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In view of the frequent occurrence of roof accidents in coal roadways supported by bolts, the widespread application of bolt
support technology in coal roadways has been restricted. Through on-site investigation, numerical analysis, and other research
methods, 6 evaluation indicators were determined, and according to the relevant evaluation factors and four types of coal roadway
roof stability, a neural network structure for roof stability prediction was constructed to realize the quantitative prediction of the
roof stability of bolt-supported coal roadway. The method of adding momentum is used to improve the BP neural network
algorithm. After passing the simulation test, it is applied to the field experiment of the roof stability classification. In order to
facilitate on-site application, on the basis of the established BP neural network prediction model, a coal mine roof stability
classification software recognition system was developed. Using the developed software system, the stability of coal roadway roof
is classified into mine, coal seam, and region. According to the recognition result, the surfer software is used to draw the contour
map of the stability of the roof of each coal mining roadway. The classification results are consistent with the actual situation

on site.

1. Introduction

China has applied anchor rods to coal mine tunnels since
1956. After several technical breakthroughs, bolt support has
become the main support structure of coal mine tunnels at
present [1-3]. As a world-class large-scale modern mining
area, Shendong Mining Area has more than 95% of coal
lanes supported by bolts. Compared with traditional support
methods, bolt support technology has significant technical
and economic advantages in controlling the surrounding
rock deformation of coal roadway. However, there are also
two outstanding problems in the bolt support of the pro-
duction mines in the mining area. On the one hand, the bolt
support design is too conservative; on the other hand, the

roof accidents of the bolt support coal roadway also occur
frequently [4-6], which becomes the restrictive factor for the
widespread application of the bolt support technology in the
coal roadway. According to the statistics of coal mine ac-
cidents in the country from 2007 to 2016, the number of roof
accidents accounts for about 50% of the total coal mine
accidents, and the death toll of roof accidents accounts for
35.5% [7]. Table 1 shows the statistics of four typical roof
accidents in coal mines in China from 2017 to 2019. The
supporting forms are all bolt and cable combined supporting
forms [8]. As coal mining develops deeper, the geological
structure is more complex and the impact of mining is more
severe. Security issues have become the focus of attention.
Therefore, the classification of roof stability of coal roadway
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TABLE 1: Part of roof accident in coal mine in China from 2017 to 2019.

Coal mine name Province Support form Cause of accident Death toll
Lijiagou coal mine Shanxi Anchor cable combination Roof fall accident 21
Longyun coal mine Shandong Anchor cable combination Roof fall accident 21
Hongyang coal mine Liaoning Anchor cable combination Roof fall accident 10
Danshuigou coal mine Shanxi Anchor cable combination Roof fall accident 10

with bolt support in Shendong mining area is a practical
need for high production, high efficiency, and safe pro-
duction in mining area [9].

At present, many new methods have been applied to the
practice of surrounding rock classification in underground
engineering and have made great progress, such as risk
matrix methods [10], fuzzy mathematics and euthenics [11],
and extension theory [12]. However, there is a complex
nonlinear relationship between the stability of surrounding
rock in underground engineering and its influence factors.
Moreover, these influencing factors themselves have a high
degree of ambiguity, randomness, and uncertainty, which
limits their application to the evaluation of the stability of
complex surrounding rocks. In recent years, neural networks
have achieved significant results [13, 14]. Especially, BP
neural networks have been widely used in the fields of
pattern recognition, classification, nonlinear dynamic pro-
cessing, automatic control, and prediction [15-18]. For
nonlinear relationships, BP neural network has a high
modeling ability. To this end, the paper uses BP neural
network to classify the roof stability of coal roadway sup-
ported by bolts in Shendong mining area.

