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In the Uxin Banner area of the Inner Mongolia Autonomous Region, mines that have experienced rock bursts have all been
affected by the presence of confined water in the roof strata. Strong mine pressure appears in the working face with about
30m wide coal pillar in this area, and the research and practice of prevention and control of rock burst by small coal
pillar are carried out. Mining-related events linked to the preservation of small coal pillars in the 2-2 coal seam of this
region, and studies of the phenomenon, have shown that head-on rock bursts occur during gob-side roadway driving at
the edge of the drained area, making it necessary to identify the sources of pressure triggering the events, to determine the
related threshold criteria, and to identify methods to reduce the occurrence and magnitude of the rock burst events. This
study used the gob-side entry driving in the drained area of the 2202 auxiliary haulage roadway of a mine as a case study.
The paper built a structural and computational model for overburdens (including the drained stratum) before mining
disturbance, based on the theory for a continuously distributed Winkler elastic foundation. The models used and
developed in our study were used to identify, quantify, and describe the changes to stress and the transfer of stress during
the drainage process. On the basis of the effects of drainage stress induced by the gob-side entry driving, we outlined a
method for ranking the level of rock burst hazard associated with the areas in and adjacent to the drained area. The level
of rock burst hazard associated with the entry driving could be arranged in descending order as follows: parallel boundary
> vertical boundary > undrained area > drained area. Stress threshold criteria for head-on ejection were also proposed in
the paper, namely, (1) the occurrence (or not) of coal ejection during loading and (2) the critical stress for the occurrence
of ejection. Field monitoring indicated that microseismic events and energy are mainly concentrated in the driving region
parallel to the boundary of the drained area. We concluded that head-on large-diameter borehole destressing would
effectively reduce the likelihood of a rock burst occurrence.

1. Introduction

All mines susceptible to rock bursts in the Uxin Banner area of
the Inner Mongolia Autonomous Region (China) are mines
with complex hydrogeological conditions. In these mines,
water confined in the roof strata affects the behavior of the

rock and hence the safety risks associated with the mining
activities [1]. The mines are located within the Ordos Basin,
with the coal seams hosted within the Jurassic Yan’an Forma-
tion. This formation is positioned between the older Fuxian
Formation below and younger Zhiluo Formation above. The
Yan’an Formation has been divided stratigraphically into five
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subunits, namely, Y1, Y2, Y3, Y4, and Y5. The most important
coal seam in the Yan’an Formation for mining purposes is the
2-2 coal seam.

The mining of the 2-2 coal seam in the Yan’an Forma-
tion is affected by water stored in the overlying Zhiluo For-
mation and the section of the Yan’an Formation above this
coal seam. The occurrence of the water in the overlying
strata is irregular over short distances [2–5]. Rock burst pre-
vention practices, such as roof water drainage for small coal
pillars, have further complicated the ground stress environ-
ment of the gob-side roadway. In the gob-side roadways,
in drained areas of a mine, head-on ejection of coal has
occurred multiple times, some of which have resulted in
injuries to mine workers.

Many scholars have explored the relationship between
the stress transfer induced by borehole drainage (or water
inrush) and the rock bursts in roadways not subject to cur-
rent mining activity. Shu et al. [6, 7] proposed that roof
drainage modifies the physicomechanical properties of aqui-
fers, damaging them in the process. By using a method based
on the principle of superposition for load analysis, they
suggested that rock bursts could be induced by drainage
through holes drilled during drive development (non-gob-
side).

Li et al. [8–10] postulated that superposition between the
step-up belt formed by drainage of confined water in the
roof strata and the relatively greater bearing stress can lead
to rock bursts. On this basis, they built a model for estimat-
ing roof confined water drainage and stress transfer. This
model enabled them to show that the stress transfer could
be caused by drainage. Using experimental methods, they
discovered that water reduced the strength of the coal and
argued that the weakening of the surrounding rock strength
would increase the rock burst risk.

Wang et al. [11, 12] proposed a rock burst inducement
mechanism dependent on “strong disturbance-drainage” in
the high-intensity working face of the area of roof subject
to drainage. They also developed models for estimating post-
drainage and advanced bearing pressures, respectively. They
tested their proposed inducement mechanism by carrying
out field-based microseismic monitoring and numerical sim-
ulation. Based on the results of the studies, they proposed
preventative measures for controlling the rate stoping devel-
opment in the drained area.

