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In situ stress is one of the most important factors affecting surrounding rock stability classification of coal roadway. Most
surrounding rock stability classification methods do not fully consider the influence of in situ stress. In this paper, the author
applied a fuzzy clustering method to the classification of surrounding rock stability of coal roadway. Taking into account the
complexity of the classification of surrounding rock, some factors such as the strength of surrounding rock, in situ stress, the main
roof first weighting interval, the size of the chain pillar, and the immediate roof backfilled ratio are selected as the evaluation
indexes. The weight coefficients of these evaluation indexes are determined by unary regression and multiple regression methods.
Using fuzzy clustering and empirical evaluation method, the classification model of surrounding rock stability of coal roadway is
proposed, which is applied to 37 coal roadways of Zibo Mining Group Ltd., China. The result is in good agreement with practical
situation of surrounding rock, which proves that the fuzzy clustering method used to classify the surrounding rock in coal
roadway is reasonable and effective. The present model has important guiding significance for reasonably determining the stability

category of surrounding rock and supporting design of coal roadway.

1. Introduction

Coal mines are dominated by underground mining in
China. The total length of new driving roadways in coal
mines is up to thousands of kilometres per year in China, of
which more than 80% are coal roadways and coal-rock
roadways [1]. After excavation, if there is no timely support,
surrounding rock of coal roadway is likely to instable failure.
Due to the complexity of mining activities, the design of the
support for the coal roadway must be based more on the
evaluation and classification of the stability of the sur-
rounding rock stability. As a basis for the control of the
surrounding rock on the roadway, the stability of the
evaluation of the surrounding rock stability has been widely
studied by scholars.

It is of great significance to determine a simple and
accurate method for classifying surrounding rock; many
classification methods for surrounding rock have been
proposed, including single factor classification (RQD [2-4])