2. Classification of Roof Stability

The reasonable division of roof stability types directly relates
to the question of whether the classification results are
accurate and reliable, whether they are in line with the actual
conditions of on-site engineering, and whether they can be
applied on site. In paper, the roof stability classification is
based on the geological conditions, engineering conditions,
and on-site bolt support engineering practice of the bolt
support coal roadway in Shendong mining area, and the roof
support roof of coal mine is divided into several different
types of stability. Stable type (I): simple support or single bolt
support; medium stable type (II): ordinary anchor net
support, falling type (III): anchor net+beam + cable sup-
port, and easy falling type (IV): anchor net beam cable
support + wood pile and other combined support. The stable
classification of the roof of coal roadway supported by bolts
is shown in Figure 1.

3. Stability Classification Index of Bolt Support
Coal Roadway in Shendong Mining Area

The scientific roof stability classification method should
comprehensively consider the factors that affect the roof
stability and select the most important influencing factors.
Participate in the classification of surrounding rock stability as
a classification index. Whether the classification index is

accurate and comprehensive will directly affect the accuracy
and reliability of the classification results. A comprehensive
and in-depth analysis of the factors influencing the roof
stability of coal roadway supported by bolts in Shendong
mining area is carried out, and the main factors affecting the
roof stability in Shendong mining area are obtained [9]. The
main factors include top rock layer structure, mining influ-
ence, rock mass strength, roadway span, and roadway burial
depth. However, how to choose the appropriate classification
index among these influencing factors is still the key to
whether the classification result is reliable and practical.

(1) Roof rock structure: there is currently no suitable
single quantitative indicator for roof rock structure.
Within a certain range of roadway direct roofing,
whether there is a thick stable rock layer at the
surface of the roof, how stable the thick stable rock
layer is, and how far the thick stable rock layer is
from the roof surface are the determinants of the
influence of the roof rock structure on the roof
stability. And according to the engineering charac-
teristics of bolt support, the existence of this thick
stable rock layer, its own stability, and its distance
from the roadway roof surface are the keys to de-
termine the bolt support parameters and support
form. Therefore, for roof rock structure, the fol-
lowing indicators can be taken to participate in the
classification of roof stability.

@ The thickness of the single-layer rock layer closest
to the roof surface is denoted by D and the unit is
m.

® The distance between the single-layer thick rock
layer and the roof surface is denoted by L and the
unit is m.

® Strength includes three aspects of tensile
strength, compressive strength, and shear
strength. Theoretical studies have shown that the
compressive strength of a single rock layer has the
greatest impact on roof stability. Therefore, in
paper, the uniaxial compressive strength of a
single thick rock layer is expressed by oc, and the
unit is MPa.

@ The span is the actual span of the roadway, which
is denoted by B and the unit is m.

(2) Impact of mining; mining influence refers to the
factors that affect the stability of the roof of the
mining roadway within a certain range from the
working face during the progress of the mining face.
Literature [13] research shows that when the mining
face advances, the roof pressure of the mining
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FiGURE 1: Site map of different stable types of coal roadway roof. (a) Stable. (b) Medium stable. (c) Falling. (d) Easy to fall.

roadway is within a certain range from the working
face, and the degree of the roof thickness is related to
the roadway direct roof thickness. The apparent
degree of lateral pressure has a significant relation-
ship with the mining height of the working face. That
is to say, when the mining face advances, the mining
pressure caused in the mining roadway is related to
the ratio of the roadway direct roof thickness to the
mining height (indicated by N, without units).
Therefore, the ratio of the direct roof thickness of the
roadway to the mining height can be used to replace
the degree to which the mining roadway is affected
by mining during mining.

(3) The roadway is buried deep. Roadway burial depth is
the actual burial depth of coal roadway, and the unit
is m.

Accordingly, the classification indicators in paper are six
classification indicators, including the thickness D (unit: m) of
the single-layer thick rock layer closest to the roof surface, the
uniaxial compressive strength o, (unit: MPa) of the single-layer
thick rock layer, the distance L (unit: m) from the single-layer
thick rock layer to the roof surface, the ratio of the index
reflecting the influence of mining to the direct roof thickness
and the mining height, N (no unit), the roadway span B (unit:
m), and the roadway depth H (unit: m).