The effect of roof drainage on rock bursts along a road-
way and at a working face has also been investigated. How-
ever, gob-side driving differs from both solid entry driving,
and working face stoping, in that gob-side entry driving, is
carried out after stress redistribution. The stress redistribu-
tion could be attributed to the release of water pressure
through drainage holes, or gob fissures. Gob-side entries
are susceptible to rock bursts, and hence, the stress field
characteristics of rock strata in close proximity to gob-side
entries are of critical importance for rock burst hazard
assessment [13, 14]. In addition, roof drainage, coal pillar
width, coal pillar damage (the energy rate can be used to
reflect the plastic failure of coal [15]), and roof fracture char-
acteristics affect the nature of the stress field in rocks subject
to gob-side entries [16–20].

References [6–12] have described how roof drainage-
related stress in strata affects the occurrence of rock bursts in
solid entry driving and stoping entries. However, they did
not describe head-on coal bursts and rock bursts along road-
ways with small coal pillars. Furthermore, the ejection phe-
nomena (e.g., spalling and rock bursts) that occur along the
roadways with small coal pillars in other domestic mining
areas have been rarely reported. In this context, research
should be carried out to clarify the risks associated with the
gob-side entry driving of small coal pillars subject to drainage.

This study used the elastic foundation beam model
(based on the principle of load superposition) for roof drain-
age to analyze the changes to roof drainage stress during
gob-side driving conditions. This paper also provides a
description of how the stresses in the rock in these condi-
tions can be assessed using a rock burst risk ranking for var-
ious roadway areas and introduces a rock burst reduction
measure, namely, head-on large-diameter borehole place-
ment to prevent (or mitigate) head-on-related rock burst
risks.

2. Evolution of Roof Drainage Stress

The exploitation of coal seam resources causes the loss of
groundwater [21]. On the damage of rock strata caused by
drainage engineering for prevention and control of water
inrush, Li et al. [8–10] focused their research on the effect
of water on the lithology of coal. Shu, Wang et al., and Miao
et al. [6, 22, 23] also examined the effect of water on the
lithology of rocks. These studies showed that water played
a major role in the weakening of coal and rocks. However,
their conclusions were based on comparisons of the lithol-
ogy of coal or rock samples before and after soaking in
water. Zhao et al. used COMSOL Multiphysics software
(version, COMSOL Inc., https://www.comsol.com/) to run
simulations and model the damage and deformation caused
by overburden and the loss of water from aquifers during
mining. They found that seepage did not change the value
of the rock parameters in the rock mechanics module [24].
Before drainage, a significant amount of time would have
passed during which the nature of physicochemical reactions
between the water and rock strata would have been relatively
stable. The weakening of strata in this context differs from
that taking place when dry sandstone is soaked in water,
namely, during the relatively short periods typically associ-
ated with experiments. Therefore, in order to address the
limitations associated with this modelling-based approach,
we should take into account the weakening of rock physico-
mechanical properties by mining-induced drainage.

Stress transfer is essentially a result of movement in rock
strata. The scope of drainage stress transfer and the degree of
stress concentration are directly related to the movement in
the strata subjected to the drainage. Before the mining of an
adjacent working face in gob-side entry driving, the pattern
and degree of stress distribution caused by drainage can be
determined using the elastic foundation beam model. The
analysis is based on values obtained for movement and the
measured specific pressure drop induced by overburden
drainage.
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After roof water drainage, the roof stratum above the
drained area (the medium-fine sandstone stratum in our
case study) can be regarded as a double-clamped beam, the
length of which is related to the distance of the stratum away
from the drained stratum. That is, the longer the distance of
the stratum away from the drainage stratum, the greater the
length of the beam. The load applied on the double-clamped
beam was determined by deducting the stress transferred by
the underlying relatively weak stratum from the water pres-
sure drop after drainage.

