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Abstract.

The reliability of reinforced concrete structures is frequently compromised by the deterioration caused by

reinforcement corrosion. Evaluating the effect caused by reinforcement corrosion on structural behaviour of corrosion damaged
concrete structures is essential for effective and reliable infrastructure management. In lifecycle management of corrosion
affected reinforced concrete structures, it is difficult to correctly assess the lifecycle performance due to the uncertainties
associated with structural resistance deterioration. This paper presents a stochastic deterioration modelling approach to evaluate
the performance deterioration of corroded concrete structures during their service life. The flexural strength deterioration is
analytically predicted on the basis of bond strength evolution caused by reinforcement corrosion, which is examined by the
experimental and field data available. An assessment criterion is defined to evaluate the flexural strength deterioration for the
time-dependent reliability analysis. The results from the worked examples show that the proposed approach is capable of
evaluating the structural reliability of corrosion damaged concrete structures.

Keywords: lifecycle performance; stochastic deterioration modelling; structural reliability; reinforcement corrosion;

residual strength

1. Introduction

Roof disaster is the most frequent and fatal disaster
among all kinds of disasters in underground coal mine
(Islavath et al. 2020, Rajwa et al. 2020, Zhao and Liu
2017). At present, most of roof disaster accidents occur in
roadway (Cai 2020, Ardehjani ef al. 2020, Li 2020b). With
the strengthening of coal mining, the shallow resources are
gradually exhausted, the mining depth is deepening year by
year, and the roadway disasters such as large deformation,
roof fall, floor heave, and rock burst are more serious (Feng
et al. 2018, Konicek et al. 2013, Lamich et al. 2015). The
stability evaluation of roadway surrounding rock and the
quantitative identification of risk area of roadway
surrounding rock will contribute to roadway stability
control and disaster warning (Yang ef al. 2017a, Yang et al.
2017b, Diederichs 2018, Kang 2020).

The roadway passes through the complex geological
environment, and the surrounding rock and stress
environment of the same roadway in different areas are also
different, which brings difficulties to the stability evaluation
of surrounding rock (Vatcher and Sjoberg 2015, Xia et al.
2016). Some scholars believe that the roadway roof disaster
is closely related to the geological activities, structural
distribution, stress characteristics, and other primary
occurrence environments, and carried out research on the
relationship between roadway roof disaster and structural
change area, fault fracture zone, coal seam dip angle and
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thickness changes (Yan et al. 2016). They tried to grasp the
failure scope of surrounding rock in these areas, and then
evaluate the stability of surrounding rock (Barth 2014, Le
2015). The occurrence of roadway roof disaster is caused by
the deformation and failure of surrounding rock under the
action of stress (Lekontsev and Sazhin 2014). The stability
of roadway surrounding rock is directly related to the shape
and scope of failure zone (Zhao 2014). And the support
design of roadway surrounding rock is carried out by
evaluating the shape and scope of roadway surrounding
rock failure area (Li et al. 2020a). Many scholars have
studied the instability and failure characteristics of coal and
rock mass and analyzed the physical information such as
infrared, acoustic waves, microseism, and electromagnetic
radiation produced in the process of coal and rock mass
failure (Zhang et al. 2020). By capturing this information,
the purpose of roadway surrounding rock stability
prediction is achieved (He et al. 2012).

Previous studies have shown that the stresses in
different directions are different (Detournay and John 1988,
Fan and Liu 2019, Atsushi et al. 2020, Vitali et al. 2020). In
particular, the mining disturbance will aggravate the stress
deviation in different directions and form a partial confining
pressure environment (Kang et al. 2010, Garavand et al.
2020). At the same time, in the vicinity of the geological
structure belt, the horizontal stress is several times of the
vertical stress due to the compression of horizontal force,
which will also form obvious partial confining pressure
(Vidigal-Souza et al. 2020). Therefore, we define the stress
field with different stresses in different directions around
the roadway as partial confining pressure or partial
confining stress. The roadway located in the mining-
affected area or near the geological structure zone often has
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serious deformation and damage and is prone to roof
disaster (Ding and Liu et al. 2018). It can be seen that the
stability evaluation of roadway surrounding rock in a partial
confining pressure environment is particularly important.
Aker et al. (Aker et al. 2014, Zhu et al. 2020) Studied the
acoustic emission test of sandstone samples with a circular
hole and found that the surrounding rock would appear X-
type failure under uniaxial compression. Wang et al. 2020
found that the failure mode of surrounding rock under
biaxial unequal pressure presents a non-uniform shape. Ma
et al. (Ma et al. 2015, Guo et al. 2016) found that there
were circular, elliptical, and butterfly-shaped plastic zone in
the roadway surrounding rock in the partial confining stress,
and derived the judging criterion of plastic zone shapes.

