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We established an evaluation index of the rock mass stress state for underground coal mines using the strength-stress ratio based
on the measured in situ stress and the generalized Hoek–Brown strength criterion. )ree in situ stress states, σcm/σ1m< 1.4 (high),
1.4< σcm/σ1m< 3.6 (medium), and σcm/σ1m> 3.6 (low), were established based on the value of the unconfined compressive
strength (σcm) and the maximum principal stress of the rock mass (σ1m).)is index classifies the Burtai mine as a medium-high in
situ stress field, which is in agreement with the on-site situation, establishing the reliability of the index. )e working face was a
three-dimensional geological model based on the log sheets. )e initial conditions for the model were determined using the
combined measurements of the in situ stress regression model. We performed numerical simulations of the roof stress field
distribution under repeated mining. Mining the overlying coal seam leads to significant variation in the value and direction of the
main roof, σ1, within the range of the front abutment pressure under the pillar and gob. Along the main roof strike direction, σ1
under the pillar is 1.5 times that under the gob, and the σ1 direction under the pillar is deflected by 5°, which is 30° smaller than that
under the gob. )is provides a reference for optimized underground coal mining.

1. Introduction

)e combination of in situ stress and mining stress in un-
derground coal mines forms a mining stress field. )is stress
field is directly related to the stress state of the overlying strata
of the coal seam and the structural movement characteristics,
and it affects the safe mining of the working face. )e cause of
in situ stress is complex, and it has an irregular distribution. It is
affected by several factors, including depth, topography,
structure, lithology, and residual stress. Hast [1] studied the
distribution of in situ stress in different regions of western
European countries, such as Norway and Sweden, based on
which Stephansson et al. [2] established a regional in situ stress
database in 1969. Brown andHoek [3] analyzed the results of in
situ stress in the shallow crust at a depth of 3 km in 1978.
Haimson [4] summarized the in situ stress distribution in the
United States at a depth of 0–5km in 1980. Sheorey [5]
proposed a crustal stress calculation model suitable for
138.87m∼33.73 km.)eWorld Stress Map (WSM) project [6]

compiles the direction of the maximum horizontal principal
stress (σH).WSM2016 has 42,870 data records, which is double
that of WSM 2008. Statistical studies on the distribution of
crustal stress fields have been conducted in mainland China
[7–12]. Kang et al. [13] compiled 1,357 in situ stress data in the
“Database of in situ stress in underground coal mines in
China,” and observed three stress field distributions:
σH> σh> σv (<150m), σH> σv > σh (150–1000m), and
σv > σH>σh (>1000m). Yang [14] investigated the in situ stress
in 26 groups of the northern Ordos Basin, China, and analyzed
the principal stress distribution with depth, σH� 5.3367± 0.023
H, correlation coefficient R2� 0.94, and σh� 0.6559± 0.017 H,
R2� 0.55; the dominant orientation of σH is the NEE. However,
it cannot be used for establishing mine-scale engineering
practice guidelines due to the variation in survey locations, and
therefore, area-specific studies on in situ stress measurement
and application are required.

)e in situ stress state and the strength of the intact rock
mass are essential for the stability of underground coal mines.
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At present, the empirical method, the strength-stress ratio
method, the stress ratio method, and the geological marker
method are used for evaluating the in situ stress state. Although
20MPa is the typical high-stress standard, Yu et al. [15]
proposed a standard of 0–10MPa (low stress), 10–18MPa
(medium stress), 18–30MPa (high stress), and greater than
30MPa (superhigh stress). )e strength-stress ratio method is
the most widely used method [16, 17], but it lacks a unified
standard.)e Sheoreymodel [5] has been widely recognized in
engineering design since it can predict horizontal stress and
address the discrete stress values. )e evaluation parameters
include weathered rock mass or shallow surface engineering
areas, which do not conform to the actual condition of coal
mines [18–22]; therefore, the stress state evaluation indicators
based on in situ stress data are required.

)e strength-stress ratio method was used to establish the
evaluation index for the stress state of the mine rock mass
based on the in situ stress measurement through Kaiser effect
and the generalized Hoek–Brown rock mass strength crite-
rion, and a preliminary engineering verification was carried
out. A refined geological model for the stratum occurrence
conditions in the Burtai mine was established with 42# coal
seam mining combined with the measured in situ stress re-
gressionmodel.)e roof stress field of the working face under
repeated mining conditions provided a reference for opti-
mizing the mining plan in the Burtai mine and provided the
guidelines for mines under similar conditions.