The disturbance-related stress induced by drainage is
borne jointly by the rocks in and outside the area that has
been drained. Before the working face is mined, boreholes
are drilled for drainage purposes into the two aquifers (i.e.,
Zhiluo Formation and Yan’an Formation). The drained stra-
tum is located outside the plastic zone of the roadway, with
the stratum in the drained area treated as an elastomer. Ref-
erences [8, 12] also treat the stratum in the drained area as
an elastomer [8, 12]. The load borne by the elastic bearing
zone was assumed to be a uniformly distributed load σe, with
the rocks in and outside the drained area equated to a con-
tinuously distributed Winkler foundation model. The over-
lying stratum was treated as a double-clamped beam [25,
26], as shown in Figure 1. A simplified three-component
mechanical model, based on the characteristics of the rocks
(a) in the drained area, (b) the rocks outside the drained
area, and (c) the overlying stratum, is shown in Figure 2.

The origin of the coordinates O was located at the edge of
the drained area. The coordinate system was set up using the
exterior of the drained area as the positive x-axis and roof
deflection function wðxÞ as the unknown quantity, where σe
denoted the uniformly distributed load borne by the overlying
stratum, kn denoted the response modulus of the foundation
in the drained area, and kw denoted the response modulus of
the foundation outside the drained area.

According to the basic principles of elasticity mechanics,
the relationship between the strain and stress borne by the
rocks in the drained area can be expressed using the follow-
ing formula:

ε = σ

En
, ð1Þ

where En denoted the elastic modulus of the rocks in the
drained area.

Following Winkler’s hypothesis [27], the relationships
between the roof deflection function wðxÞ with load σe and
foundation pressure pðxÞ can be expressed as

EId4w xð Þ
dx4

= σe − p xð Þ, ð2Þ

where EI denotes the bending strength of a random beam
section, E denotes the elastic modulus, and I denotes the sec-
tional moment of inertia.

The deflection w of a random point on the foundation
is directly proportional to the pressure p applied at this
point:

k = p xð Þ
w xð Þ , ð3Þ

where k denotes the response modulus of the
foundation, pðxÞ denotes the specific pressure borne by
the foundation, and wðxÞ denotes the deflection value of
the foundation.

The deflection equation for the overlying stratum in the
drainage area can therefore be expressed as

EId4w xð Þ
dx4

= σe − knw xð Þ: ð4Þ

After defining the characteristic constant α =
ffiffiffiffiffiffiffiffiffiffiffi

kn/EI4
p

,
we have

d4w xð Þ
dx4

+ 4α4w xð Þ = σe
EI : ð5Þ

By solving the above equation, we obtain the following
general solution:

w xð Þ = σe/kn + d1e
αx cos αxð Þ + d2e

αx sin αxð Þ
+ d3e

−αx cos αxð Þ + d4e
−αx sin αxð Þ, ð6Þ

where constants d1, d2, d3, and d4 are undetermined param-
eters, while the roof deflection equation wðxÞ can be used to
determine the boundary and continuity conditions. The
stress values for corresponding positions can be calculated
by using the elastic moduli kn and kw of the strata in and
outside the drained area and the roof deflection equation.

σ = kw xð Þ: ð7Þ

The relationship between the maximum deflection of the
beam and the compressive deformation of the drainage stra-
tum can be assigned to one of two patterns:

(1) The “M” stress distribution pattern when the maxi-
mum deflection of the beam is no greater than the
compressive deformation of the drainage stratum
(Figure 3(a))

(2) The irregular wave-like stress distribution pattern
when the theoretical maximum deflection of the
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Figure 1: Fixed beam model of rock above drainage area.
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beam is greater than the compressive deformation of
the drainage stratum (Figure 3(b))

We propose that when the theoretical maximum deflec-
tion of the beam is greater than the compressive deformation
of the drainage stratum, the stratum in the middle of the
drained area can still support the overlying stratum, giving rise
to stress transfer similar to that in the case of gob compaction.
In certain conditions, the stress restoration zone in Figure 3(b)
may form a platform-type stress distribution (Figure 3(b)). In
this paper, a drainage stress transfer model is built using the
“M” stress distribution pattern as an example.