The plastic zone is a theoretical failure zone determined
by the rock strength criterion. Within the precision
requirements of mining engineering, the plastic zone is
usually regarded as the failure zone to study the stability of
surrounding rock in underground engineering. In this study,
we compared the mechanical characteristics of the plastic
zone with different shapes of roadway surrounding rock in
partial confining stress and established the corresponding
relationship between the shape of plastic zone and the
stability of roadway surrounding rock. According to the
judgment criterion of plastic zone shape, we established a
quantitative analysis method of roadway surrounding rock
stability.

2. The relationship between the shapes of plastic
zone and the stability of surrounding rock around
roadway

2.1 Model

In this study, the FLAC3P numerical simulation software
was used to study the shape and expansion of the roadway
plastic zone. Based on the existing research results (Ma et
al. 2015, Guo et al. 2016), when the displacement is fixed
along the roadway axis, the boundary effect of the model
thickness on the surrounding rock failure is not obvious,
and the shape and size of the plastic zone with different
thickness and cross-section are almost the same in the
roadway axial direction. Therefore, the stress model of thin
plate with axial displacement constraint is adopted in this
study. The size of the model is large enough to ensure that
the side length of the model is more than 40 times the
tunnel diameter. Based on Saint Venant’s principle, the
influence of roadway on the boundary can be ignored in a
large underground space. Therefore, the boundary of the
model is constrained by surrounding displacement and
loaded by initial internal force. The weight of rock in the
model is small relative to the original rock stress, and the
influence of rock weight in the model is not considered. The
numerical simulation model is shown in Fig. 1. In the Fig.1,
P; is the regional maximum principal stress, Ps is the
regional minimum principal stress, and # is the confining
pressure ratio (the ratio of the regional maximum principal
stress to the regional minimum principal stress), which is
used to represent the deviation degree of stress in different
directions. In this study, different stress conditions
underground are simulated by changing the regional
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Fig. 1 Numerical simulation force model

maximum principal stress, the regional minimum principal
stress and the confining pressure ratio.

2.2 Range characteristics of plastic zone with
different shapes

The previous results show that the plastic zone of
roadway surrounding rock in the partial confining stress can
appear three shapes: circular, elliptical, and butterfly (Ma et
al. 2015, Guo et al. 2016, Liu et al. 2020). When the depth
is more than 400 m, the shape of the plastic zone is circular
under hydrostatic pressure (#=1); the shape is elliptical
when the confining pressure ratio is small (1<x<2); the
shape is butterfly when the confining pressure ratio is large
(#>2) (Ma et al. 2015, Guo et al. 2016). According to the
general shapes and formation conditions of roadway plastic
zone in partial confining stress, we studied the expansion
law of plastic zone with three shapes under different stress
levels by controlling the confining pressure ratio in each
shape to be constant (circular: #=1; elliptical: #=1.5;
butterfly: #=3). The mechanical properties of surrounding
rock in the model are determined regarding the mechanical
parameters of coal (cohesion: C=3 MPa; internal friction
angle: p=25°; uniaxial compressive strength: Rc=10 MPa)
(Ma et al. 2015, Guo et al. 2016). The regional maximum
principal stress was increased from 10 MPa to 100 MPa,
and the plastic zone scales of the three shapes under
different stress levels were compared, as shown in Fig. 2.
The roadway radius is represented by a. The range of
plastic zone is expressed by the maximum distance between
the boundary of plastic zone and the center of roadway, and
is represented by Ryax.