2. In Situ StressMeasurement in the Study Area

)e Burtai mine is an extra-large mine in the Shendong
mining area in China with a designed production capacity of
20Mt/a and a service life of 71.9 a. Currently, 22# coal seam,
having a thickness between 0.82 and 5.80m and an average
thickness of 2.52m, and 42# coal seam, with thickness be-
tween 0.90 and 7.68m and 6.50m average thickness of the
coal seam, are mined in the entire area. )e coal seam has a
simple structure with a stable layer, and it is a low-gas mine.
)e upper and lower coal seams of 22# and 42# are mined at
the same time. With the increase in mine depth beyond
400m, in situ stress becomes prominent due to increased
mining intensity. Repeatedmining causes severe disturbance
with complex breaking characteristics of the overlying rock.
For example, roof sinks and the bottom heaves were ob-
served in the return roadway along the 22103 working face,
resulting in the roadway being re-dug twice. )e slab was
damaged in the 0.2–1.5m depth along the 42105 working
face because of mechanized mining and poor caving tech-
nology, and roof weighting over a large area was observed.
)e above phenomena are inseparable from the in situ stress
field.

Yang [14, 23, 24] established an in situ stress test based
on the Kaiser effect of a borehole core and analyzed the in
situ stress distribution in and around the boreholes of the
Burtai mine, as shown in Figure 1.

)e principal stress values are discrete but increase with
an increase in depth (Figure 1(a)) and the fitting equations
are as follows (equation (1)). )ree stress field distributions

are present: σH> σh> σv (<172m), σH> σv > σh (172–800m),
and σv > σH> σh (>800m).

σH � 2.0386 + 0.0241 × H

σh � 1.2091 + 0.0172 × H

σv � −0.5257 + 0.0273 × H

⎫⎪⎪⎬

⎪⎪⎭
. (1)

In Figure 1(b), the variation of k ((σH+ σh)/2σv) with depth
is shown in equation (2) and compared with the k envelope
(equation (3)) obtained by Brown and Hoek. )e variation is
similar to the progressive value of the inner envelope, and the k
range reduces with an increase in depth (at 350m, k� 0.98).

k �
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H

+ 0.625

35
H

+ 0.285< k<
350
H

+ 0.6

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

, (2)

k �
800
H

+ 0.4

100
H

+ 0.3< k<
1500

H
+ 0.5

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

. (3)

3. Evaluationof the Stress State inUnderground
Coal Mining

3.1. Evaluation Index of the Stress State. )e rock mass stress
state affects the rock mass stability and includes in situ stress,
rock mass strength, and rock mass structural quality. Several
classification systems have been developed for rock mass.
)e rock quality designation (RQD), proposed by Deere in
1964 [25], is one of the simplest systems of rock mass
classification. )e rock mass rating system (RMR) [26] and
tunneling quality index (Q system) [27] are the most widely
utilized rock mass classification schemes, and they have been
widely adopted in the mining industry. )e Hoek–Brown
strength criterion, developed in 1980 [28–31], can account
for the nonlinear behavior of the ultimate principal stresses
when a rockmass fails and describes the influence of the rock
mass structure and stress state on its strength. )e pa-
rameters can be obtained qualitatively or quantitatively
using conventional mechanical tests and field structure
descriptions. )e associated geological strength index (GSI)
is widely used for estimating the strength and deformation of
heavily jointed rock masses. )e stress-based failure criteria
developed by Coulomb, Mohr, and Hoek and Brown are
extensively applied in rock mechanics. )e Hoek–Brown
strength criterion has undergone several modifications, and
the final version (2018) is given by the following equation
and described by Hoek and Brown in 2019:

σ1 � σ3 + σci mb

σ3
σci

+ s 

α

, (4)

where mb, s, and α are the rock mass material constants,
given by
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, (5)

where σ1 and σ3 are the maximum and minimum principal
stresses at failure, respectively; σci is the unconfined com-
pressive strength;mb is a rock property, modified by the GSI
and degree of disturbance of the rock mass, respectively; s is
a constant determined by the GSI and degree of disturbance
of the rock mass; α is a constant determined by the GSI; mi,
s� 1, and α� 0.5 are the material constants for intact rock;
and D is a factor that depends upon the degree of distur-
bance to which the rock mass has been subjected to blast
damage and stress relaxation.

