Mechanism of the Compound Dynamic
Disasters Induced by a Hard Roof

A hard roof is likely to form a hanging roof in the goaf. The
formation, breaking, and migration of this hanging roof
exert a mechanical impact in two respects: firstly, the load
borne by the hanging roof is transferred from the goaf to
the surrounding coal and rock masses, leading to an
increase in the stress of the coal and rock masses and,
hence, stress concentration. Secondly, the hard roof reaches
the hanging limit and breaks, causing shock bump and
dynamic load disturbance to the region of high stress con-
centration. When the dynamic and static loads’ superposi-
tion satisfies the criteria of the coupled dynamic and
static loads inducing rockburst, the rockburst occurs
[20–22]. If the coal seam has high gas content and low
gas permeability, the impact energy induced by breaking
the hard roof works together with the gas expansion energy
to induce outbursts, which is the compound dynamic disas-
ter. Therefore, the surrounding rocks’ stress distribution
features in the coal seam with high gas content and low
gas permeability during the mining process are crucial for
revealing the compound dynamic disaster’s occurrence
mechanism under a hard roof condition. Based on the sur-
rounding rocks’ spatial structural features, the surrounding
rocks’ static mechanical model was constructed (as shown
in Figure 4).

The load borne by the hanging segment of the hard roof
is transferred to the adjacent coal and rock masses. The
mechanical equilibrium condition yields:

ð−b
− L2+bð Þ

σsy xð Þdx +
ð∞
0

σy xð Þ − σ0
� �

dx = γh2 + qð ÞL, ð1Þ

where σsyðxÞ, σyðxÞ, and σ0 are the vertical stress distribution
functions of the support, solid coal, and in situ stress, respec-
tively; γ is the bulk density of the hard roof; and q is the
equivalent uniform live load of the overlying strata of the
hard roof. The stress distributions of both the support and
coal bodies depend on the hard roof’s hanging length L.

Based on the solid coal stress analysis, the coal body’s
stress equilibrium equation takes the following form:

σsh1 + Ff + Fb = λσy L1ð Þh1, ð2Þ

where σs is the support strength; Ff and Fb are friction forces
acting between the roof and coal body and between the floor
and coal body, respectively; and λ is the coefficient of lateral
pressure.

For the hanging roof structure of goaf formed by hard
roof, the first breaking step is obtained in reference [23].

ai = lmwi, ð3Þ

Caving stones 

Support
deformation 

Figure 3: Photos from field investigations.

Table 1: Coal and gas outbursts during the construction of Paner Coal Mine.

Coal seam Elevation (m)
Amount of outburst

coal (t)
Amount of outburst

gas (m3)
Type Cause

B4-1 -420 56 8000 Outburst
Changing the form of support and

a leaky roof

B4 -470 233 900 Extrusion
Encountering tectonic structures

when uncovering the coal

B4-2 -420 11.2 2000 Extrusion
Encountering tectonic structures

when uncovering the coal

B4-1 -420 22 800 Extrusion
Encountering tectonic structures

when uncovering the coal

B4-1 -420 16 2400 Extrusion
Fissure development, coal uncovering,

and blasting
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where ai is the first breaking step, lm is the step number; wi is
the “edge-length” coefficient of goaf, the subscript is 1, 2, 3,
and 4, for a specific goaf; the first breaking step of roof is deter-
mined by the step number lm, which is calculated as follows:

lm = h
1 − v2

ffiffiffiffiffiffiffi
2σt
q

s
, ð4Þ

where h is the roof thickness, σt is the tensile strength, and q is
the load on roof.