It can be seen that the size of the circular and elliptical
plastic zone is similar and the scale is small under the same
stress level. When the stress level is 10 MPa, the plastic
zone is 0.3 times the roadway radius; when the stress level
is 100 MPa, the plastic zone is 4 times the roadway radius,
and 100 MPa has exceeded the limit stress level of the
existing mining depth. In the process of stress increasing,
the butterfly shaped plastic zone shows large-scale
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Fig. 2 Comparison curves of mechanical properties of
three shapes plastic zone

characteristics. When the stress level is 10 MPa, the range
of plastic zone is 0.8 times of roadway radius; when the
stress level is 23 MPa, the size of plastic zone is 4.5 times
of roadway radius, which has exceeded the size of circular
and elliptical plastic zone under 100 MPa stress level; with
the increase of stress level, the size of plastic zone increases
exponentially.

Based on the comparative analysis, the following results
can be obtained. 1) Under the same stress level, the
butterfly shaped plastic zone is much larger than that of the
circular and elliptical shape, showing a large-scale feature.
2) According to the development trend of the plastic zone
range curves, the range of the circular and elliptical plastic
zone expands slowly with the increase of the stress. The
range of plastic zone is still very small, even at the limit
stress level of 100 MPa. It can be inferred that the scope of
a circular and elliptical plastic zone of roadway surrounding
rock is small under the general underground conditions. 3)
Even if the stress level is low, a large range of butterfly
shaped plastic zone will appear. When the stress level
reaches a certain value, the plastic zone will increase
rapidly. Compared with the circular and elliptical plastic
zone, the appearance of butterfly shaped plastic zone is
accompanied by large-scale characteristics.

The size of plastic zone will have an important influence
on the stability of surrounding rock of roadway (Leitman
and Villaggio 2009, Zhao 2014). When the range of plastic
zone is large, the deformation and damage of the roadway
surrounding rock will be serious. On the one hand, the
support body needs to bear more broken rock mass, and the
anchorage range needs to be increased; on the other hand,
the deformation of surrounding rock increases, and the
elongation of anchor solid is required to be increased.
Therefore, the appearance of butterfly shaped plastic zone is
accompanied by large-scale characteristics, and it is closely
related to roadway disaster.

2.3 Distribution characteristics of plastic zone with
different shapes

Fig. 3 shows the numerical simulation results of plastic

(a) Circular shape (b) Elliptical shape (c) Butterfly shape

Fig. 3 Distribution characteristics of three shapes

zones with three shapes around the circular roadway. Under
the condition of hydrostatic pressure, the plastic zone shape
is circular, and it is evenly distributed around the roadway,
and the dimensions of plastic zone in each direction are
equal, as shown in Fig. 3(a). With the increase of confining
pressure ratio, the plastic zone shape changes from round to
ellipse. The radius of plastic zone is the smallest in the
direction of maximum principal stress and is the largest in
the direction of minimum principal stress. However, the
contour of the plastic zone is still smooth, and its overall
shape still presents a relatively uniform distribution, as
shown in Fig. 3(b). After the butterfly shaped plastic zone
appears in the roadway surrounding rock, the plastic zone is
mainly distributed in the butterfly leaf, showing a concave
convex distribution feature. Butterfly shaped plastic zone is
extremely uneven around the roadway, as shown in Fig.
3(c). From the aspect of shape, the circular and elliptical
plastic zone is distributed uniformly, and the butterfly
plastic zone is not uniform.

The distribution characteristics of plastic zone have an
important influence on the stability of surrounding rock
(Zhao 2014, Li et al. 2020a). When the plastic zone is
uniformly distributed, the crushed stones in the failure zone
can be constrained with each other, and there is no
concentrated extrusion to a certain area. The deformation
around the roadway is uniform and the roadway is relatively
stable. When the plastic zone is distributed unevenly, the
roadway deformation in the seriously damaged area is
serious. The broken stone in the seriously damaged area is
concentrated squeezed by the surrounding elastic zone rock.
At this time, the force on the support body increases. When
the bearing capacity of the support body is exceeded, the
surrounding rock of the roadway is unstable, and the roof
fall will occur.