When σtm< σ3< σci/4, the expression is given by the
following equation:

σcm � σci

mb + 4s − α mb − 8s(   mb/4(  + s( 
α− 1

2(1 + α)(2 + α)
. (6)

Incorporating equation (6) into the Hoek–Brown strength
criterion, let η � [

�������
(1 + μ2)


+ μ]2, σci� km σcm. )en,

km �
σci

σcm

�
2(1 + α)(2 + α)

mb + 4s − α mb − 8s(   mb/4(  + s( 
α−1

σcm

σ1
≥

−mb +

���������������

mb( 
2

+ 4s(η − 1)
2



2ηskm

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

.

(7)

)e relationship between the σcm/σ1 ratio and GSI for
different friction coefficients is shown in Figure 2. With an
increase in the friction coefficient, the σcm/σ1 ratio changes
significantly. When 0.2< μ< 0.6, σcm/σ1 ratio is between 0.01
and 0.3, when 0.6< μ< 1.0, σcm/σ1 ratio lies between 0.05 and
0.7, and the σcm/σ1 ratio generally varies between 0.05 and
0.5.

)e relationship between the σcm/σ1 ratio and GSI for
different disturbance coefficients is shown in Figure 3. With
a decrease in GSI, the variation of the disturbance coefficient
(D) increases, indicating that the deteriorating geological
conditions increase the degree of disturbance in the in situ
rock masses because of blasting, rock mass excavation, and
rock mass unloading.

)e in situ deformation tests of 50 groups of rock masses
indicate that D around the prospecting drift is 0.25 [32],
while D caused by the excavation of the mining roadway is
less than 0.4. When μ� 0.3 and mi � 24, the ratio of roadway
excavation to σcm/σ1 does not exceed 0.02; when μ� 0.6 and
mi � 24, the ratio of roadway excavation to σcm/σ1 exceeds
0.1. )erefore, the mining roadway is less sensitive to D
compared to GSI.

)e coal-measure strata are clastic sedimentary rocks,
mainly sandstone. )e values of mi for various rocks are as
follows: siltstone 7± 2, hard sandstone 18± 3, sandstone
17± 4, conglomerate 21± 3, and breccia 19± 5 [30, 31]. Most
mined sandstones have a core length greater than 10 cm, and
the joints are weakly weathered or non-weathered. )e GSI
of the surrounding rock of the coal seam is above 30–40.)e
friction coefficient of sandstones ranges between 0.1 and 0.6,
with an average of 0.3. )e σcm/σ1 ratio of sandstone in most
coal-measure strata lies between 0.1 and 0.4 for different
friction coefficients.)e higher boundary value of the σcm/σ1
ratio is suitable for most rock mass stress state evaluation of
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Figure 1: In situ stress distribution in Burtai mine: (a) principal stress vs. depth and (b) k vs. depth [24].
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Figure 2: Continued.
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Figure 2: Relationship between σcm/σ1 and GSI under different friction coefficients. (a) μ� 0.3. (b) μ� 0.4. (c) μ� 0.5. (d) μ� 0.6. (e) μ� 0.7.
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Figure 3: Relationship between σcm/σ1 and GSI under different disturbance coefficients. (a) μ� 0.3, mi � 24. (b) μ� 0.6, mi � 24.
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coal-measure strata. )e rock mass stress will significantly
impact its stability for σcm/σ1< 0.4 and may cause rock mass
instability, which is defined as a state of rock mass with high
stress.

Stress concentrations occur in the rock mass around the
roadway during underground mining. )erefore, the stress
concentration factor should be considered for calculating the
maximum principal stress in the rock mass; hence, σ1 can be
expressed as

σ1 � ησ1m, (8)

where η is the maximum stress concentration factor of the
rock mass around the roadway and σ1m is the measured
maximum principal stress.

)e rock surrounding the roadway is a nonhomogeneous,
discontinuous, and nonlinear material with complicated
loading and boundary conditions. For a circular roadway, the
maximum stress concentration factor is 2.0 and 3.0 under
uniform and nonuniform stress field conditions, respectively.
)e maximum stress concentration factor for a rectangular
roadway stays below 4.0 and is generally less than 3.5. Under
most coal seam and mining conditions, the front abutment
pressure of the working face is in the range of 2.5–3.5 [33]. At
η� 3.5, the rock mass starts to fail for σcm/σ1m< 1.4, which
corresponds to a high in situ stress state. )e corners where
the two working faces meet experience stress concentration
seven times the vertical stress of the original rock, or even
higher. )e rock mass failure occurs locally in the roadway
section for η� 9.0 and 1.4< σcm/σ1m< 3.6, and the stress state
corresponds to the middle in situ stress state. When σcm/
σ1m> 3.6, local rock mass collapses, or the structural plane
becomes unstable because it is difficult to achieve a ninefold
stress concentration factor in coal-measure strata, and this
corresponds to a low in situ stress state. Based on the strength-
stress ratio, the evaluation index for the rock mass stress state
of coal mines is presented in Table 1.