3.1. Determination of Evaluation Factors. After determining
the classification index value method and the type of roof
stability of coal roadway supported by bolts in the mining area,
it is necessary to determine a reasonable evaluation factor for

various stable roof types before the classification model is
established. The so-called evaluation factor is the corre-
sponding value range of the six classification indicators of each
stable type roof. Determining whether the basis of the evalu-
ation factor is sufficient is the key to determine whether the
classification model can effectively identify and whether the
classification results are reliable. The basis for determining the
evaluation factors of each stability type in this paper is based on
the previous theoretical research results [9], combined with the
actual maintenance status of coal roadway roof in Shendong
mining area and the case analysis results of a large number of
bolts supporting coal roadway roof fall in the mining area.
Therefore, the evaluation factors of all classification indexes and
their corresponding roof stability types are determined. The
results are shown in Table 2 (original data) and Table 3
(standardized data).

4. Design and Inspection of BP Neural
Network Structure

4.1. Improvement of BP Neural Network Algorithm. Due to
the nonlinear nature of the neural network, the learning
process is an analytical unconstrained nonlinear optimiza-
tion process. And the BP algorithm uses the steepest descent
method in the basic calculation principle. Such a method has
some defects. One is how to set the value of #. If it is too
large, it will cause oscillation. If it is too small, it will form a
local minimum and not get the overall optimal, which will
reduce the convergence speed and increase the amount of
calculation. The second is that some calculation steps will
reduce the error for some samples, while some samples are
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TaBLE 2: The roof stability type and the original data of each index evaluating gene.

Evaluation factor L D I¢ B N H
(m) (m) (MPa) (m) / (m)
Stable (class I) 0 >1.56 60~80 <4.5 0~1 <100
Medium stable type (class II) 0~3.0 1.56~1.20 40~60 4,5~5.2 1~2 100~160
Falling type (class III) 3.0~6.5 1.20~0.67 30~40 5.2~6.0 2~3 160~300
Easy to fall type (class IV) >6.5 <0.67 <30 7.5~8.5 3~4 >300
TaBLE 3: The roof stability type and the standardized data of each index evaluating gene.
Evaluation factor L D o, B N H
Stable (class I) 0 >1.00 0.75~1.00 <0.53 0~0.25 <0.33
Medium stable type (class II) 0~0.46 1.00~0.77 0.50~0.75 0.53~0.61 0.25~0.50 0.33~0.53
Falling type (class III) 0.46~1.00 0.77~0.43 0.38~0.50 0.61~0.71 0.50~0.75 0.53~1.00
Easy to fall type (class IV) >1.00 <0.43 <0.38 0.88~1.00 0.75~1.00 >1.00

not, so the number of iterations increases significantly and
the convergence speed is slow. As can be seen from many
improved algorithms, adding a momentum term to the BP
algorithm can not only fine-tune the correction amount of
the weight but also prevent learning from falling into a local
minimum. Therefore, this article adopts the method of
adding momentum terms when improving the BP algo-
rithm, even if

Aw;; (n) = abw;; (n—1) + 178j (n)v; (n). (1)

Rewrite the above formula as a time series with t as the
variable, t from 0 to n; then, the above formula can be
regarded as the first-order difference equation of Aw;; (n):

Auwy; (n) = 1) "8 (1), (1), @
t=0
Due to
v;(n) = f(uj(”)),
 3E() ©)
(Sj (H)Vi (1’1) h _aw,»j (T’l)
So,
_ - .1 OE(t)
Aw;; (n) = ﬂ;)a B, (1) (4)

In equation 4, the correction amount Aw;;; (1) is the sum of
a series of weighted exponential sequences. When the mo-
mentum constant satisfies 0 < |a| < 1, the sequence converges.
When a=0, the above formula does not contain the mo-
mentum term. In theory, & can be either positive or negative.
However, in practical applications, « cannot take negative
numbers. When the current aE(n)/awij is the same as the
previous symbol, the weighted summation value increases,
making Aw;; (n) larger, thus accelerating the adjustment speed
during stable adjustment. When 0E (n)/dw;; is opposite to the
previous sign, the result of exponentially weighted summation
reduces Aw;; (1) and plays a stabilizing role.