2.4 Surrounding rock stability corresponding to plastic
zone with different shapes

When the stress state of surrounding rock changes from
uniform pressure to non-uniform pressure, the shape of
plastic zone evolves from round to ellipse and finally to
butterfly. Fig. 4 shows the relationship between the range,
shape of the plastic zone and the stress under 20 MPa stress
level, loading in the direction of maximum principal stress
(keeping the regional minimum principal stress at 20 MPa)
or unloading in the direction of minimum principal stress
(keeping the regional maximum principal stress at 20 MPa).
The numerical simulation force model shown in the Fig. 1
is still used, and the mechanical properties of surrounding
rock in the model are still the mechanical parameters of coal
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Fig. 4 The relationship between the shapes of plastic zone
and the stability of roadway surrounding rock

(C=3 MPa; ¢p=25° Rc=10 MPa). To exclude the influence
of roadway shape on the shape of plastic zone, a rectangular
roadway is selected in this experiment, which is 4 m wide
and 3 m high.

In Fig. 4, the confining pressure in both directions is
equal (P;=P3=20 MPa), the plastic zone of the roadway
surrounding rock is circular, and its range is small.
Unloading in the direction of the regional minimum
principal stress or loading in the direction of the regional
maximum principal stress, the shape of the plastic zone
gradually changes from circular to elliptical, and the
distribution of the plastic zone is uniform and the range is
still very small. Before butterfly shape appears, the scope of
plastic zone is very small, the surrounding rock structure of
roadway is stable. The stability of the roadway surrounding
rock can be ensured by adopting ordinary support. We can
call this stress interval with circular and elliptical plastic
zone as the low-risk area. With the increase of the
difference of bidirectional confining pressure, butterfly
shaped plastic zone appears in surrounding rock. The range
of plastic zone becomes larger, the slope of curve increases,
and the plastic zone becomes more sensitive to stress
changes. At this time, the deformation and failure of
surrounding rock are serious, and improper support will
lead to the roof disaster. The roadway surrounding rock
structure is in an unstable state. We call this stress interval
with butterfly shaped plastic zone as the high risk area.
Based on the evolution of the plastic zone, the circular and
elliptical plastic zone is the relatively stable failure form of
the roadway surrounding rock, and the butterfly shaped
plastic zone is the unstable failure form. The relationship
between the shape of plastic zone and the stability of
surrounding rock is summarized as “non-butterfly is more
stable, butterfly is more dangerous”.

3. Judging criterion of plastic zone shape and
quantitative evaluation of surrounding rock stability
3.1 Judging criterion of plastic zone shapes
Guo et al. (2016) studied the shape evolution of the

roadway plastic zone in partial confining stress, and found
that the shape of plastic zone around the circular roadway in

a partial confining stress would show three shapes with
obvious geometric characteristics: circular, elliptical and
butterfly. The mechanical meaning of plastic zone shape
was given, and the criterion for judging the shape was
obtained by theoretical derivation, as shown in formula (1).
When the stress environment and mechanical parameters of
surrounding rock are known, the shape of plastic zone can
be directly determined by the shape judging criterion.

T=00 circular
r2lor 7 < 0--—--m- elliptical (1)
0<7<l1 butterfly

where 1 is the shape coefficient of plastic zone, and the
expression is shown in formula (2).

m, )
T=
2m, (2)
where,
_ 2_4
m, =[121- 7)? - 4@L- )2 sin? (2 TNE ~43G Jslala& y
-8(1— n)z(@)
al .
m, :6(1—772)(@)3 4 ,,z)(@)z

+[2(1—r72) ~ 40— yysint - FCEZID 2("}(4’1 bt

23, ).

E

3

6(n-1) (37 -5)(1+5ing)
= =(1 TR
& 1-sing . b =+7) (1-sing)
01=2’7*P4CCO.W 72(1+s_in(p)
@ —=sing)  1-sing

In the formula (2), mi, ma, ai, b1, ¢ are the transition
parameters, which can be expressed as the analytical
formulas of stress (P;: the regional maximum principal
stress, MPa; P3: the regional minimum principal stress,
MPa) and surrounding rock parameters (C: the rock
cohesion, MPa; ¢: the rock internal friction angle, rad). The
shape coefficient of plastic zone represents the interaction
between stresses and surrounding rock in the region.
Combined with the corresponding relationship between the
shape of plastic zone and the stability of surrounding rock,
the judging criterion of plastic zone provides a unified scale
for quantitative analysis of roadway stability. In the
complex stress and surrounding rock environment of
underground coal mine, the plastic zone shape of roadway
surrounding rock can be judged by judging criteria of
plastic zone shape, and the stability state of roadway
surrounding rock can be predicted in advance.