σcm is the unconfined compressive strength of the
original rock mass of the surrounding rock of the roadway
and can be estimated using the Hoek–Brown strength cri-
terion (equation (4)) or using RocData software; σ1m is the
maximum principal stress in the in situ stress field of the
surrounding rock of the roadway, which can be calculated
using the theoretical model of in situ stress, or obtained
using in situ stress testing.

3.2. Engineering Verification. )e relationship between σcm/
σ1m and the depth of all rock formations in the Burtai mine is
used to verify the in situ stress evaluation index of the rock
mass strength-stress ratio (Table 1) as shown in Figure 4(a).
)e roof and floor data around the 22#, 42#, and 52# down
coal seams are shown in Figure 4(b), where σci is the average
uniaxial compressive strength of the rock, σcm is the average
rock mass strength, and σ1m is the measured maximum
principal stress. GSI is determined using a combination of
the rock quality designation (RQD), the rock block index
(RBI), and the core recovery percentage (CRP), with the
disturbance coefficient D set to 0. )e parameters are listed
in Tables 2 and 3.

Figure 4(a) shows 89 measuring points in the Burtai
mine, of which 59, with σcm/σ1m< 1.4, account for 66.3% of
the total; 27, with 1.4< σcm/σ1m< 3.6, account for 30.3%; and
3, with σcm/σ1m> 3.6, account for 3.4%. In Figure 4(b),
among the 24 measuring points in Burtai mine, 11, with σcm/
σ1m< 1.4, account for 45.8% of the total; 12, with 1.4< σcm/
σ1m< 3.6, account for 50.0%; and 1, with σcm/σ1m> 3.6,
accounts for 4.2%. )e average values of σcm/σ1m of the roof
and floor around 22#, 42#, and 52# down coal seams were
1.59, 1.25, and 2.00, respectively. )e groups with σcm/
σ1m< 1.4 are divided according to the depth into 350–450m,
450–550m, and 550–650m, which account for 37.5%,
50.0%, and 42.9% of the total, respectively. )e ratio of σcm/
σ1m< 1.4 increases with an increase in the depth, indicating
the Burtai mine to be a medium-high in situ stress field.

According to the empirical method, 39 groups with
σh< 10MPa account for 43.8% of the total; 42 with
10< σH< 18MPa account for 47.2%; and 8 with σH> 18MPa
account for 9%. Among them, 34 groups were above 350m,
of which 29 groups with σh< 10MPa, account for 85.3%; 55
groups were below 350m, of which 11 groups with
σh< 10MPa account for 20%; and 65.5% groups have
10< σh< 18MPa. )erefore, the in situ stress field in the
Burtai mine is low in situ stress field above 350m and
medium in situ stress field below 350m. According to the
stress ratio method, there are 86 groups with (σ1 + σ2 + σ3)/
σV> 2, accounting for 96.6% of the total, indicating the
majority of the Burtai mine as high in situ stress field, which
does not conform to the actual condition of the Burtai mine.

)e current mining depth of 42# coal seam in the Burtai
mine is greater than 400m, resulting in nonlinear dynamic
phenomena such as bottom heave, slab, and large-area roof
weighting. With a further increase in mining depth, the roof
and floor will be under high in situ stress along with an
increase in the accumulated elastic energy. )is justifies the
medium-high in situ stress field of the Burtai mine and
necessitates the active adoption of the mine pressure pre-
vention technology, and establishes the reliability and ap-
plicability of the strength-stress ratio index.

4. Numerical Simulation of the Stress Field in
Repeated Mining of Coal Seams

4.1. Model Construction. We analyzed six log sheets (E014,
E019, E026, E030, E051, and E060) around the 42107
working face in the Burtai mine corresponding to the SJ–3
log sheet on the 42105 working face [34]. )e representative
marker layer, which roughly divides the Burtai mine into 15
strata from top to bottom, was selected as the strata interface.
A refined three-dimensional geological model of the
working face was constructed using Rhinoceros software
and imported into Flac3D using griddle software (Figure 5).
)e spatial position of the working face is illustrated in
Figure 6. )e numerical model of the working face was
length×width× height� 800m× 900m× 600m, and it was
divided into 1,605,551 units and 283,006 nodes. )e initial
conditions of the model are determined in combination with
the measured in situ stress regression model (equation (1)).
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Table 1: Evaluation index of the rock mass stress state by the strength-stress ratio.