and multifactor classification (RMR [5, 6], GSI [7], and
Q-system [8, 9]). In recent years, the most widely studied
classification methods are based on fuzzy mathematics,
analytic hierarchy process (AHP), artificial neural networks
(ANN), and support vector machines (SVM), etc. Shi et al.
[10] adopted comprehensive assigning method to determine
the weights of evaluation indexes based on fuzzy analytic
hierarchy process (FAHP), and the FAHP model is estab-
lished for optimized classification of surround rock. Hase-
gawa et al. [11] used ANN to classify the surrounding rock of
mountain tunnels by collecting geophysical datasets at a
tunnel face and surrounding rock, but complete sur-
rounding rock data were difficult to obtain. Deng et al. [12]
established a BP-ANN classification model for surrounding
rock stability of coal roadway in MATLAB environment and
applied the model to 13 coal roadway data samples for
testing. Li et al. [13] established a highway tunnel classifi-
cation model based on the SVM theory of particle swarm
optimization, and the surrounding rock mass of the tunnel
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was divided into five grades. Zheng et al. [14] presented a
new reliability rock mass classification method based on a
least squares support vector machine (LSSVM) optimized by
a bacterial foraging optimization algorithm (BFOA), which
can improve the classification accuracy of surrounding rock
exhibiting randomness. Furthermore, Wang et al. [15] ap-
plied the ideal point method to the classification of sur-
rounding rock stability and considered the influence of
groundwater of the tunnel surrounding rock. Wang et al.
[16] proposed a novel model to analyse the surrounding rock
stability based on set pair analysis (SPA). Based on uncer-
tainty measure theory, He et al. [17] established a stability
classification and order-arranging model of surrounding
rock. Based on D-S evidence theory and error-eliminating
theory, Wu et al. [18] proposed a model for evaluation of
underground engineering surrounding rock stability and
used four kinds of weighting methods to avoid the difference
of single weighting method in calculating index weight.
Although these methods have enabled numerous
achievements in the classification of surrounding rock, some
shortcomings still exist. In dealing with uncertain problems,
the analytic hierarchy process is greatly affected by personal
subjective factors, it is difficult to artificial neural networks to
find suitable learning algorithms, and support vector ma-
chines are inefficient when processing a large number of
samples. The stability of the surrounding rock of the
roadway is a complex problem that is affected by many
factors, and the influence of various factors on the stability of
the surrounding rock has a considerable degree of ran-
domness and fuzziness, so the boundary between the sta-
bility categories of the surrounding rock is often not clear.
Since the classification of the stability on the surrounding
rock of the roadway is a fuzzy concept, it is quite effective to
choose fuzzy clustering when dealing with the classification
of the stability of the surrounding rock on the roadway,
which has many influencing factors and strong ambiguity.
In the selection of classification evaluation indexes, most
classification methods consider the influence of rock mass
structure, the degree of development of joints and cracks,
and their properties on the stability of surrounding rock, but
it is difficult to determine parameters such as the degree of
joints and cracks on-site, and the operability is poor. When
considering the influence of in situ stress on the stability
classification of surrounding rock, the depth of the roadway
is mostly used to represent the influence of in situ stress, or
according to the relationship between the weight of the
overlying strata and the strength of the rock mass [19, 20],
the in situ stress is divided into high stress zone and low
stress zone, and then a stress state influence correction factor
is considered. Some researchers consider the influence of the
initial in situ stress and use a converted in situ stress to
represent the initial. The converted stress is only an average
of the three principal stresses. The value does not consider
the influence of the angle between the horizontal in situ
stress and the direction of the roadway on the stability of the
surrounding rock. The application of initial in situ stress in
the surrounding rock stability classification of roadway is
not reasonable and complete; in particular there is no ef-
fective method to determine the magnitude and direction of
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vertical and maximum (or minimum) horizontal in situ
stress near the roadway. In particular, the influence of
horizontal in situ stress on the stability of the surrounding
rock of the roadway should be studied. When the long axis
direction of roadway is parallel to the maximum horizontal
in situ stress, the influence is the smallest, which is the most
favorable for the stability of roof and floor. When the long
axis direction of roadway is perpendicular to the maximum
horizontal in situ stress, it is most unfavorable to the stability
of roof and floor. In the roadway oblique to the maximum
horizontal principal stress at a certain angle, the stress
concentration occurs on one rib of the roadway and the
stress release occurs on the other rib, so the deformation and
failure of the roof (or floor) will be biased towards one rib of
the roadway.

It can be seen from the above analysis that the influence
of in situ stress on the stability of the surrounding rock of the
roadway must be considered, especially the influence of the
horizontal in situ stress on the stability of the surrounding
rock of the coal roadway. Combined with the fuzzy clus-
tering, the author proposes a SIM-based classification
method for surrounding rock stability of coal roadway: SIM,
i.e., the strength of surrounding rock, in situ stress, and
mining indexes. This method uses site monitoring or lab-
oratory tests to determine the values of evaluation indexes,
and the weights of each evaluation index are determined by
regression analysis and fitting methods, which are more
reliable and accurate. Furthermore, the fuzzy clustering is
adopted to classify the coal roadways to determine the
surrounding rock grade.

2. Determination of the Evaluation Indexes of
the Surrounding Rock Stability in
Coal Roadway

The stability of the surrounding rock of a coal roadway
depends on the internal stress, the physical and mechanical
properties, and the interaction between the two. The internal
stress of the surrounding rock depends on the in situ stress,
the shape and size of the roadway, the influence of exca-
vation and mining, the support strategy, and others. The
physical and mechanical properties of the surrounding rock
refer to the strength and physical characteristics of the
surrounding rock, including the physical and mechanical
parameters of the roof, floor, and rib, and the parameters of
the rock blocks, the structure of the rock mass, and the
bedding joints and fractures. In addition, the influence of
groundwater and time must also be considered. The main
factors that affect the stability of the surrounding rock on the
coal roadway are shown in Table 1.