3.2 A quantitative evaluation method of surrounding
rock stability

In this paper, the stress structure of roadway
surrounding rock in coal mine is abstracted as the stress
model of the hole surrounding rock. The complex
underground stress field is represented by the regional
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Fig. 5 Flow chart of quantitative evaluation method for roadway surrounding rock stability based on the judging criterion

of plastic zone shape

maximum principal stress, the regional minimum principal
stress, and the confining pressure ratio. By studying the
mechanical properties of plastic zone with different shapes,
the corresponding relationship between the shape of plastic
zone and the stability of surrounding rock is established.
According to the judging criterion of plastic zone shape, the
shape of the roadway plastic zone is identified, and then the
stability of roadway surrounding rock is predicted in
advance. Therefore, we established a quantitative evaluation
method of roadway surrounding rock stability based on the
judging criterion of plastic zone shape. Its principle and
flow chart are shown in Fig. 5.

1) Evaluation of regional stress field

A high confining pressure ratio is a necessary condition
for the formation of butterfly shaped plastic zone in
surrounding rock of roadway (Zhao 2014, Guo et al. 2016).
Due to the influence of mining engineering and geological

structure belt, the difference between the maximum and
minimum principal stress will be greatly different ((Kang et
al. 2010, Garavand et al. 2020), forming a high partial
confining pressure environment, which creates stress
conditions for the butterfly shaped plastic zone of the
roadway surrounding rock. Based on the formation
mechanism and stress conditions of butterfly shaped plastic
zone, the stress field should be analyzed and evaluated. The
main research indexes are regional maximum principal
stress, regional minimum principal stress, and confining
pressure ratio. Whether the stress field is the forming
condition of butterfly shaped plastic zone is preliminarily
judged, and the possible shape of plastic zone of the
roadway surrounding rock is preliminarily determined.

2) Evaluation of surrounding rock properties

The underground surrounding rock is a heterogeneous
medium and occurs in layers. The criterion for judging the
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shape of the roadway plastic zone established in this paper
is obtained under the condition of a homogeneous medium.
To ensure the safety of the roadway, the rock stratum with
the weakest lithology is selected in the adjacent layer of the
roadway for judgment and analysis. In the process of
geomechanics evaluation of the roadway surrounding rock,
it is mainly to master the physical and mechanical
properties of the surrounding rock strata. The main research
indexes in this phase are rock cohesion, internal friction
angle, compressive strength, etc., and the weakest rock
layer in the rock stratum which plays a key role in the
stability of surrounding rock is found as the research object
of judgment analysis.

3) Determination of surrounding rock stability by the
judging criterion of plastic zone shape

According to the mechanical properties of each rock
stratum and the stress conditions around the roadway, the
plastic zone shape of the selected rock stratum is
determined. If it is determined that there is no butterfly
shaped plastic zone in the surrounding rock, because the
selected rock layer is the weakest, it is considered that there
will be no butterfly shaped plastic zone in the surrounding
rock of the roadway, that the stability of the surrounding
rock is good, and that the risk of tunnel disaster is low. Then
combined with the relevant technical means to determine
the accurate range and depth of the surrounding damage
area of the roadway, the quantitative support design of the
urrounding rock is carried out. If the judgment result of the
selected rock stratum is butterfly, it means that under the
condition of homogeneous mechanical properties of the
rock stratum, butterfly shaped plastic zone will appear in
the roadway surrounding rock. The plastic zone in this area
will have the characteristics of butterfly shaped plastic
zone. The plastic zone is large in scope, uneven in
distribution, and sensitive to stress change. Stress
disturbance may cause obvious expansion of plastic zone
and threaten the stability of roadway surrounding rock. At
this time, we should pay attention to the plastic zone scope,
depth, distribution area, and sensitivity under the
surrounding rock conditions, and corresponding disaster
prevention measures should be taken in time.