Evaluation index
Index value

High Middle Low
σcm/σ1m <1.4 1.4∼3.6 >3.6

Table 2: Rock mass strength estimation and measured maximum principal stress.

Drilling number Lithology Depth (m) σci (MPa) σ1m (MPa) CRP (%) GSI mi σcm (MPa) σcm/σ1m Em (GPa)

BK212

Coarse sandstone 102 9.28 5.17 49 55 15 2.18 0.42 4.06
Medium sandstone 203 6.14 3.81 28 50 15 1.30 0.34 2.48
Sandy mudstone 304 7.96 3.32 82 70 15 2.63 0.79 8.92
Fine sandstone 406 21.41 9.64 27 50 15 4.53 0.47 4.63
Fine sandstone 510 43.44 14.46 99 80 21 21.24 1.47 37.06
Fine sandstone 590 40.45 13.66 93 90 21 26.90 1.97 63.60

BK209

Sandy mudstone 222 12.52 4.90 89 75 13 4.46 0.91 14.92
Fine sandstone 330 23.53 8.77 88 75 21 10.10 1.15 20.46
Fine sandstone 403 26.27 12.10 90 90 21 17.47 1.44 51.25

Siltstone 497 36.39 13.48 62 65 18 11.57 0.86 14.31

BK213

Fine sandstone 300 22.91 5.74 59 60 21 7.02 1.22 8.51
Siltstone 400 34.22 10.86 89 75 18 13.80 1.27 24.67
Siltstone 469 33.04 11.91 89 75 18 13.33 1.12 24.24

Fine sandstone 532 128.94 15.62 73 60 21 39.52 2.53 17.78

BK207

Coarse sandstone 100 48.62 5.54 64 60 18 13.86 2.50 12.40
Coarse sandstone 201 12.91 5.84 88 75 18 5.21 0.89 15.15
Coarse sandstone 260 18.86 16.64 44 65 21 6.00 0.36 10.30

Siltstone 301 33.18 9.97 92 80 18 15.33 1.54 32.39
Medium sandstone 362 116.25 17.97 55 60 18 33.14 1.84 17.78

Siltstone 400 51.64 18.19 98 80 21 25.25 1.39 40.41
Siltstone 449 65.46 17.97 54 60 21 20.06 1.12 14.39

BK220

Coarse sandstone 83 46.62 4.72 44 50 17 10.49 2.22 9.11
Coarse sandstone 150 5.67 4.89 92 80 21 2.77 0.57 13.39
Coarse sandstone 285 77.92 10.78 96 70 17 27.11 2.51 27.91
Medium sandstone 375 90.85 12.97 99 70 17 31.61 2.44 30.14
Coarse sandstone 430 22.44 10.05 75 60 21 6.88 0.68 8.42
Sandy mudstone 562 51.40 19.57 95 95 21 23.27 1.19 40.32

Medium sandstone 603 84.64 17.04 65 60 21 25.94 1.52 16.36
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Figure 4: σcm/σ1m vs. depth: (a) all rock formations and (b) roof and floor.
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Table 3: Strength estimation and measured maximum principal stress in the roof and floor.

Rock formation Lithology Depth (m) σci (MPa) σ1m (MPa) CRP (%) GSI mi σcm (MPa) σcm/σ1m Em (GPa)

22# coal roof
Fine sandstone 402 28.87 13.81 90 90 21 14.11 1.02 25.68
Fine sandstone 406 22.08 11.28 90 90 21 10.79 0.96 22.46
Fine sandstone 406 24.31 10.77 90 90 21 11.89 1.10 23.57

22# coal floor
Medium sandstone 366 87.00 14.52 55 60 18 26.66 1.84 16.59
Medium sandstone 355 170.55 16.79 55 60 18 52.27 3.11 17.78
Medium sandstone 365 91.19 18.61 55 60 18 27.95 1.50 16.98

42# coal roof

Siltstone 400 51.27 17.27 98 80 21 25.07 1.45 40.27
Siltstone 400 49.04 18.31 98 80 21 23.98 1.31 39.38
Siltstone 400 54.61 18.99 98 80 21 26.70 1.41 41.56

Fine sandstone 510 31.87 16.54 99 80 21 15.58 0.94 31.75
Fine sandstone 510 33.50 13.51 99 80 21 16.38 1.21 32.55
Fine sandstone 510 59.58 15.40 99 80 21 29.13 1.89 43.41