The surrounding rock stability classification of coal
roadway is supposed to be based on the characteristics of
sedimentary rock (and local igneous rock) in coal mine,
which requires clear physical meaning of evaluation index,
easy access to parameters, simple classification method, and
strong practicability. Therefore, the biggest factors affecting
the stability of the roadway surrounding rock in Table 1 are
screened out, and the factors that have no significant effect



Advances in Civil Engineering

TaBLE 1: The factors affecting surrounding rock stability of coal roadway.

No. Type Factor

1 Strength of main roof

2 Strength of immediate roof

3 Strength Strgength of coal seam

4 Strength of immediate floor

5 Coal mining method

g In situ stress Miirll;tlzde

8 Width of coal pillar in roadway

9 Height

10 Roadway characteristics Width

11 Buried depth

12 Coal seam geological characteristics Thickness

13 Dip angle

14 Buried depth

15 Thickness of roof and floor Main roof

16 Immediate roof

17 Immediate floor

18 Abutment pressure characteristics Immediate roof first caving interval
19 Main roof first weighting interval
20 Main roof periodic weighting interval
21 Groundwater

22 Time

on the stability are ignored. The initial selected evaluation
indexes include the comprehensive strength of surrounding
rock, in situ stress, the immediate roof backfilled ratio, the
main roof first weighting interval, and the chain pillar size of
coal roadway. Among them, the comprehensive strength of
surrounding rock is divided into the strength of roof, floor,
and rib. In situ stress is divided into vertical and horizontal
in situ stress. The immediate roof backfilled ratio, the main
roof first weighting interval, and the chain pillar size of coal
roadway are called mining index.

2.1. Comprehensive Strength of Surrounding Rock. The sur-
rounding rock of the roadway includes the roof, floor, and rib,
and the roof includes the immediate roof and the main roof,
and under some conditions there is a false roof, and the floor
includes the immediate floor and the main floor. For the coal
roadway, the ribs are coal seam, but when the coal seam is
thin, the ribs also cover part of the rock strata. To reasonably
characterize the strength of surrounding rock, the concept of
comprehensive strength of surrounding rock is proposed,
which covers the comprehensive strength of the roof, floor,
and rib. The thickness of each rock stratum, the thickness of
the coal seam, and the strength of the coal and rock in each
stratum are comprehensively considered. When calculating
the comprehensive strength of surrounding rock, the strength
of rock block is determined first, then the strength of rock
mass is calculated, and finally the comprehensive strength is
calculated. Since the strength of the rock block can usually be
obtained directly through the laboratory test, the calculation
of the rock mass strength and the comprehensive strength is
introduced only introduced in the following.

The strength and the structural parameters of the rock
mass (i.e., layered thickness, joint fracture spacing, etc.) are
considered when calculating the rock mass strength. The

rock mass strength is obtained from laboratory experiments,
while the structural parameters of the rock mass can be
expressed by the rock mass strength coefficient K,
(equation (1)) [21].

R

K,, = —rm
Rrb

(1)

where R,,, represents the uniaxial compressive strength of
the rock mass, MPa. R,;, represents the uniaxial compressive
strength of rock block, MPa.

Therefore, it is easy to obtain the rock mass strength when
the rock block strength and the rock mass strength coeflicient
are known. Owing to the influence of the thickness, structure,
bedding, joint, and fracture spacing of the rock mass, the
parameters of the rock mass strength index are difficult to
obtain, so it is difficult to apply on site. He et al. [22-24]
proposed an improved discontinuous deformation analysis
(DDARF) method to achieve the simulation of the joint
distribution by performing a numerical simulation of the
deformation and fracture processes of the surrounding rock.
However, this method requires special petrographic mea-
surement techniques and image processing methods.
Therefore, a method to estimate the rock mass strength index
based on the stratigraphy column is proposed, which is
corrected by numerical simulation and on-site testing, so that
the rock mass strength index is more accurate and convenient
to use. According to the characteristics of the description of
the rock mass structure characteristics in the stratigraphy
column, the weight of each factor (degree of joint fracture,
bedding, filling, and cementation) is determined using the
analytic hierarchy process (equation (2)), so the rock mass
strength index can be obtained.