Before drainage, the vertical stress is uniformly distrib-
uted in the water-rich stratum. After drainage, the decline
in the water pressure in the drained area weakens its sup-
porting effect in the overlying stratum and causes the stra-
tum above the drained area to subside. As a result, the
vertical stress in the drained area is transferred outwards,
giving rise to a low-stress zone in the drained area and a
high-stress zone adjacent to it (Figure 4).

The elevated stress zone formed in this way affects the
distribution of stress in the coal in the drained area. The
path of stress transfer, indicated by the green-dotted arrow
in Figure 4, shows the downward transfer of stress in accor-
dance with a certain stress dispersion angle. The stress incre-
ment curve, indicated by the green solid curve in Figure 4,
represents the change in stress in the coal seam.

These results are consistent with the findings of earlier stud-
ies. We therefore concluded that the morphology of the edge of
the drained area and the relative spatial relationship between
the roadway and the edge of the drained area affected the level

of rock burst risk caused by entry driving. This finding was cor-
roborated by (1) the concentration of microseismic events in
the concave angle area of the drained area (reference [12])
and (2) the concentration of microseismic events in the driving
region parallel to the edge of the drained area (Figure 5).

3. General Relationship between the Drained
Area and the Gob-Side Entry Area

The overburdens at the gob boundary rotate and subside
form a structure supported by one fulcrum on the coal wall
and another on the gangue. The multilayer spatial structure

X

W (x)

O

𝜎e

kw
knkw

Figure 2: Mechanical model of roof in drainage area.

“M” stress
distribution
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Irregular wave stress
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Figure 3: Schematic diagram of stress distribution of different drainage zone widths.
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Figure 4: Stress transfer model after drainage.
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produces a stress increment in coal via the fulcrum on the
coal wall [28].

The positional relationship between the drained area and
the gob-side entry has three potential scenarios:

(1) The gob-side entry is located in the postdrainage low
pressure zone

(2) The gob-side entry is located in the drained area with
a pressure gradient between the drained (low pres-
sure) and undrained (higher pressure) areas (i.e. coal
seam)

(3) The gob-side entry is unaffected by the drained area

After the drained area has been subjected to mining
activity at the working face, the fissures in the fissure zone
become drainage channels. While the elastic foundation
beam model is no longer applicable to a drained area
affected by mining, there is no fundamental change in the
stress transfer laws in the drained area. That is, a low-
stress zone still takes shape in the drained area, and a
high-stress zone still forms at the boundary of the drained
area [11].

After mining activity has taken place at the working face,
the lateral stress present is as shown by the black-dotted
curve in Figure 6. When the gob-side entry is in the post-
drainage low pressure zone, the stress originally acting on
the gob-side driving region on the solid coal wall side is
transferred by the drained area to the boundary of the
drained area. As a result, the stress level at the gob-side driv-
ing position drops below the lateral stress experienced in the
undrained area, as indicated by the solid black curve in
Figure 6.

In contrast, when the gob-side entry is in the postdrai-
nage zone with a pressure gradient, the stress originally act-
ing on the postdrainage low pressure zone is transferred by
the drained area, partially to the gob-side driving region.
This partial stress transfer produces a stress increment in
the gob-side driving region, causing the stress level of the
gob-side driving region to increase, as indicated by the solid
black curve in Figure 7.

4. Mechanism and Criteria for Head-On
Rock Bursts

Head-on rock bursts are closely related to the physicome-
chanical properties and stress state of coal. Roof drainage
affects the stress state in the coal. This section describes the
effect of roof drainage on the stress state and the stress-
induced mechanism for head-on rock bursts in gob-side
driving due to roof drainage.

4.1. Rock Burst Risk Ranking for Various Roadway Areas.
Regardless of chambers or crosscuts, the stress increment
concentration coefficient for the effect of the gob on gob-
side entry driving was consistent. If the stress increment
concentration coefficient is λ, the stress at the position where
the roadway is located becomes

σ1 = 1 + λð ÞγH, ð8Þ

where σ1 denotes the stress in the surrounding rock due to
gob-side entry driving; λ denotes the stress increment con-
centration coefficient for the surrounding rock produced
by the gob-side entry driving, set as 0.5 (i.e., lateral stress
concentration coefficient = 0:3 and driving stress

2# Microseismic location
concentration area

1# Microseismic location
concentration area

Figure 5: Distribution of microseismic events during the period of the 2202 auxiliary transport roadway excavation.
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Figure 6: Stress evolution of roadway along goaf located in
drainage depressurization area.
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concentration coefficient = 0:2); γ denotes the bulk density
of the stratum, set as 2,500 kg/m3; and H denotes the burial
depth of the roadway.