42# coal floor
Siltstone 470 40.90 14.15 89 75 18 16.50 1.17 26.97
Siltstone 471 35.59 12.46 89 75 18 14.35 1.15 25.16
Siltstone 471 21.52 12.46 89 75 18 8.68 0.70 19.56

52# down coal roof

Fine sandstone 532 172.27 18.81 73 60 21 52.80 2.81 17.78
Fine sandstone 533 95.43 14.11 73 60 21 29.25 2.07 17.37
Fine sandstone 533 148.65 11.09 73 60 21 45.56 4.11 17.78
Fine sandstone 590 25.33 12.43 93 90 21 12.37 1.00 24.04
Fine sandstone 590 42.27 15.62 93 90 21 20.68 1.32 31.09
Fine sandstone 589 58.80 15.61 93 90 21 28.75 1.84 36.65

52# down coal floor
Medium sandstone 603 62.72 15.35 65 60 21 19.22 1.25 14.08
Medium sandstone 603 136.11 15.22 65 60 21 41.71 2.74 17.78
Medium sandstone 606 55.08 20.55 65 60 21 16.88 0.82 13.20

siltstone1
pebbly_coarse_sands
fine_sandst
sandy_mudsto1
sandy_mudsto2
loess
coarse_sands
fine_sandst2
medium_sandst
siltstone2
sandy_mudst4
sandy_mudst3
22coal
fine_sandst3
42coal

Figure 5: Refined numerical geological model of the working face.

Sandy mudstone

Fine sandstone

22# coal seam

42# coal seam

70 m

42107 working face

roadway roadway
265 m 35 m 300 m 35 m 265 m

195 m 200 m 35 m 300 m 160 m

22106 working face 22107 working face

Figure 6: Layout diagram of the spatial arrangement of the working face.
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)e physical and mechanical parameters of the model
strata were determined using laboratory tests of the coal and
rock in the SJ–3 borehole at 42105 working face in the Burtai
mine [34]. )e tensile strength of rock mass (σtm) is cal-
culated by RocLab 1.0 software (Table 4).

)e rock follows the Mohr–Coulomb elastoplastic
model, while the broken rock mass in the caving zone
follows the double-yield-surface elastoplastic model. Based
on the compaction characteristics of the broken rock mass,
the stress-strain relationship of the caving zone rock mass
aligns well with the actual conditions of the coal mine and is
given by the following equation:

σv �
E0ε

1 − ε/εm( 
, (9)

where σv is the vertical stress of the caving zone in the gob
(MPa); ε is the vertical strain, εm is the maximum vertical
strain, taken as εm � (b – 1)/b; b is the comprehensive
crushing expansion coefficient of the rock mass in the caving
zone, calculated using the caving zoneHc � h/(b – 1); E0 is the
initial elasticity modulus of the rock mass, MPa, calculated
using E0 �10.39σc1.042/b7.7 [35]; and σc is the uniaxial
compressive strength (UCS) of the rock mass in the caving
zone, MPa.

)e UCS of the roof above 22# and 42# coal seams are
greater than 40MPa, indicating them to be hard rock strata.
According to the coal mining conditions, the average
thickness of coal seam 22# is 3.6m, and the average thickness
of the 42# coal seam, which uses mechanized mining with
sublevel caving technology, is 6.5m. )e machine mining
height is 3.6m, the coal caving height is 2.9m, and the top
coal caving rate is 80%, indicating the actual mining height
of the 42# coal seam to be 5.92m. )e heights of the caving
zone (Hc) and the fissure zone (Hf ) can be calculated using
equations (10) and (11) and Table 5 [35–37]. )e heights of
the two zones formed after the 22# and 42# coal seam
working faces with longwall mining are 15.3m, 57.0m, and
20.8m; and 65.0m, 1.236 and 1.284, respectively; and εm is
0.19 and 0.22, respectively.)emechanical parameters of the
caving zone rock mass in the gob are tabulated in Table 6.

Hc �
100h

c1h + c2
, (10)

Hf �
100h

c3h + c4
. (11)

4.2. Results and Analysis. )e impact of the overlying pillar
on the mining face was determined using simulations of
simultaneous upper and lower coal seammining.)e widths
of overlying 22# coal seam pillars are 5m, 15m, 25m, 35m,
and 45m. Coal seam 42# lags the 22# coal seam by 300m,
and the excavation distance is 300m. Two survey lines
(117m and 200m from the return roadway) on strike and
one survey line (5m from the rib) in an inclined direction
are arranged on the main roof of the 42107 working face at
the height of 25m from the working face. )e principal

stress distribution of the main roof under different pillars
and the gob is monitored, as shown in Figure 7.