Krmza]n-l—ﬁBn-'—y]f’ (2)



where K,,, is the rock mass strength coeflicient. J, is the
development degree of joints. B,, is the development degree
of beddings. Jis the development degree of cemented filling.
o is the weight of joints. f3 is the weight of beddings. y is the
weight of cemented filling.

After determining the rock strength of each rock strata,
the comprehensive strength of surrounding rock of roadway
can be calculated by weighted average (equation (3))
according to rock thickness. The comprehensive strength of
the roof is weighted average according to the strength of each
rock strata in the range of two times the height of the
roadway, the floor is weighted average in the range of one
time the height of the roadway, and the comprehensive
strength of the rib is weighted average according to the
strength of each coal and rock strata in the height of the
roadway.

_ Z?:l M;-1;

R >
YoM,

(3)

where R represents the comprehensive strength of the
surrounding rock. M; represents the thickness of the i-th
layer of surrounding rock. r; represents the rock strength of
the i-th layer of surrounding rock.

2.2. In Situ Stress Index. The initial in situ stress is the main
factor to be considered in the classification of the stability of
the surrounding rock of the roadway. However, due to the
large workload of in situ stress measurement, high technical
requirements, and high testing costs, only a limited number
of representative locations can be selected for testing
according to the geological structure characteristics of the
mine area, and it is difficult to infer the magnitude and
direction of the in situ stress near each roadway from the
data of a limited number of in situ stress measurement
points in the mine area.

Therefore, based on the results of many initial in situ
stress measurements, the relationship between the buried
depth of the measuring point and the vertical in situ stress
and the maximum (minimum) horizontal in situ stress is
established (Figure 1), so that the magnitude of the three
initial in situ stresses can be preliminarily determined from
the buried depth. Then according to the measured in situ
stress, combined with the geological structure and move-
ment law of the mine, determine the horizontal in situ stress
direction, and then consider the angle between the hori-
zontal in situ stress and the long axis direction and the
buried depth of the roadway to determine the vertical and
horizontal in situ stress. The classification results of sur-
rounding rock stability are more scientific and reliable by
considering vertical stress and horizontal stress of rib in
roadway classification.

According to the relevant knowledge of geology, the
direction of horizontal in situ stress is relatively stable in a
large tectonic area. Therefore, the maximum and mini-
mum horizontal in situ stress directions at various stress
measurement points can be used to indicate the direction
of the maximum and minimum horizontal in situ stresses
of the nearby roadway. Then, according to the direction of
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the angle between the roadway heading direction and the
horizontal stress direction, the horizontal stress of the rib
of roadway can be calculated.

2.3. Mining Index. For the roadway, it will inevitably be
affected by the abutment pressure produced by the mining of
the coal face, and in some cases, mining activity is the main
factor that affects the stability of the surrounding rock of the
roadway. The width of the coal pillar of the roadway, the
main roof first weighting interval, and immediate roof
backfilled ratio are selected as the main factors affecting the
mining and at the same time as the evaluation indexes of the
stability of the surrounding rock of the roadway.

2.3.1. The Chain Pillar of the Roadway. Depending on the
width of the chain pillar and the layout of the roadway, the
chain pillar can be divided into four categories: the gob-side
entry retained coal pillar, the gob-side entry coal pillar, the
wide coal pillar, and the strip coal pillar [25, 26]. Because the
working face of 37 sample entries is mostly coal mining
under buildings, strip-mining stopping is used. The chain
pillars are mostly strip coal pillars, so gob-side retained entry
(and gob-side entry) is rarely used, and statistical laws
cannot be formed. Therefore, in the working face of gob-side
retained entry (and gob-side entry), the surrounding rock
category is degraded by 1-2 categories.