The hanging length of the roof correlates positively with
the roof thickness h and tensile strength σt . The values of h
and σt are relatively large for the hard roof. According to for-
mula (1), as the roof’s hanging length L increases, the stress
distributions σsyðxÞ and σyðxÞ the support and solid coal
increase. The static mechanical model shown in Figure 3
applies to both the working face and surrounding rocks of
the roadway. When the model represents the working face,
the support is in the working face. When it represents the
roadway, the support is the entry protection coal-pillar. The
former’s support strength is much lower than that offered
by the solid coal to the roof. Since the support works during
the unloading, its stress distribution function σsyðxÞ is rela-
tively small as the hard roof’s hanging area increases. How-
ever, the stress distribution function σyðxÞ of the solid coal
increases abruptly in this process. Further analysis of the
stress equilibrium represented in formula (2) reveals how
rockburst occurs in the working face. As σyðxÞ increases,
the value on the right side of formula (2) increases. To
achieve the stress equilibrium, the σyðxÞ coal body’s stress
should approach the ultimate strength, leading to the failure
of the coal bodies and the release of the elastic deformation
energy, thereby inducing rockburst’s instability in the coal
bodies. The breaking of the hard roof results in shock waves
acting on the coal bodies, further producing the coal wall
deformation. The increment of the horizontal stress in the
coal wall is nonnegligible. Then, formula (2) is reduced to
the following form:

σsh1 + Ff + Fb = λσy L1ð Þh1 + σdx: ð5Þ

Consider an analytical unit A taken from the exposed
surface in the coal body ahead of the working face. Under
the working face excavation, there is abrupt unloading of a
unidirectional stress in the x-direction, and the stress state
of unit A is derived (as shown in Figure 3(b)). Upon the
moment of coal wall exposure, the wall surface’s gas pressure
quickly drops to the level equivalent to the ambient gas pres-
sure in the roadway pa. The coal bodies, which have already
become soft and loose under the tension exerted by the gas
seepage pressure, undergo crushing failure. The coal bodies
are ejected, and the rockburst goes deeper. Based on the slip
line field theory proposed by Zhuang et al. [24], the maxi-
mum shear stress is located along the boundary of unit A.
Upon the exposure and failure of the coal wall, unit A
undergoes an overall slip. The critical condition for the sud-
den instability is

p + σx − pað Þ dlð Þ2 ≥ 2 c + σz tan φð Þ dlð Þ2 + 2 c + σy tan φ
� �

dlð Þ2,
ð6Þ

where p is the gas pressure inside the coal bodies (MPa); c
and φ are the cohesive force and internal friction angle of
the coal seam, respectively; pa is the ambient gas pressure of
the roadway; and dl is the side length of the analytical unit.
By performing transposition and simplification of formula
(6) and introducing the mechanical indicator Cm for the
rockburst initiation, we get

Cm = p + σx − pa
4c + 2 σz + σy

� �
tan φ

≥ 1: ð7Þ

It can be seen from formula (7) that the magnitude of
rockburst risk is influenced not only by the values of c and
φ of the coal seam but also by the mining-induced stress
and gas pressure. During the coal mine production process,
the mining-induced stress and gas pressure control rockburst
in regions where the coal seam’s hardness varies less
significantly.

The breaking of the hard roof occurs suddenly during the
coal seam excavation when certain conditions are met. The
resulting high stress concentration and impact load on the

Floor

gas coal seam

Hard roof

Overlying strata

Coal wall

Goaf
Working 

Direct roof 

x

y

q

O

h1

h2

bL3 L2 L1

L

Support body

𝜆𝜎y (L1)
section

𝜎sy(x)

𝜎s

𝜎y (x)

Ff

Fb

(a) Static analysis of the surrounding rocks under mining
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(b) Stress analysis of unit A

Figure 4: Mechanical model of the surrounding rocks under a hard roof during mining.
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coal bodies produce impact energy. When the coal bodies’
stress in the high-stress region exceeds the peak strength,
the coal bodies undergo failure, leading to the formation of
a plastic deformation region that dissipates energy. The coal
bodies near the fracture line in the roof are extruded entirely,
thus triggering the rockburst. Deformation and failure of the
coal bodies change the gas permeability of the coal bodies.
There is a local high-pressure gas accumulation. The shock
bump caused by the impact leads to partial desorption of
the adsorbed gas. Hence, a greater amount of free gas gushes
out from the fissures. The compound dynamic disaster
occurs when the gas stored in the plastic deformation region
and that desorbed in large amounts from fissures in the sur-
rounding coal, and rock masses gush out rapidly under the
joint action of the impact and gas expansion energies.