4. Field case analysis and verification
4.1 Project overview

Tashan Coal Mine is located in Datong City, Shanxi

Province. The average depth of 3-5# coal seam is 400 m
and the average thickness is 18 m. Two working faces of 2#
coal seam above it have been mined, and the average
distance between them is 4.4 m. The average thickness of
2# coal seam is 3.0 m. The mining roadway of the first
mining face of the 3-5# coal seam is arranged under the
goaf of 2# coal seam, and the layout of excavation
engineering is shown in Fig. 6. The location of the roadway
in original plan was 15 m horizontally offset from the coal
pillar. As a result, the deformation and damage of the
roadway surrounding rock were serious during the
excavation, and a large range of non-uniform roof
subsidence and coal wall spalling phenomenon appeared.
The roof of the roadway was deformed at many places, and
the anchor bolts (cables) were broken. In the original plan,
the roadway was seriously damaged and it was extremely
difficult to maintain. The mine had to adjust the position of
the roadway and continue to be 25 m away from the side of
the coal pillar, which was equivalent to 40 m of internal
displacement. In the adjusted plan, the deformation and
damage of the roadway surrounding rock were improved
and the stability of the surrounding rock was better. In this
study, According to the different deformation and failure
characteristics of roadway surrounding rock at different
positions, combined with the actual engineering geological
conditions, the quantitative analysis method of roadway
surrounding rock stability is applied to determine and
analyze the stress field and plastic zone shapes of roadway
surrounding rock at different positions, and then conduct a
quantitative evaluation on the stability of roadway
surrounding rock.

4.2 Model and material

The research roadway is located in the 3-5# coal seam,
above which are 10201 and 10202 goaf in the 2# coal seam,
and the coal pillar between the two goafs is 20 m. The
working face length of the goaf is 180 m, and the
longitudinal length of the goaf is set at 480 m for research.
According to the relevant research results (Garavand et al.
2020, Jiang et al. 2019, Li, 2020b), when the longitudinal
length reaches a certain value, the stress field around the
goaf will tend to be stable. At this time, different lengths in
the advancing direction have little effect on the stress
distribution. In this paper, we mainly study the stress
distribution on the side of the coal pillar and the shapes of
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Table 1 The mechanical parameter of coal and rocks

Rock name Density Bulk modulus Shear modulus Cohesion Internal friction angle
(kg/m®) (GPa) (GPa) (MPa) ©)
Clastic rock 2560 11.1 8.9 3.72 37.57
Sandy mudstone 2500 10.2 8.4 3.72 36.4
Medium grained coarse 2600 11.7 9 6 38
Fine sandstone 2620 12.2 10 6.2 39
K3 Limestone 2700 14 10.7 6.4 39.4
2# Coal 1400 348 0.78 143 345
Carbonace mudstone 2340 9 8 55 36
3-5# Coal 1620 54 1.96 1.6 35
1# Clastic rock 2560 11.1 8.9 3.72 37.57
7# Coal 1400 3.48 0.78 1.43 345
Mudstone 2500 12.2 8.4 3.72 38
Kaolinite rock 2100 8.2 7.6 55 35
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Fig. 8 Plan diagram of research position

the roadway plastic zone. Considering the calculation
amount of computer, so 480 m goaf is set in the longitudinal
direction. To reduce the boundary effect, 60 m solid coal is
reserved around the model excavation area, and the model
size is 500 m x 600 m x 200 m, as shown in Fig. 7.

The lithology of each rock stratum in the model is
determined according to the field comprehensive histogram
(Guo 2019). The numerical simulation rock mechanical
parameters are shown in Table 1.

Based the in-situ stress measurement results, the
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Fig. 9 Principal stress distribution curves on the side of
pillar under goaf

horizontal tectonic stress of the in-situ stress field is not
obvious, and the difference between vertical and horizontal
stress is very small. The vertical stress is calculated
according to the depth of 400 m, which is about 10 MPa.
Based on the above results, the stress conditions of the
model boundary are determined. Taking the coal seam floor
as the benchmark, the initial command is used to apply the
stress of 10 MPa in both horizontal and vertical directions.
The rock weight in the model is considered, and the stress
gradient along the vertical direction is 0.025 MPa/m. In the

horizontal direction, the fixed displacement is used to
constrain the boundary. In the vertical direction, the lower
boundary of the model is constrained by the fixed
displacement; the upper boundary of the model is free, and
the stress is applied by the apply command.