2.3.2. The Immediate Roof Backfilled Ratio N. The imme-
diate roof backfilled ratio N reflects the filling degree of gob
after immediate roof breaking. The larger the immediate
roof backfilled ratio is, the smaller the subsidence of the
main roof is, and the slower the stope abutment pressure
appears, and on the contrary, the stronger the stope abut-
ment pressure appears. Therefore, it is selected as one of the
classification indexes of roadway surrounding rock stability.

2.3.3. The Main Roof First Weighting Interval C,. The main
roof first weighting interval C, reflects the intensity of the
abutment pressure behaviour of the stope. The larger the main
roof first weighting interval is, the stronger the abutment
pressure behaviour of the stope is, and the greater the impact on
the stability of the surrounding rock of the roadway is. In
contrast, the smaller the main roof first weighting interval is, the
weaker the abutment pressure behaviour of the stope is, and the
less obvious the impact on the stability of the surrounding rock
of the roadway is.

3. Determination of the Weight of the
Classification Index

The surface displacement of surrounding rock is one of the
important factors to reflect the stability, which includes roof-
to-floor displacement and rib-to-rib displacement. In order
to eliminate the influence of roadway size, the author uses
the displacement convergence to reflect the surrounding
rock stability, which also includes the roof-to-floor and rib-
to-rib displacement convergence. The eight surrounding



Advances in Civil Engineering

26 42 - 32 -
24| 0,=0.0276H - 1.6487 a8 [ Omax = 0.0413H - 1.7725 sl Opmin = 0.0324H - 7.6975
2» L R?*=0.9887 [ R=09727 /,' [ R*=0.9185
= 20} 5 C e = 24L
3] (=W 30 - = -
& 18t = L o .- S 20
) < 26f . & C
S 16} : f - ® 5 l6r
S 14} £ 2r (1'% £ oC
12k 18 r //. g 1 r
10 14F -7 8L
8 1 1 1 1 1 1 ) 10 3 |‘ 1 1 1 1 1 ) 4 -_ 1 1 1 1 1 1 )
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
H (m) H (m) H (m)

(a)

(b)

(©)

FiGURE 1: Statistical relationship between in situ stress and buried depth.

rock stability evaluation indexes have different degrees of
influence on the overall stability. There are primary and
secondary distinctions. Because the evaluation index of
chain pillar type cannot be characterized by numerical value,
when determining the influence of this index on the sur-
rounding rock stability, the strength of surrounding rock
should be degraded (or not degraded) according to the chain
pillar type and then classified according to the strength of
surrounding rock after change. Therefore, only the weights
of the remaining seven indicators need to be determined.
According to the statistical data of on-site ground pressure
of roadway, the regression analysis of each classification
index is carried out by using the unary nonlinear regression
method, and the relationship curve between each evaluation
index and the roof-to-floor (rib-to-rib) displacement con-
vergence is obtained, so as to determine the quantitative
relationship between each evaluation index and the sur-
rounding rock stability.

3.1. Unary Regression. The deformation of the roadway
during the roadway excavation is affected by the physical
and mechanical properties of the surrounding rock, the
magnitude of the in situ stress, the shape and size of the
roadway section, the excavation technology, and support
scheme, but it is not affected by mining. Firstly, the func-
tional relationship between the displacement convergence in
surrounding rock of roadway and each index during ex-
cavating is established, and then the relationship between the
displacement convergence in surrounding rock of roadway
and each index during the mining is established.

3.1.1. The Functional Relationship between the Displacement
Convergence in Surrounding Rock of Roadway and Each
Index during Excavating

(1) The functional relationship between the displace-
ment convergence in surrounding rock of roadway
and the comprehensive strength of surrounding rock
during excavating:

According to field measured data and nonlinear
regression, the relationship between the roof-to-floor

convergence (rib-to-rib convergence) of roadway
and the comprehensive strength of surrounding rock
is established, as shown in Figure 2.

e, represents the roof-to-floor displacement con-
vergence of the roadway. ¢, represents the rib-to-rib
displacement convergence of the roadway. R,, rep-
resents the comprehensive strength of the roof, MPa.
prz Tepresents the comprehensive strength of rib,
MPa. R,, represents the comprehensive strength of
the floor, MPa. o, represents the vertical in situ
stress, MPa. o}, represents the horizontal in situ
stress, MPa.