4. Stress Evolution Pattern in the Hard Roof

As shown by the analysis of a hard roof’s mechanism induc-
ing the compound dynamic disaster, the mechanical impact
generated by the formation, breaking, and migration of the
hanging roof, which is formed by the hard roof in the goaf,
is the primary influencing factor. Therefore, studying the
stress-fissure field’s evolution pattern in the hard roof sheds
new light on a hard roof’s mechanism inducing dynamic
disasters in the high gas coal seam. On this basis, more effec-
tive control and preventive measures can be elaborated.

4.1. Physical Analog Model. For physical analog modeling,
the geometric similarity ratio CD between the analog param-
eters and field measured parameters was set to 1 : 100. The
similarity ratios of bulk density of the rocks and coal were
Cγ−Rock = 1 : 1:56 and Cγ−Coal = 1 : 1, respectively. Based on
a large number of tests and simulations, a complete set of
ground pressure similarity theory has been established
[25, 26]. The similarity ratios of model stress, elastic mod-
ulus, load, and time were calculated as follows.

In the physical analog modeling, D is defined as length; γ
is the bulk density; δ is the displacement; σ is the stress; ɛ is
the strain; E is the elastic modulus; σt is the tensile strength;
σc is the compressive strength; c is the cohesive force; β is
the internal friction angle; ν is Poisson’s ratio; and μ is the
friction coefficient. According to the similarity theory, the
following relationship exists between the physical analog
model and geological prototype:

Cσ = CγCD, ð8Þ

where Cσ is the stress similarity ratio; Cγ is the bulk density
similarity ratio; and CD is the geometric similarity ratio.

CD = CδCε, ð9Þ

where Cδ is the displacement similarity ratio and Cε is the
strain similarity ratio.

CE = CσCε, ð10Þ

where CE is the elastic modulus similarity ratio.

Moreover, since the parameters of the physical analog
model (PAM) are equal to those of the geological prototype,
the similarity ratios for the strain (ε), internal friction angle
(β), friction coefficient (μ), and Poisson’s ratio (v) are equal
to unity:

Cε = 1, Cβ = 1, Cμ = 1, Cν = 1: ð11Þ

According to formulas (8)-(11), there is

Cσ = CE = Cc = Cσc
= Cσt

: ð12Þ

Therefore, the similarity ratios of stress and elastic mod-
ulus are

Cσ = CE = CγCD = 156: ð13Þ

The load similarity ratio is

CF = CγCD
3 = 1:56 × 106: ð14Þ

The time similarity ratio is

Ct =
ffiffiffiffiffiffi
CD

p
= 10: ð15Þ

From the similarity ratio of stress and elastic modulus
Cσ,E = 1 : 156, the stratum’s physical-mechanical parameters
for PAM were determined. The initial mix proportions of the
analog materials were determined from the similarity theory
[27, 28]. Analog materials used for PAM included fine sand
(particle diameter 0.25-0.35mm), lime, and gypsum. After
rock fidelity core-taking was carried out on site, collected
rocks were processed in the laboratory into standard rock
samples meeting the International Association of Rock
Mechanics requirements. Eventually, physical and mechani-
cal parameters of rock samples were obtained through uniax-
ial compression and shear tests. To obtain the appropriate
elastic modulus of the PAM material, numerous mechanical
tests were performed for the collected samples. The mix
ratios of analog materials are shown in Table 2. First, their
initial mix proportions were established. Then, weighted
mixing was performed for analog materials (fine sand, lime,
and gypsum), which were used to prepare the standard
columnar specimens. After curing for seven days, the speci-
mens were subjected to mechanical tests. The final mix ratios
of analog materials were determined after screening and
comparative analysis.