When gob-side entry driving is affected by roof drainage,
the specific effect varies with the positional relationship
between the driving face and the drained area. We assumed
that the stress increment concentration coefficient and stress
reduction concentration coefficient of the drained area had
the same value and that the stress concentration coefficient
was z. Driving in the water-rich zone (WRZ), driving in
the water-poor zone (WPZ), and driving along the water-
rich zone boundary (WRZB) are affected by roof drainage
stress redistribution and gob lateral stress in different ways.
In the case of driving along the WRZB, the effects of roof
drainage stress redistribution and gob lateral stress are
mutually enhanced via superposition. Driving in the WPZ
is affected by gob lateral stress alone. In the case of driving
in the WRZ, roof drainage stress redistribution and gob lat-
eral stress are mutually weakened via superposition, and roof
drainage stress redistribution weakens the effect of gob lat-
eral stress on the gob-side driving roadway.

σ2 = 1 + λ + zð ÞγH, ð9Þ

σ3 = 1 + λ − zð ÞγH, ð10Þ
where σ2 denotes the stress in the surrounding rock in the
gob-side entry driving at the edge of the drained area, σ3
denotes the stress in surrounding rock in the gob-side entry
driving in the drained area, and z denotes the stress incre-
ment concentration coefficient for surrounding rock pro-
duced by drainage, with a mean value set at 0.2 [7].

The rock burst risks for the three roadway areas can be
ranked in descending order according to the stress levels in
different regions of the areas subject to gob-side driving,
with the stress at the edge of the drained area > the
undrained area > the drained area.

Due to the superposition of roof drainage stress and gob
lateral stress, the stress level exceeds the stress threshold at
which rock bursts occur in coal, at the working face of areas
subject to gob-side driving. Rock bursts therefore occur in
the areas where gob-side driving takes place.

4.2. Stress Criterion for Head-On Rock Bursts. For the predic-
tion of rock burst hazards in mining engineering, “coal stress
>1.5 times the integrated compressive strength” has been
used as the stress threshold for assessing the level of rock
burst hazard [29].

There is obvious zonation based on mining stress in the
head-on direction of drive development, namely, a destres-
sing zone (simulation results indicate that close to the coal
wall, the stress vertical to the axial direction of the roadway
is less than 4MPa), a stress concentration zone, and an in
situ stress zone [30]. Head-on ejection occurs near the
head-on coal wall, within the destressing zone. The results
in our study indicate that the widely used threshold value
of 1.5 times the integrated compressive strength of the rock
is probably not suitable for use as the critical stress for asses-
sing the likelihood of a rock burst occurring near the coal
wall.

Ejection is similar to tunnel rock bursts. The index used
to predict rock bursts in tunnels is based on the ratio of rock
uniaxial compressive strength to ground stress. That is,
when the ratio is greater than 5, no rock burst occurs; when
the ratio is between 2.5 and 5, mild or moderate rock bursts
occur; and when the ratio is less than 2.5, severe rock bursts
occur [31]. That is to say, the stress-strength ratios of 0.2 and
0.4 are taken as thresholds for assessing the level of the rock
burst hazard (i.e., no rock burst hazard, mild to moderate
rock burst hazard, and severe rock burst hazard). There are
also studies that use 0.15, 0.2, 0.3, or 0.34 as the threshold
value [32].

In uniaxial or triaxial compression tests on coal samples,
the stresses under which ejection occurs generally exceed 0.6
σc. In a total of 15 tests, the stresses have exceeded 0.6 σc in
13 tests (with 0.25 σc and 0.45 σc each occurring once)
[33–36].

On the basis of the above analysis, the stress criterion for
assessing the presence of ejection near the coal wall can be
obtained from outburst susceptibility tests, including (1)
the occurrence (or not) of coal ejection during loading and
(2) the critical stress for the occurrence of ejection.