4.2. Design of BP Model for Roof Stability Classification.
There are 6 indicators selected in this paper to participate in the
classification of roof stability. Therefore, the input layer of the
neural network model is designed as 6 neurons, that is, the
input layer contains 6 nodes. There are four different types of
classification results in this article. Therefore, the output layer is
designed as 4 neurons, and the output codes represent different
stable types of top plates. The expected output of the four nodes
in this article and the codes of the various stable type roofs are
1.00 0.00 0.00 0.00 (class I stable type); 0.00 1.00 0.00 0.00 (class
II medium stable type); 0.00 0.00 1.00 0.00 (class III falling
type); and 0.00 0.00 0.00 1.00 (category IV easy to fall type).

Because this article uses a three-layer BP neural network,
the number of neurons in the middle hidden layer has no
theoretical value. Different researchers will determine the
number of neurons in the hidden layer according to the
needs of the problem being solved. However, the determi-
nation of the number of neurons in the middle hidden layer
must meet two basic principles:

® Ensure that the network can converge to the re-
quired accuracy

®@ Can effectively improve the convergence speed of
the network.

In this paper, the reliability and accuracy of the classifi-
cation results of roof stability of bolt-supported coal roadway in
Shendong mining area should be guaranteed. With the input
layer and output layer unchanged, five network topologies of 6 :
9:4,6:11:4,6:14:4, 6:17:4, and 6:20:4 were constructed,
respectively, learning training for the same group of learning
samples. Under the condition of the same number of iterations,
the optimal network topology is determined according to the
size of the simulation error after learning.

The training error of the comprehensive sample can be
regarded as the optimal topology of 6:20:4. The absolute
errors are 0.0002, 0.0004, 0.0001, 0.0007, 0.0001, 0.0003,
0.0009, 0.0018, 0.0022, 0.0001, 0.0003, and 0.0007. The ab-
solute value of the error is 0.0022 at the maximum and
0.0001 at the minimum, which meets the system’s re-
quirements for error accuracy. Therefore, the network
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FIGURE 2: Structure design Figure of BP artificial neural network.

TABLE 4: Testing samples.

Test sample
Sample number

Type of roof stability Stable type code

L D o, B N H
1 3.00 0.24 0.29 0.92 0.81 1.04 v 0.00 0.00 0.00 1.00
2 0.49 0.59 0.42 0.62 0.65 0.63 I 0.00 0.00 1.00 0.00
3 0 1.49 0.76 0.52 0 0.34 I 1.00 0.00 0.00 0.00
4 0.80 0.47 0.45 0.70 0.60 0.66 I 0.00 0.00 1.00 0.00
5 0.35 0.98 0.68 0.60 0.41 0.46 il 0.00 1.00 0.00 0.00
6 2.20 0.12 0.22 0.90 0.87 1.33 v 0.00 0.00 0.00 1.00
7 0 1.38 0.84 0.50 0 0.17 I 1.00 0.00 0.00 0.00
8 0.42 0.94 0.55 0.60 0.29 0.42 il 0.00 1.00 0.00 0.00

topology to be adopted in this paper is 6:20:4, that is, the
input layer has 6 neurons, the middle layer has one layer, the
number of neurons is 20, and the output layer has 4 neurons,
which are the top plate stability type codes. The established
three-layer BP neural network model is shown in Figure 2.