The PAM device dimensions were as follows: length ×
width × height = 3m × 0:4m × 2m. Fine sand was used as
aggregate, lime, and gypsum as a cementing agent and water
as a bonding agent. Based on the occurrence conditions of the
working face 11223 in the Paner Coal Mine, the PAM speci-
fication was as follows: length × width × height = 3m × 0:4
m × 1:3m. During the PAM experiment, the advancing dis-
tance along the working face’s strike was 2.2mm; the dis-
tances between the left and right boundaries of the model
to the setup entry and stop line were 0.4mm. A hydraulic
loading system was installed above the testing device to
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achieve uniform loading, which partially compensated the
overlying stratum’s gravity that was not simulated. The thick-
ness and average density of the rock layer above the model
were 300m and 2500 kgm−3, respectively. This rock layer
effect on the upper part of the model was reduced to the ver-
tical stress equal to 300 × 0:025 = 7:5MPa. The physical
model is shown in Figure 5. Based on the time and geometric
similarity ratios, each day of the real working face’s stoping
was equivalent to 2.4 h of the excavation in a physical analog
model. The 3/8 working schedule was adopted in the Paner
Coal Mine, with two shifts per day. To be specific, each shift
(with the produced excavation of 2.5m in the real working
face) corresponded to 25mm in the PAM excavation. The
model’s working face advanced by 50mm every 2.4 h (while
the real working face was extracted by 5m).

The stress evolution features of the thick hard roof were
monitored during the breaking process (as shown in

Figure 6). Two stress measuring points a and bwere arranged
in the thick hard roof. A BX120-50AA pressure gauge was
used as the stress sensor for monitoring stress variations in
the coal seam and surrounding rocks. A 7v14 data acquisition
system consisting of the data acquisition module, data com-
munication module, computer, and data analysis package
was used for data acquisition. The sensor data were directly
imported into the computer and subject to dynamic sam-
pling and analysis.

4.2. Analysis of PAM Results. The effect of hard roof breakage
on stress distribution was assessed using the data from the
stress gauges a and b during the mining process. As shown
in Figure 7, the stress gauge a was located on the coal pillar
side, where the stress increased, forming a stress concentra-
tion region. Along with the coal seam’s mining, the stress
detected by the stress gauge a increased correspondingly.

Hard roof

Overlying load

1.
 3

 m

3 m

Lithology Thickness
/(m)

Overlying
strata 58.0

4 #coal 3.0

Sandy
mudstone 6.6

Gritstone 12.8

Mudstone 2.8

Fine
sandstone 12.0

Sandy
mudstone 2.2

Fine
sandstone 14.6

Sandy
mudstone 5.0

3 #coal 5.0

Mudstone 1.5

1#coal 3.5

Mudstone 2.2

Figure 5: Physical analog model.

4#coal

3#coal

Hard roof

Starting cut Stopping line

10 cm 30 cm

40 cm

a b

Figure 6: Stress sensor and monitoring device.
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Under the hard roof condition, the stress distribution process
could be subdivided into two stages. At the first stage, before
breaking the hard roof, a large amount of elastic energy was
accumulated due to the high elastic modulus of the hard roof,
while the stress increase rate was low. At the second stage,
where the A3 coal seam was extracted to 60m, the hard rook
broke, leading to the immediate release of the elastic energy,
an abrupt stress rise, and hence, stress perturbation. At this
moment, the rockburst dynamic disaster occurred.

The stress measured by the gauge b first increased and
then decreased along with the mining, until the final stabili-
zation. When the coal seam was extracted to 20m, the stress
gauge b was located outside the mining region. The compres-
sive stress of the hard rock strata peaked. Later, the pressure
gauge b was located in the goaf, transitioning from compres-
sive stress to tensile stress. When the coal seam was extracted
to 60m, the hard roof broke, leading to an immediate
increase in the rock strata’s tensile stress, followed by gradual
stabilization.