5. Engineering Cases

5.1. Engineering Background. The 2-2 coal seam is the pri-
mary mineable coal seam in most mines in the Uxin Banner.
The safe and efficient mining of the 2-2 coal seam offers an
important guarantee for mine output. When the auxiliary
haulage roadway of the 2202 working face of a mine is
driven at the edge of the drained area, there can be frequent
coal bursts, and drill rods can jam in destressing boreholes
and drill cutting holes. In particular, in the case of driving
within II in Figure 8, coal ejection occurs, accompanied by
head-on coal ejection, coal bursts, and massive amounts of
coal dust.

The auxiliary haulage roadway of the 2202 working face
is the roadway for gob-side driving, located 5m away from
the 2201 gob and 300m away from the 2202 belt conveyor
haulage roadway. At a site 80m away from the auxiliary
haulage roadway of the 2202 working face, there is an auxil-
iary haulage roadway for the 2201 working face, which is
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line

Touch 
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Figure 7: Stress evolution of roadway along goaf located in
drainage pressurization area.
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connected via the #3 crosscut. The crosscut intersects with
the auxiliary haulage roadway of the 2202 working face.

The coal seam of the 2202 working face has a floor eleva-
tion of 516-521.3m (average = 518:7m) and a ground eleva-
tion of 1,249.8-1,250.4m (average 1,250:1m). The mean
burial depth of the working face is 731.4m. The coal seam
has a simple structure and is unaffected by faults, folds, or
other geological structures. The dip angle of the coal seam
is 0-4° (average = 2°).

Distribution of roof water: the relatively water-rich strata
of the Yan’an and Zhiluo Formations are located above the
2-2 coal seam, as shown in Figure 8. The area filled with
green horizontal lines is the relatively water-rich Zhiluo For-
mation, while that filled with red horizontal lines is the rela-
tively water-rich Yan’an Formation. Entry driving proceeds
at one end from #3 crosscut towards the open offcut and
at the other end from the open-off cut towards #3 crosscut,
as illustrated in Figure 8. Depending on the specific effect
of the drained area in the Zhiluo Formation on stress in
driving, the spatial relationship between the drained area
and driving is divided into four types (i.e., driving parallel
to the edge of the drained area, driving vertically to the edge
of the drained area, driving in the drained area, and driving
in the undrained area), which are connected at the positions
indicated in Figure 8.

As shown in Figure 8, on the basis of the relationship
between entry driving and the drained area (with the point
of intersection between the 2202 auxiliary haulage roadway

and the #3 crosscut being the origin), the roadway is divided
into seven areas: I (0-45m), II (45-250m), III (250-782m),
IV (782-842m), V (842-913m), VI (913-973m), and VII
(973-996m). To be more specific, I and V involve driving
in the drained area; II involves driving parallel to the edge
of the drained area; III and VII involve driving in the
undrained area; and IV and VI involve driving vertically to
the edge of the drained area.

The composite columnar section is shown in Table 1.
Above the 2-2 coal seam, there is an intercalated sequence
of sandy mudstone and medium-fine sandstone. The roof
of the 6.5m thick coal seam is a 6.87m thick layer of sandy
mudstone, and the basic roof is a 11.56m thick layer of
medium-fine sandstone. The relatively water-rich Yan’an
Formation is located in the medium-fine sandstone layer of
the basic roof. When the 2202 auxiliary haulage roadway is
driven between the #3 crosscut and the open-off cut, the rel-
atively water-rich Yan’an Formation is not involved. The rel-
atively water-rich Zhiluo Formation is located 58.34m above
the 2-2 coal seam. The height of the diversion fissure zone of
the mine is 21 times the mining height, namely, 6:5m × 21
= 136:5m, which is far greater than the distance from the
relatively water-rich Zhiluo Formation in the mine to the
2-2 coal seam.

5.2. Rock Burst Risk Prediction for Gob-Side Entry. By ana-
lyzing the stress transfer of the drained area and the spatial
relationship between the drained area and the gob, we were

I II III IV V VI VII

Cut-hole

No. 3 contact roadway 2201 Auxiliary 
transportation roadway

2202 Auxiliary 
transportation roadway

Penetration 
position

No. 2 rich water area
of zhiluo formation

No. 1 rich water area
of zhiluo formation

No. 1 rich water area
of Yan'an formation

2201 Goaf

Roadway driving 
direction

Roadway driving 
direction

2201 Belt
transport roadway

Figure 8: Spatial relationship of the roadway (the blue line is 2202 auxiliary transport roadway).