4.3 The results

4.3.1 Distribution of regional stress field

In order to ensure the reliability of the results, three
groups of monitoring data from different locations were
used for comparative analysis. Considering the symmetry of
the model, we selected three locations, 80 m, 160 m, and
240 m away from the boundary line of the goaf to study the
stress distribution and the plastic zone shape of the roadway
surrounding rock, as shown in Fig. 8.

Fig. 9 shows the distribution curves of principal stresses
at different horizontal positions on the side of coal pillar
under goaf obtained by numerical simulation. It can be seen
from the figure that the principle stresses at different
monitoring positions on the side of the coal pillar under the
goaf have slight difference in numerical value, but the
distribution law is completely consistent. With the increase
of horizontal distance from the coal pillar edge, the
maximum and minimum principal stresses gradually
decrease, and finally tend to be stable; the minimum
principal stress tends to be stable at first, and then tends to
be stable after 20 m away from the coal pillar edge, and the
stress value is stable at about 2.1 MPa; the maximum
principal stress tends to be stable after 40 m away from the
coal pillar edge, and the stress value is stable at 6.3MPa.
The results show that the confining pressure ratio increases
firstly, reaches the peak value, then decreases, and finally
tends to be stable; the peak position of confining pressure
ratio appears at 15 m to 20 m away from the coal pillar
edge, and the highest value is about 3.6; then the confining
pressure ratio begins to decrease, reaching 50 m, then tends
to stabilize, basically stable at about 2.8. The difference
between the maximum and minimum principal stresses on
the side of the coal pillar under the goaf is very big, which
forms a high partial confining pressure environment, and it
breeds the stress conditions of butterfly shaped plastic zone
for the roadways arranged in it.

The studied roadway is located at an internal stagger of
15 m and 40 m respectively, as indicated by the dotted line
in Fig. 9. It can be seen from the figure that the roadway
location in the original plan is close to the peak value of
confining pressure ratio, where is the highest partial
confining pressure on the side of coal pillar under the goaf.
The surrounding rock of the roadway at this position may
form butterfly plastic zone, which threatens the stability of
surrounding rock. The location of roadway in the
adjustment plan is located in the stress stable area, the
maximum and minimum principal stresses tend to be stable,
and the confining pressure ratio also drops to a lower value.
At this position, the surrounding rock of the roadway may
not form butterfly shaped plastic zone, and the surrounding
rock of the roadway is stable. The accurate plastic zone
shape of roadway surrounding rock at different locations
will be determined by the judging criterion of plastic zone
shapes.
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Fig. 10 The plastic zone distribution on the side of pillar
under goaf

4.3.2 Characteristics of roadway surrounding rock
plastic zone at different positions

Fig. 10 shows the section of plastic zone at three
monitoring lines. It can be seen from the figure that the
plastic zone distribution of roadway surrounding rock at
three different positions on the side of coal pillar under goaf
is basically consistent. In the original plan, butterfly plastic
zone appears in the surrounding rock of roadway, and the
scope of plastic zone is large. Butterfly leaf of plastic zone
is distributed near the roadway roof and the side wall of
coal pillar, which causes serious deformation and damage of
roadway roof and side wall of coal pillar. It is consistent
with the deformation and failure situation of roadway on
site. In the adjusted plan, the plastic zone is evenly
distributed around the roadway, and its range is small. The
plastic zone shape is not butterfly, and the roadway
surrounding rock is stable, which is consistent with the site
situation. Considering the stress characteristics of the two
positions, the roadway in the original plan is just near the
peak value of confining pressure ratio on the side of the
coal pillar under the goaf, and the maximum confining
pressure ratio reaches 3.6, which creates stress conditions
for the formation of butterfly shaped plastic zone of
surrounding rock. The simulation results show that there is
a butterfly shaped plastic zone in the surrounding rock of
the roadway, and the range of the plastic zone is large. In
the adjusted plan, the roadway is located in the stable area

after the confining pressure ratio decrease, and the
surrounding rock of roadway is stable without butterfly
shaped plastic zone.