(2) The functional relationship between the displace-
ment convergence in surrounding rock of roadway
and the in situ stress during excavating

Based on field measurement, the relationship be-
tween the displacement convergence in surrounding
rock of roadway and the in situ stress is established,
as shown in Figures 3 and 4.

3.1.2. The Functional Relationship between the Convergence
in Surrounding Rock of Roadway and Each Index during
Mining. The surrounding rock of the roadway is affected by
the front abutment pressure caused by mining. The con-
fining pressure of roadway increases which exceeds the
deformation of the roadway during excavating. Similarly,
based on field measurement, unary regression is used to
establish the relationship between the displacement con-
vergence in surrounding rock of the roadway and each
index; the result is shown in Table 2.

3.2. Multiple Regression. The deformation of the roadway is
composed of the deformation during excavation and during
mining, so the total deformation of the roadway is the sum of
these two deformations, and the total displacement con-
vergence in surrounding of roadway is also the sum of these
two displacement convergences.

Therefore, the fitting equation for the roof-to-floor
displacement convergence of the roadway is obtained as
follows:
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FIGURE 2: Statistical relationship between comprehensive strength and displacement convergence of coal roadway.
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TasLE 2: Fitting equations between each index and displacement convergence of the coal roadway.

Displacement convergence Classification index

Fitting relation Correlation coefficient

R,, e, =-0.12 In(R,,) + 0.49 R*=0.93

Ryys e, = —0.13 In(R,,) + 0.40 R*=0.95

R g, ==0.09 In(Ry,) +0.39 R?=0.91

€, o, e, =0.0lc, - 0.01 R’=0.95
on e, = 0.010;, + 0.02 R=0.91

N &, = 0.05N + 0.04 R?=0.90

Co g, = -0.19 In(C,) + 0.04 R*=0.92

R,, &, = —0.15 In(R,,) + 0.60 R?=0.90

Ry, &, = —0.17 In(R,,,) + 0.51 R*=0.94

R: &, = =0.13 In(R,) +0.51 R?=0.91

& o, g, = 0.01g, - 0.05 RP=0.92
on g, = 0.010;, + 0.01 R?=0.93

N &, = 0.06N + 0.04 R?=0.90

Co e, = -0.20 In(C,) +0.76 R*=0.93

N represents the immediate roof backfilled ratio. C represents the main roof first weighting interval.

e, =—0.12 In(R,,) +0.02 In(R,,,) - 0.09 In(R;,)

+0.010;, - 0.010, — 0.14 In(C,) — 0.03N + 1.28.
(4)

Similarly, the fitting formula of rib-to-rib displacement
convergence of roadway is obtained as follows:

& =-0.02In(R,,) +0.10 In(R,,,) - 0.08 In(R,)

+0.020;, - 0.010, — 0.06 In(C,) — 0.02N + 0.30.
(5)

With the fitting equation of displacement convergence in
surrounding rock of roadway, it is possible to predict the
deformation of the surrounding rock of roadway based on
the comprehensive strength of surrounding rock, in situ
stress, the immediate roof backfilled ratio, and the main roof
first weighting interval, combined with the size of roadway.

4. Surrounding Rock Stability Classification of
Coal Roadway Based on Fuzzy Clustering

4.1. Determination of the Optimal Classification Number.
The fuzzy clustering process of surrounding rock stability
classification is shown in Figure 5. After fuzzy clustering, it is
necessary to determine the optimal number of coal roadway
classification.