Table 1: Composite columnar section of the 2202 working face.

Strata Thickness (m) Comment

Medium-fine sandstone 12.91 The relative water-rich anomaly region of the Zhiluo formation

Sandy mudstone 12.45

Medium-fine sandstone 13.56

Sandy mudstone 13.90

Medium-fine sandstone 11.56 The relative water-rich anomaly region of the Yan’an formation

Sandy mudstone 6.87

2-2 coal seam 6.50
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able to predict that there are different rock burst risks asso-
ciated with the different areas in the driving of the 2202 aux-
iliary haulage roadway. The roadway area can be divided
into four areas, in order to predict rock burst risk, namely,
drives in the drained area, drives in the undrained area, ver-
tical drives to the edge of the drained area (i.e., stopes), and
drives parallel to the edge of the drained area.

The driving of the 2202 auxiliary haulage roadway is
mainly affected by roof drainage-related stress redistribu-
tion, gob lateral stress, and coal cutting in the 2201 auxiliary
haulage roadway. The distribution of the gob lateral stress
field is related to the distance away from the gob. The 2201
gob and the 2201 auxiliary haulage roadway exert the same
effect on the driving of various areas of the 2202 auxiliary
haulage roadway. In areas where coal pillar width varies
due to chambers or crosscuts, gob lateral stress has a differ-
ential effect on the driving of the 2202 auxiliary haulage
roadway. In entry driving, microseismic events are triggered
in areas affected by chambers or crosscuts.

The roadway parallel to the edge of the drained area is
located along the length of the high-stress zone. Compared
with roadways driven perpendicular to the edge of the
drained area (which only passes through the high-stress
zone), roadways driven parallel to the edge of the drained
area are more dangerous. In combination with the analysis
in Section 3, the seven areas can be ranked as follows in
descending order of rock burst risk, namely, II > IV, VI >
III, VII > I, and V.

5.3. Field Monitoring. Many microseismic events are
observed in the driving of the 2202 auxiliary haulage road-
way. In particular, it is difficult to identify the distribution
of microseismic events in the #1 and #2 seismic focus con-
centration areas marked in Figure 5 Microseismic events
occurring in the driving of the 2202 auxiliary haulage road-
way are screened, while those with an energy level above 104

joules are marked on the mining engineering plan, as shown
in Figure 5.

The microseismic events shown in Figure 5 are concen-
trated in two areas. The areas marked by red ellipses are
the #1 and #2 seismic focus concentration. The emergence
of the #1 seismic focus concentration area is mainly attribut-
able to the #3 crosscut. In the opening and initial driving
stage of the 2202 auxiliary haulage roadway, driving distur-
bance affects the #3 crosscut, resulting in microseismic focus
concentration in the vicinity of the #3 crosscut. The emer-
gence of the #2 seismic focus concentration area is due to
roof drainage, especially in the overlapping area between
the edge of the drained area and the roadway.

While the distribution of microseismic events indicates
the degree of roadway disturbance, it is also useful to analyze
the information collected from microseismic monitoring
work. For this statistical analysis, we selected the microseis-
mic events that were recorded within 40m, either side of a
10 segment of the roadway. Microseismic energy describes
the statistical distribution of individual events in relation to
the amount of energy released. Descriptive statistics were
calculated for these microseismic events. In Figures 9 and
10, the point of intersection between the 2202 auxiliary haul-

age roadway and the #3 crosscut is taken as the origin and
the open-off cut direction of the working face as the positive
x-axis.