4.3.3 Plastic zone shape judgement and verification
analysis

The above numerical simulation results show that the
plastic zone of roadway surrounding rock in the original
plan is butterfly shaped, and that in the adjusted plan is
elliptical. The numerical simulation results are consistent
with the actual stability of roadway surrounding rock.
Based on the judging criterion of plastic zone shape
(formula 1 and 2), the plastic zone shape of roadway
surrounding rock in different positions is accurately
determined. In the calculation, the confining pressure of
roadway surrounding rock is obtained by numerical
simulation (as shown in Fig. 9), and the mechanical
parameters of 3-5# coal seam are adopted for surrounding
rock properties (C=1.6 MPa; ¢=35°). The results are shown
in Table 2.

The results show that the shape coefficient of the
roadway plastic zone is greater than 1 in the adjusted plan.
According to the judgment criteria, the plastic zone of the
roadway surrounding rock is elliptical, which is consistent
with the numerical simulation results. The shape coefficient
of the roadway plastic zone in the original plan is greater
than 0 and less than 1. According to the judgment criteria,
the plastic zone of the roadway surrounding rock is
butterfly, which is consistent with the numerical simulation
results. In the adjusted plan, the plastic zone of roadway
surrounding rock is elliptical, the range of plastic zone is
small, and the surrounding rock of roadway is stable. In the
original plan, the roadway is in high partial confining
pressure environment, the shape of plastic zone of the
roadway surrounding rock is butterfly, and the range of
plastic zone is large, which leads to large deformation and
high risk of roof fall. The results of the theoretical
calculation and numerical simulation are in good agreement
with the actual roadway deformation and failure, which
proves the reliability of the theoretical method.

The example analyzed in this paper is only a case of
high partial confining pressure caused by underground
mining. Due to the existence of mining space, the stress
field is redistributed around the goaf, resulting in the
formation of high partial confining pressure environment in
the local range around the goaf, which provides conditions
for the formation of butterfly shaped plastic zone. Butterfly
plastic zone is accompanied with serious deformation and
failure of surrounding rock, which increases the risk of
disaster. Based on the judging criterion, the plastic zone
shape of roadway surrounding rock in certain stress

Table 2 Shape judgment of plastic zone

Detection Original plan Adjusted plan
line — pp P, P

position /Mi’a /Mi’a ' Shape /Mi’a /Mi’a ' Shape
A 9.53 2.89 0.179 Butterfly 6.35 2.11 1.55 Elliptical
B 924 2.60 0.164 Butterfly 6.14 2.04 2.29 Elliptical
C 9.42 2.56 0.146 Butterfly 6.11 2.09 2.85 Elliptical
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environment is determined and analyzed, and the stability
of roadway surrounding rock is mastered in advance. In the
roadway layout, try to avoid the position where butterfly
plastic zone will be formed. If butterfly failure occurs in the
surrounding rock of roadway, timely measures should be
taken to strengthen support. The stability analysis method
of roadway surrounding rock based on the judging criterion
of plastic zone shape has a good application effect for the
study of roadway layout and stability analysis of
surrounding rock in high partial confining pressure
environment.

5. Conclusions

In this study, we compared the mechanical
characteristics of the plastic zone with different shapes of
roadway surrounding rock in partial confining stress and
established the corresponding relationship between the
shape of plastic zone and the stability of roadway
surrounding rock. According to the judgment criterion of
plastic zone shape, we established the quantitative analysis
method of roadway surrounding rock stability. Based on the
work presented in this paper, the following conclusions are
made:

(1) The scope of circular and elliptical plastic zone is
small even under the limit stress condition, and the
surrounding rock with the circular and elliptical plastic zone
is in a stable state.

(2) The butterfly plastic zone is accompanied by the
characteristics of large scale and uneven distribution, and it
could cause serious deformation and damage of surrounding
rock and increase the risk of roadway disaster

(3) The criterion for judging the shapes of plastic zone
quantitatively characterizes the shape category of plastic
zone by mathematical expression, which makes it possible
to quantitatively study the stability of the roadway
surrounding rock

(4) This study established a theoretical method which
could quantitatively evaluate the stability of roadways
under certain stress and surrounding rock environment
based on the judging criteria of plastic zone.
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