4.3. Test of BP Neural Network Model. Using the BP neural
network model after learning and training, 8 sets of test
samples of four roof stability types corresponding to four
different support methods in the mining area were selected
(as shown in Table 4). According to the borehole analysis of
the location of the tunnel and the actual engineering status of
the tunnel, the model is tested to determine its reliability.

The above network calculation and output results show
that the network has very good learning performance, the
actual output of the network and the target output have
achieved good agreement, and the network recognition
accuracy rate is 100% (as shown in Table 5). Based on this, a
BP neural network prediction model for coal roadway
stability classification in Shendong mining area was estab-
lished. In order to make the established BP neural network
prediction model better applied in the field, Matlab6.5
programming is still used to develop a classification and
recognition system for the roof stability of bolt-supported
coal roadways in Shendong mining area. Its operation in-
terface is shown in Figure 3.

The specific operation steps of the stability classification
and identification system for the roof of coal roadway
supported by bolts in Shendong mining area are as follows:

(1) Use Matlab6.5 software to call the prepared system
software interface program, run the program, and
the program ends. The system will display the in-
terface of the stability classification and identification
system for the roof of coal roadway supported by
bolts in Shendong Mine, as shown in Figure 3.

(2) Press the sample training button, the system will
automatically call the input training sample and run
the training program of the neural network. When
the set system error accuracy of 10-5 is reached, the
training automatically stops. At this time, the
identification system can be used to identify and
classify the stability of the roof.

(3) Enter the six input parameters for the stability
classification of the roof, respectively. Press Start to
identify the button, and the display result window of
the interface will automatically display the type of the
top panel stability.

5. Field Application

Based on the developed classification software recognition
system for roof stability of coal roadway with bolt support
in Shendong mining area, Baode Coal Mine 8# coal,
Yujialiang Coal Mine 4-2 and 5-2 coal, Haragou Coal
Mine 2-2, the roof stability of the 2-2 coal in the Bulianta
Mine, the 1-2 coal in the Shangwan Mine, and the 1-2 coal
in the Huojitujing coal mine have been classified. For
space requirements, take Baode Coal Mine 8# coal
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TaBLE 5: Excepting output and real output.

Target output Actual output Stable type

0.00 0.00 0.00 1.00 0.0000 0.0020 0.0031 0.9965 v
0.00 0.00 1.00 0.00 —0.0001 —-0.0013 1.0003 —-0.0025 11
1.00 0.00 0.00 0.00 0.9941 0.0040 0.0008 0.0004 I
0.00 0.00 1.00 0.00 —-0.0005 0.0058 0.9933 —-0.0020 111
0.00 1.00 0.00 0.00 0.0011 1.0043 —0.0029 0.0004 I
0.00 0.00 0.00 1.00 0.0006 0.0006 —0.0031 1.0017 v
1.00 0.00 0.00 0.00 1.0015 —0.0034 0.0007 0.0003 I
0.00 1.00 0.00 0.00 0.0034 1.0020 —0.0028 0.0004 1I

Sl::l; Layer Thickness (D) :

el T',".l"""m.* ok oo S‘E"::a;;;mym] Third Type OF Stability Roof
Lln‘i'" m-oo‘: 71; Parameter
—
Exit
FI1GURE 3: Identifying system classification of stability.
TaBLE 6: The output of network and its equal line.

Neural network output Type of roof stability Contour
1.00 0.00 0.00 0.00 I (stable type) 10~8
0.00 1.00 0.00 0.00 II (medium stable type) 8~6
0.00 0.00 1.00 0.00 I (falling type) 6~4
0.00 0.00 0.00 1.00 IV (easy to fall type) 4~2
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FIGURE 4: The stability equal line fig of number 8 coal seam roadway roof of Baode.

roadway roof and Bulianta Coal 2-2 coal roadway roof
stability classification as examples. According to the
recognition result, the surfer software is used to draw the
contour map of the stability of the roof of each coal

mining roadway. When drawing the contour map of the
stability of the roof, the four different results output by the
network give the corresponding values. See Table 6, for
specific assignments.
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The six data obtained by the analysis constitute the
input parameters of the software recognition system and
the corresponding output results can be obtained. All
output results of different mining coal seams in different
mines are assigned according to Table 6. Classification
results and corresponding assignments of each coal seam
in each mine. These assigned values and their corre-
sponding borehole coordinates are input into the surfer
software to draw contour maps of roof stability of dif-
ferent mines, different coal seams, and different regions.