The concentrated distribution of individual event
energy, event count, and total energy was observed between
-40 and 240m, with both individual event energy and event
count displaying a uniform distribution. However, the distri-
bution of total energy displayed obvious regularities. At 0m,
there was a maximum peak in total energy, which could be
attributed to the roadway opening having disturbed the orig-
inal balance of the rock surrounding the #3 crosscut. From
50 to 100m, there was a dip in the magnitude of the total
energy values. This implied that the area was unaffected by
the #3 crosscut and only slightly affected by proximity to
the edge of the drained area. From 50 to 210m, there was
an obvious rise in the total energy released by microseismic
events, as the edge of the drained area gradually approached
the roadway, with entry driving affected by the edge of the
drained area to an increasingly large degree. From 210 to
240m, both event count and total energy decline rapidly,
and entry driving is separated from the edge of the drained
area and enters the drained area.
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Figure 9: The distribution of microseismic energy along roadway
excavation direction.
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Figure 10: The distribution of the number of microseismic events
and total energy along roadway excavation direction.
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5.4. Monitoring and Destressing. Head-on monitoring
methods include the monitoring of microseismic events
and drill cutting. Large-diameter boreholes were used for
distressing purposes. Monitoring plans and destressing mea-
sures were implemented in the field to effectively mitigate
the occurrence of stress release-related events, such as rock
bursts.

5.4.1. Monitoring Plans

(1) Microseismic Monitoring. The microseismic monitoring
system adopted for the mine could cover all the mining areas
of the mine. In the driving of the 2202 auxiliary haulage
roadway, analysis was performed on all microseismic moni-
toring data related to roadway driving, including microseis-
mic frequency, energy, their distribution characteristics, and
patterns of variation.

(2) Drill Cutting Monitoring. Two boreholes (with a pitch of
1m and a diameter of 42mm) were arranged head-on and
drilled vertically into the coal wall. Drill cutting holes were
15m in depth. The safe distance for drill cutting monitoring
was 5m.

5.4.2. Destressing Measures. Local destressing measures gen-
erally include blasting destressing, injection/hydraulic frac-
turing, and large-diameter borehole destressing. Large-
diameter boreholes, characterized by simple operation and
strong adaptability to head-on operating conditions during
driving, were selected for head-on distressing purposes.
The boreholes used for the head-on destressing of the driv-
ing face had a diameter of 150mm and a depth of ≥30m
and were located at least 0.5m above the roadway floor.
Cyclic construction was carried out, with the belt of destres-
sing protection at least 10m in width.

6. Conclusions

This paper developed a model for assessing the rock burst
hazard induced by roof drainage in gob-side driving. This
model for the drained stratum overburden was based on
the theory for a continuously distributed Winkler elastic
foundation. It was used to analyze the link between the rel-
atively water-rich anomalies in the Yan’an and Zhiluo for-
mations and the lateral stress field of the stope adjacent to
gob-side entry driving-related activities. The model could
be used to describe the mechanism by which the composite
stress in the water-bearing stratum triggers head-on rock
bursts during drive development.

(1) According to calculations based on the theory of a
continuously distributed Winkler elastic foundation,
a zone with a pressure gradient develops at the edge
of the drained area postdrainage, and a low pressure
zone forms in the drained area

(2) The spatial relationship between the drained area
and the gob-side entry driving generally covers the
following scenarios: the gob-side entry is located in
the postdrainage low pressure zone; the gob-side

entry is located in the postdrainage zone with a pres-
sure gradient; or the drained area affects the stress
state, level of rock burst risk, and dynamic manifes-
tations of the driving region

(3) By combining the characteristics of the ejections
observed in the mines, with the ejections observed
in the laboratory, it can be concluded that the stress
criteria for assessing the occurrence of ejection phe-
nomena should include the following:

(a) The occurrence (or not) of coal ejection during
loading

(b) The critical stress threshold required for an ejec-
tion to be triggered

(4) On the basis of the spatial relationship between the
drained area and the drive for the 2202 auxiliary
haulage roadway, roadway drives can be divided into
seven areas and four types. The driving region paral-
lel to the edge of the drained area constitutes a key
area for the prevention of head-on rock bursts. In
this scenario, if the monitoring of microseismic
events and drill cutting are combined with the
implementation of head-on large-diameter borehole
destressing measures, mining should be able to take
place safely

While drainage is the external cause of ejections (e.g.,
rock bursts), the physicomechanical properties of coal repre-
sent the internal cause. In future research, we will explore
how the physicomechanical properties of coal affect rock
burst phenomena in the Uxin Banner.
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