4.2.1. Maximum Principal Stress Distribution on the Strike.
σ1 of the main roof (380m deep) above 42# coal seam in-
creases by 10MPa when advancing 350m because of the
overlying pillars of 22# coal seam (Figures 7(a) and 7(c)).)e
principal stress increases by different degrees with the in-
crease in the width of the pillar from 300m. )e larger the
pillar width, the faster the increase in stress.)e increase rate
increases from 60m advances and reaches the maximum for
4–9m advances. )e rate decreases rapidly above and be-
hind the working face and reduces to 6MPa and 30m be-
hind the gob. Original rock stress zones, stress increase
zones, and stress reduction zones are present on the strike of
the working face under the pillar, and the size of the stress
increase zone is different under different pillars. Although σ1
increases with an increase in pillar width, the rate of increase
reduces, while the principal stress influence ranges remain
unchanged. )e peak value distance from the rib is ap-
proximately 3m, and the stress peak coefficients are 1.95,
2.19, 2.31, 2.35, and 2.45, respectively, under different pillar
widths. )e distribution of σ1 on strike under the gob is
similar to that under the pillar, and the peak coefficients are
reduced to 1.32, 1.41, 1.47, 1.56, and 1.66, respectively.

)e roof σ1 direction of the working face under the pillar
is first deflected towards the z-axis in the advanced range and
then deflected in the reverse direction (Figures 7(b) and
7(d)). )e angle between the σ1 direction and the z-axis is 6°
for advancing 350m, and it is biased towards the gob. )e
angle increases to 13° from advancing 300m and gradually
decreases to 3° for 50m.)e angle remains constant with the
increase in pillar width, and the reverse deflection occurs
within advancing 50m, reaching 30° above the working face,
and 55° at 30m behind the gob. )e deviation of the σ1
direction below the pillar remains constant beyond 350m
and is subsequently affected by the overlying coal mining.
)e angle between the σ1 direction and the z-axis increases
sharply to 68° within advancing 350m to 250m. Subse-
quently, reverse deflection occurs, and the angle decreases.
)e deflection angle ranges between 50° and 80° and de-
creases with an increase in pillar width, with a sharp decrease
to 35° within advancing 16m. After the working face, the σ1
direction continues to deflect to the gob, and the deflection
reaches 60° for 25m behind the gob. )e main roof σ1
deflection angle within 25m in front of the rib under the gob
is 35° because of the overlying coal mining and is 10° larger
than solid coal. )e friction coefficient of rock is distributed
between 0.1° and 0.8°, and the predominant fracture angle is
25–45°, as seen from the Griffith physical model of closed
microcrack propagation under pressure [38]. )e shear-type
(II) and tension-shear mixed-type (I-II) expansion of the
coal and rock mass cracks are observed along the vertical
plane within the severely affected range of mining. )e
principal stress of the roof remains unchanged, and the
principal stress direction is rotated according to the con-
ditions of the tensile type (I) expansion of the roof cracks
[38]. When σ1 rotates to the dominant angle, the maximum
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Table 4: Physical and mechanical parameters of the model strata.

Lithology ρ (kg·m−3) E (GPa) ] G (GPa) K (GPa) C (MPa) φ (°) σtm (MPa)
Loess 1600 0.30 0.31 0.26 0.11 0.03 13.00 0.03
Gravelly coarse sandstone 2428 1.31 0.29 1.04 0.51 5.40 35.10 0.79
Siltstone 1 2226 1.43 0.33 1.40 0.54 6.58 30.24 0.75
Sandy mudstone 1 2228 1.18 0.31 1.04 0.45 6.90 27.64 1.39
Coarse sandstone 2224 1.79 0.31 1.57 0.68 8.83 25.89 1.81
Medium sandstone 2347 6.37 0.29 5.06 2.47 14.80 30.75 3.16
Fine sandstone 1 2329 6.98 0.31 6.12 2.66 14.60 30.00 3.28
Sandy mudstone 2 2322 7.06 0.29 5.60 2.74 11.10 33.27 1.35
22# coal seam 1400 4.08 0.28 3.09 1.59 1.13 25.00 0.82
Fine sandstone 2 2177 6.71 0.31 5.89 2.56 10.80 35.60 1.82
Sandy mudstone 3 2351 9.44 0.25 6.29 3.78 23.03 28.07 5.08
42# up coal seam 1320 4.62 0.31 4.05 1.76 4.21 26.10 0.55
Fine sandstone 3 2318 7.80 0.31 6.84 2.98 18.20 32.25 4.24
Sandy mudstone 4 2383 10.48 0.22 6.24 4.30 24.50 26.50 5.07
Siltstone 2 2334 8.86 0.30 7.38 3.41 17.65 31.05 3.45

Table 5: Mining height and strength coefficient of the roof.