The fissure distribution features were analyzed before
and after the breaking of the hard roof. As shown in
Figure 8(a), before the first breaking of the hard roof, only
the direct roof’s caving occurred in the goaf since the hard
roof had a high elastic modulus and did not easily break. A
hanging roof with a large area appeared; the hanging arc
length of the hard roof reaches 50m. The hard hanging roof
formed a simply supported beam structure with coal bodies
on both sides. The coal pillars bore a large amount of elastic
energy and potential energy accumulated in the stope’s over-
lying strata, and these energies on the two sides. As the work-
ing face advanced, the ultimate caving step was reached for
the hard roof, and the hard roof broke. As shown in
Figure 8(b), after the hard roof broke, the entire hard roof
caved in, and the extensive hard roof caving caused intense
weighting of the working face. The hanging arc length of
the hard roof was 60m after the coal seam was further exca-
vated. Later, the hard roof’s second breaking occurred, and
the hard roof presented massive caving, followed by periodic

breaking. The resulting stress redistribution inevitably made
on-site support more problematic. On the one hand, the sup-
ports had to bear the immediate high-stress impact. On the
other hand, the stress concentrated near the coal pillars will
be released to produce significant shear stress for the coal
wall side. As a result, the masonry beam structure failed,
and the supports had to bear the weight of irregular rock
blocks that were large in both span and height. This is espe-
cially true in the high gas coal seam, where the impact caused
by the hard roof breakage will trigger a gas outburst.

4.3. In Situ Monitoring of the Mining-Induced Stress. The A3
coal seam mining effect on the stress distribution in the over-
lying coal and rock masses was observed. To achieve this
goal, eight boreholes were drilled to place stress gauges in
the 11224 end-located drainage roadway above the 11223
working face. The boreholes were drilled along the walls of
the end-located drainage roadway at an interval of 10m.
The 4# borehole was directly above the stop line of the
11223 working face. The positions of the 1#~8# boreholes
are shown in Figure 8 from left to right. The stress monitor-
ing device was composed of the borehole stress gauge, stress
monitoring substation, data acquisition system, and analysis
package (as shown in Figure 9). When the 11223 working
face advanced to 200m away from the stop line, the stress
monitoring substation began to capture the gauges’ stress
variation. The research personnel went underground regu-
larly to export the data from the data acquisition system
and analyze them.

As shown in Figure 10, when the 11223 working face
advanced to 200m from the stop line, the 7 and 8# stress
gauges were at 160 and 170m from the initial position of
the monitoring, respectively. The stress values showed a
slowly increasing trend, with increase rates of 0.0072 and
0.0042MPa/m, respectively. However, there was no incre-
ment at the 5 and 6# stress gauges that were further away,
and both indicated the original stress status. As the working
face further advanced to 140 and 120m, the stress measured
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by the 6# and 5# gauges, respectively, began to increase
slowly. The increase rate was 0.0049 and 0.0083MPa/m,
respectively. When the working face advanced to 40-60m
ahead of the stress gauges, the stress showed a rapidly
increasing trend. The increase rate of the 7#~5# stress gauges
was 0.033, 0.039, and 0.026MPa/m, respectively. After peak-
ing, the stress began to decrease to below the level of the orig-
inal stress. The stress measured by the 4#~1# stress gauges
gradually increased as the working face advanced. The stress
values continued to increase slowly for some time after stop-
ing. The overlying strata of the working face did not stop
migration immediately after stoping, indicating hysteresis
in the overlying strata’s migration. The peak stress was fur-
ther analyzed. The stress values at the 8#~5# gauges all
peaked, the peak ranging from 0.7 to 1.6MPa. The maximum
stress at the 4#~1# gauges fell within the range of
0.2~0.6MPa, indicating that the four stress gauges on the

stop line’s left side did not reach the stress concentration
peak.