Transforming each classification index into a compre-
hensive index according to the weight is expressed by the
displacement convergence of surrounding rock. According
to the basic principle of fuzzy clustering [26], with the
different values of A, the classification results are also dif-
ferent; the optimal classification results can be selected
according to F-statistics. The calculation formula of F-sta-
tistics is

_ 3 G-y (-1
r n 2 :
Yict X1 (yij - )’io) /(n—r)

(6)

For the fuzzy clustering process, when the classification
result changes from 2 to 12, each F value and its Fy o5 value
(under 0.05 confidence) level are shown in Tables 3 and 4.
According to mathematical statistics analysis, if F> F o5, the
difference between classes is significant; that is, the classi-
fication result is reasonable.

It can be seen in Tables 3 and 4 that when 1=0.75,
F-Fy 5 is the maximum of all classifications, so the fuzzy
clustering result of A =0.75 is the best; that is, the coal seam
roadway samples are clustered into four categories.

4.2. Surrounding Rock Stability Classification Results of Coal
Roadway. Based on the results of fuzzy cluster analysis and
empirical evaluation, the surrounding rock of 37 coal
roadways is divided into four categories, which are very
stable (I), relatively stable (II), medium stable (III), and
unstable (IV). The displacement convergence in sur-
rounding rock of each type of roadway is predicted, and the
final classification results of surrounding rock stability are
shown in Table 5.

4.3. Field Application: Taking Class IV Surrounding Rock for
Example. According to the SIM surrounding rock stability
classification results of the above 37-roadway sample data,
the No0.3302 roadway with typical geological and mining
conditions was selected for the industrial test in the class IV
unstable surrounding rock, and the support effect of the
No.2306 roadway under similar geological conditions was
compared to verify the rationality of the SIM surrounding
rock stability classification results based on the in situ stress.

According to the geological conditions of the roadway
No.3302, through laboratory test and field test, the results of
each evaluation index determination are shown in Table 6.

According to the results of the SIM surrounding rock
stability classification (Table 5), the surrounding rock of the
No0.3302 roadway belongs to the class IV unstable sur-
rounding rock.
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FIGURE 5: Fuzzy clustering process of surrounding rock stability classification.
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TaBLE 3: Selection comparison table of A (according to roof-to-floor convergence).

Items 2 3 4 5 6 7 12
A 0.65 0.70 0.75 0.77 0.80 0.85 0.89
F 3.89 2.99 3.79 2.87 3.18 2.86 2.70
Fo0s5 4.14 3.25 2.86 2.67 2.50 2.39 2.25
F-Fy s ~0.26 -0.25 0.93 0.20 0.68 0.47 0.45
TABLE 4: Selection comparison table of A (according to rib-to-rib displacement convergence).
Items 2 3 4 6 7 10
A 0.70 0.74 0.75 0.80 0.85 0.87
F 2.27 3.43 13.72 3.01 2.87 2.11
Foos 414 3.25 2.86 2.50 2.39 2.28
F-Fy s ~1.87 0.18 10.86 0.51 0.48 -0.17
TaBLE 5: Classification results of surrounding rock stability of coal roadway.

Strength of surrounding rock In situ stress D1splacemenF convergence
Grade N Co prediction

Roof Rib Floor o, op Roof-to-floor  Rib-to-rib

(MPa) (MPa) (MPa) (MPa) (MPa) M) (%) (%) (%)

I, very stable >50.5 >15.3 >38.5 <8.9 <9.6 <0.6 >34 <6.0 <5.6
II, relatively stable  31.8~50.5 10.4~15.3 25.4~38.5  8.9~15.6 9.6~20.0 01'64~ 27.2~34.0 6.0~13.5 5.6~15.4
III, medium stable  18.3~31.8 6.8~10.4 14.6~254  15.6~27.8  20.0~32.4 12'44~ 21.0~27.2 13.5~19.5 15.4~25
IV, unstable <18.3 <6.8 <14.6 >27.8 >32.4 >2.4 <21.0 >19.5 >25.0
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TABLE 6: Determination results of surrounding rock stability evaluation index of No0.3302 roadway.
. : R, Ry, \fz o, Oh Co
Evaluation index (MPa) (MPa) (MPa) (MPa) (MPa) N (m)
Value 18.9 7.2 12.3 26.3 29.1 2.7 16.3

TABLE 7: Support scheme before and after optimization of No0.3302 roadway.