Lithology σc (MPa) c1 c2 c3 c4
Hard rock strata >40 2.1 16 1.2 2
Medium-hard strata 20–40 4.7 19 1.6 3.6
Soft strata <20 6.2 32 3.1 5

Table 6: Mechanical parameters of the rock mass in the caving zone.

Lithology K (GPa) G (GPa) c (kg·m−3) C (MPa) φ (°) σtm (MPa)
22# roof 14.08 10.56 1800 0.001 35 0
42# roof 9.56 7.17 1900 0.001 40 0
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Figure 7: Continued.
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tensile stress reaches the tensile strength of the roof, and the
microcracks in the top coal expand. )e expansion of the
roof (top coal) cracks can be attributed to the principal stress
rotation, the increase in σ1, and the decrease in σ3.

4.2.2. Maximum Principal Stress and Deviator Stress in the
Inclined Direction. )e principal stress distribution of the
main roof has a “single-peak” shape (Figure 8) along the
inclined direction and 5m in front of the rib with high values
under the pillar and low values on both sides. With an

increase in the pillar width, the peak coefficients of σ1 in-
crease, the range of increase reduces, and the severe influ-
ence range increases. )e principal stress peak coefficients
are 1.91, 2.11, 2.26, 2.35, and 2.43, respectively, under dif-
ferent pillar widths of 5m, 15m, 25m, 35m, and 45m, and
the severe influence range is between 100 and 150m. Both
sides of the working face are affected by the overlying pillar.
Although the principal stress increases with an increase in
the pillar width, the increase is much smaller than that under
the pillar. )e σ1 of the main roof on the strike survey line
under the pillar is 1.5 times that under the gob. Similar to the
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Figure 7: Distribution of principal stress on the main roof strike line. (a) Value of σ1 under the pillar. (b) Direction of σ1 under the pillar. (c)
Value of σ1 under the gob. (d) Direction of σ1 under the gob.
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Figure 8: Distribution of principal stress on the main roof trend line: (a) σ1 and (b) σ1–σ3.
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σ1 distribution, the deviator stress on inclined direction also
presents a “single-peak” shape, with peak values of 15.8, 18.1,
19.8, 20.7, and 21.4MPa, respectively, under different pillar
widths of 5m, 15m, 25m, 35m, and 45m.

)e deviator stress is the largest within the severe in-
fluence range of the pillar and fluctuates significantly. )e
main roof in the front of the rib breaks under tensile stress
because of considerable accumulated strain energy, which
transforms into the fracture surface energy and the initial
velocity of the fractured rock block, resulting in an impact
load. Roof fracture and instability can cause a dynamic
catastrophe of the working face due to the combined dy-
namic and static load.

5. Conclusion

)e strength-stress ratio method was used to establish the
evaluation index for the stress state of the mine rock mass
based on the in situ stress measurement through Kaiser
effect and the generalized Hoek–Brown rock mass strength
criterion, and a preliminary engineering verification was
carried out. A refined geological model for the stratum
occurrence conditions in the Burtai mine was established
with 42# coal seam mining combined with the measured in
situ stress regression model. )e roof stress field of the
working face under repeated mining conditions is studied,
and the main conclusions are as follows:

(1) An evaluation index of the rock mass stress state for
an underground coal mine was established using the
strength-stress ratio. It corresponds to high in situ
stress state for σcm/σ1m< 1.4, medium in situ stress
state for 1.4< σcm/σ1m< 3.6, and low in situ stress
state for σcm/σ1m> 3.6.

(2) )e index is applied in the Burtai mine and classifies
it as a medium-high in situ stress field, which is in
agreement with the on-site situation, establishing the
reliability of the index.

(3) )e value and direction of the main roof σ1 within
the range of the front abutment pressure under the
pillar and gob vary significantly because of the
mining of the overlying coal seam. )e value of σ1
under the pillar along the main roof strike direction
is 1.5 times that under the gob, and the σ1 direction
under the pillar is deflected by 5°, which is 30° smaller
than that under the gob. )e rotation of principal
stress direction, the increase in σ1, and the decrease
in σ3 can cause the expansion of the roof (top coal)
cracks.
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