Based on the strata’s stress evolution features on the stop-
ing side of the stop line as the working face advanced, the
stress variation was subdivided into seven stages. Stage A:
in situ stress—the mining-induced stress did not influence
this stage, and the region of in situ stress was 170m away
from the working face. Stage B: slow stress increase—at this
stage, the stress increased slowly, and the region of slow stress
increase was 80-120m wide. Stage C: fast stress increase—the
stress rapidly increased to the peak, and the region of fast
stress increase was 28-40m wide. Stage D: peak stress—at
this stage, the peak stress was maintained, and the region of
constant peak stress was 10-30m wide. Stage E: fast stress
decrease—at this stage, the stress rapidly decreased to the
level below the original stress, and the region of fast stress
decrease was about 10m wide. Stage F: unloading—at this

Post

The digital
pressure gauge

The infrared
collector

Tail entry

Stopping
line

Low level gas
extraction roadwayline

11223 goaf

11224 working face10 m 10 m
1# 2# 3# 4# 5# 6# 7# 8#

Stress gauge

Figure 9: Stress-measuring process using stress gauges, digital pressure gauges, and infrared collector.

Hanging arch length 50 m 

(a) Before the first breaking of the hard roof

First breaking of hard roof

(b) After the first breaking of the hard roof

Hanging arch length 60 m

(c) Before the second breaking of the hard roof

Second breaking of hard roof

(d) After the second breaking of the hard roof

Figure 8: Before and after the breaking of a hard roof.
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stage, the peak decreased to the level below the original stress.
Stage G: stress recovery—at this stage, the strata were recon-
solidated, and the stress slowly increased until reaching the in
situ stress level.

5. Preventive and Control Measures

The compound dynamic disaster of coal and gas outbursts
and rockburst involves such processes as deformation and
failure of the coal and rock masses, initiation and develop-
ment of microcracks, desorption of the adsorbed gas, coal
body deformation due to gas desorption, dynamic instability
of the system, and energy release. Given the above, the pre-
ventive and control measures against the dynamic disasters
should include the elastic energy dissipation in the coal and
rock masses, gas internal energy dissipation, and the plastic
zone’s energy-dissipating ability increase.

The cross-seam drilling with a high extraction roadway
was adopted for the 11223 working face to shield the tail
entry tunneling to tackle the coal and gas outburst. The bore-
holes were arranged in a belt-like manner, with the 7 × 8 pat-
tern. Thus, 1480 boreholes were arranged in 185 groups. For
the 11223 end-located drainage roadway, the cross-seam
drilling was also adopted to shield the head entry tunneling.
1712 boreholes in 214 groups were arranged in a belt-like
manner, with the 7 × 8 pattern. The borehole diameters in
the tail and head entries of the 11223 working face were all
10mm. The included angle between the along-seam bore-
holes and dip of the coal seam was 75~85°. The horizontal

distance between the along-seam boreholes was 5m. The
borehole depth was no less than 90m, and the overlap dis-
tance was no less than 10m (as shown in Figure 11). The
extraction was performed for the underground cross-seam
boreholes using the 2BEF-72/1# line-type extraction pump
at the aboveground permanent pump station. For the under-
ground along-seam boreholes, extraction was performed
using the 2BEF-72/1# line-type extraction pump at the
aboveground permanent pump station. Thus, the separate
measurement of the extraction volume was achieved.

The extraction volume and gas pressure of the A3 coal
seam were monitored. The residual gas pressure in the A3
coal seam was 0.17MPa, and the residual gas content was
5.39m3/t. During the 11223 working face extraction, the
cumulative gas extraction volume was 1178:94 × 108 m3,
and the gas extraction rate was 46.3%. The risk of coal and
gas outburst in the A3 coal seam was eliminated, thereby
ensuring the coal mine’s safe and high-efficiency production.