5.1. Classification Results of Roof Stability of Coal Roadways
Mining in Shendong District of Mine

5.1.1. Baode Mine 8# Coal Seam Roof Stability Classification
Results. For the stability classification of coal roadway roof
of Baode Coal Mine, it is mainly based on the 26 drilling data
provided by Baode Coal Mine. The classification involves
four panels of the 8# coal seam currently being mined by
Baode Coal Mine, namely, one panel, two panels, three
panels, and five panels. The data obtained from the analysis



of the borehole data provided is combined with the actual
engineering conditions of the roadway in the classification
area of Baode Coal Mine, and the neural network input layer
data is input to the neural network model for recognition.
According to the aforementioned method, the recognition
result is given to the value required for drawing the contour
map, and the top plate stability contour map shown in
Figure 4 is drawn. It can be seen from the figure that the
overall stability of the roof of coal roadway in No. 8 mining
coal mine in Baode Mine is poor. Except for the three-panel
part of the four panels, the top panel is a medium stable roof
panel, and the rest of the regions are falling or prone to
falling roof panels. This classification result is in good
agreement with the actual situation on site.

5.2. Classification Results of Roof Stability of 2-2 Coal Seam in
Bulianta Mine. The stability of the roof of the 2-2 coal seam
roadway in Bulianta Mine is mainly derived from the 39
borehole data provided by the mine area and combined with
the actual engineering conditions of the roadway where the
borehole is located. The area involved in the roof classification
is the mining roadway and part of the unmined part in the five
working faces of the 32201~32205 three-panel area of the
Bulian Tower Mine (this part of the roadway span is processed
according to the actual situation of the roadway in the mining
and mining area), as shown in Figure 5. Judging from the
classification results, the overall stability of the roof in the
classified areas of the Bulianta Mine is general. Most of the
roofs are medium stable and falling roofs, and only a few areas
are stable and easy to fall roofs. This classification result is in
good agreement with the actual situation of the roadway roof in
the mine production.

6. Conclusion

(1) Based on the in-depth analysis of the factors influ-
encing the stability of coal roadway roof in Shendong
mining area, the classification index of coal roadway
roof stability in Shendong mining area is proposed. It
is proposed that the strength, thickness, span, dis-
tance from the roof surface, roof-to-height ratio, and
roadway depth of the single-layer thick rock layer
closest to the roadway roof surface are classified
indicators for the stability of the bolt coal roadway
roof in the Shendong mining area.

(2) In view of the problem of large calculation amount,
large number of iterations, and slow convergence
speed of the BP algorithm, it is improved by adding a
momentum term to the BP algorithm and fine-
tuning the correction amount of the weight value so
that the learning avoids falling into the local mini-
mum and plays a stabilizing role.

(3) A BP neural network prediction model for roof stability
of coal roadway supported by bolts in Shendong
mining area has been established. After verification, the
established BP neural network prediction model has
high error accuracy and good recognition effect. In
order to facilitate the application of the model in the

Advances in Civil Engineering

field, in the existing model based on Matlab6.5 pro-
gramming, the stability classification software identi-
fication system for the roof of coal roadway supported
by bolts in Shendong mining area was developed.

(4) According to the recognition results, the surfer
software is used to draw the contour maps of the
stability of the coal roadway roofs in each mine, and
the classification results contour maps are compared
with the actual maintenance status of the coal
roadway roofs in the mine production surveyed on
site. The results show that the classification results
are more in line with the actual situation on site.
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