Type of surrounding rock Support way

Support parameters

Primary support Reinforced support

Diameter/mm 20 20
Roof Anchor bolt Length/mm 2400 2200
Spacing/mm 800 x 1000 700 x 700
Diameter/mm 20 20
Anchor bolt Length/mm 2200 2200
Rib Spacing/mm 800 x 1000 700 x 700
Diameter/mm 17.8 17.8
Anchor cable Length/mm 7000 7000
Spacing/mm 1000 1000

Displacement (mm)

Time (d)

- 1ib
-A- roof

floor

(a)

Displacement (mm)

Time (d)

- r1id
-A- roof

floor

(b)

FIGURE 6: Surrounding rock deformation of No0.3302 coal roadway. (a) 1# measuring point. (b) 3# measuring point.

4.3.1. Optimization of the Support Scheme. The original
support parameters of No.3302 roadway were determined by
engineering analogy method, namely, the support param-
eters of N0.2306 roadway under similar geological condi-
tions. However, the test results show that the in situ stress of
the two roadways is quite different. At this time, the roadway
support scheme No0.3302 using the engineering analogy
method is unreasonable and unscientific. Therefore,
according to the classification results of surrounding rock
stability of SIM based on in situ stress, the support scheme of
the No.3302 roadway was optimized, and the support
scheme of No.3302 roadway before and after optimization is
shown in Table 7.

4.3.2. On-Site Monitoring. To verify the SIM reasonableness
of the classification results of the SIM surrounding rock
stability and the effectiveness of the optimized support

scheme, we conducted on-site monitoring of the No.3302
roadway surrounding rock deformation with 10 measure-
ment points, among which the monitoring results of 1#
measuring point and 3# measuring point are shown in
Figure 6.

From Figure 6, the deformation of the surrounding rocks
in No.3302 roadway gradually increases, and displacement
convergence gradually decreases, with the maximum con-
vergence of 85mm for the rib-to-rib and 165mm for the
roof-to-floor, which is smaller than the maximum conver-
gence of the surrounding rocks in No.2306 roadway
(236 mm for the rib-to-rib and 452mm for the roof-to-
floor). The above monitoring results show that the optimized
roadway support scheme effectively controls the sur-
rounding rock deformation and proves the reasonableness
of the SIM surrounding rock stability classification method
based on the in situ stress.
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5. Conclusion

(1) Among the many factors that affect the stability of
the surrounding rock, the evaluation indexes of coal
roadway are determined, including comprehensive
strength of surrounding rock (roof, rib, floor), in situ
stress (o,, 0y,), and mining index (the immediate roof
backfilled ratio N, the main roof first weighting
interval Cy, and the type of chain pillar).

(2) A method for calculating the strength of surrounding
rock is proposed, which combines the strength of the
rock block, the rock mass strength coefficient, the
thickness of roof coal seam, and floor. The strength of
roof (and rib and floor) of coal roadway is deter-
mined by thickness weighted average method, which
solves the problem of selection of strength index in
surrounding rock classification of roadway.

(3) The fitting equation between each evaluation index
and the displacement convergence in surrounding
rock of coal roadway was determined by unary re-
gression and multiple regression, and the weight of
each classification index was determined. On the
basis of this fitting equations, the deformation of the
surrounding rock of coal roadway can be predicted.

(4) Based on the principle of fuzzy clustering, the fuzzy
clustering model of surrounding rock stability
classification of coal roadway is established. 37
typical coal roadways to be classified are reasonably
divided into four categories: very stable, relatively
stable, medium stable, and unstable.
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