The deep-hole advanced presplitting blasting technology
was applied to solve the hard roof problem, reducing the
hanging arc length of the hanging roof and dissipating the
coal and rock masses’ elastic energy; the mined out area is
filled with gangue after blasting, supporting the overlying
strata, limiting its rotary subsidence, and realizing the control
of the movement of hard roof. The calculation formula of
effective depth of presplitting blasting [29] is

h = hm
Kp − 1 , ð16Þ
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where h is blasting thickness; hm is mining height; Kp is rock
fragmentation coefficient. hm is 5m, and Kp is 1.26 in the
11223 working face. So the effective blasting thickness is
19.2m.

According to the effective blasting depth calculated,
blasting points were arranged at 75m ahead of the cut in
11223 tail entry and head entry; the blasting scheme is shown
in Figure 12. Blasting hole parameters are shown in Table 3.
In order to ensure the safe initiation of blasting network, two
detonators are installed in each hole, and a series blasting
network is adopted.

A fully mechanized longwall mining was realized, with 60
four-pillar chock-shield supports installed in the working
face. Three support pressure-measuring regions were
arranged along the dip direction of the working face. The
above 60 supports were installed via a KJ216 digital pressure
dynamic monitoring system, which integrated computer
monitoring, data communication, and sensor technologies
to realize real-time monitoring, transmission, and preserva-
tion of the working resistance of the support during the
working face advance. According to field measurements,

after the blasting of the 11223 working face, the periodic
weighting step was 33m, and the weighting intensity
34MPa. The supports were able to meet the extraction
requirements. Upon weighing, the average dynamic load fac-
tor of the supports was 1.3 (as shown in Figure 13), indicating
a steady weighting. Therefore, the problems of considerable
weighting step and weighing intensity were avoided. Upon
periodic weighting, the supports were able to provide the
needed support resistance for the working face.

6. Conclusions

(1) The mechanism of a hard roof in a high gas working
face inducing the compound dynamic disaster of
rockburst and coal and gas outburst was analyzed.
The compound dynamic disaster results from the
joint action of the impact energy induced by the
breaking of the hard roof and the gas expansion
energy. For the region with little variation in the coal
seam’s hardness, the mining-induced stress and the
gas pressure had a controlling effect on rockburst

High level gas
extraction roadway

Borehole across
the strata

Borehole along 
the coal seam

Tail entry
Head entryLow level gas

extraction roadway

3#coal

Figure 11: Schematic of stereoextraction of gas.
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21
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1 2 3

534

1.5 1.5 2

4
5

(b) Blast hole parameters

Figure 12: The layout of deep-hole blasting in the long hanging segment of the roof.

Table 3: Technical parameters of deep-hole blasting in long hanging roof.

Roadway Number Hole depth (m) Dip angle (°) Hole diameter (mm) Charge length (m) Blocking length (m)

Tail entry
1# 27 34 94 21 6

2# 65 9 94 55 10

Head entry

3# 65 45 94 55 10

4# 37 65 94 30 7

5# 30 85 94 24 6
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(2) A physical analog model was built under the geolog-
ical conditions of the A3 coal seam of the Paner Coal
Mine in Anhui province, China. The stress evolution
features and fissures before and after breaking the
hard roof were analyzed. The stress on the coal pillar
side increased immediately after the hard roof break-
ing. The elastic energy stored in the coal and rock
masses and the shock dump incurred by breaking
the hard roof were superimposed, producing impact
energy and generating the dynamic impact disaster
hazard. The hard roof was less likely to cave in than
to form a large area hanging roof. Its breaking would
cause intense weighting of the working face

(3) In situ monitoring was performed to determine the
influence of the A3 coal seam’s mining on the overly-
ing strata’s stress distribution. Based on the stress
evolution features in the strata on the stoping side
of the stop line as the working face advanced, the
stress variation was subdivided into seven stages

(4) Synergistic stereoextraction integrating cross-seam
and along-seam drilling was employed to address
gas accumulation in the working face. Deep-hole
advanced presplitting blasting technology was
applied to reduce the hanging arc length of the hang-
ing roof and to dissipate the elastic energy in the coal
and rock masses. This method can effectively reduce
the risk of compound dynamic disasters caused by a
hard roof
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