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Abstract

Based on the characteristics of real stress distribution in coal mining, the evolution law of plastic zone shape and spatial
position were investigated. The stress model of roadway with non-orthogonal state of in-situ stress and mining-induced stress
was constructed. The boundary equation of the roadway plastic zone under in-situ stress deflection was deduced. Addition-
ally, the evolution mechanism of the roadway plastic zone was analysed. We found that the shape and spatial position of the
roadway plastic zone are jointly determined by in-situ stress deflection angle a, mining-induced stress concentration coef-
ficient K, and equivalent lateral pressure coefficient ' when the mechanical parameters (rock cohesion c; internal friction
angle @) were fixed. Specifically, the plastic zone experiences the cyclic evolution phenomenon, where the plastic zone shape
varies from petal—ellipse—circle—ellipse—petal shapes in morphology. In this study, we expound the general evolution law
of roadway plastic zone under different geological, working conditions and mechanical parameters. The main controlling
factors and mechanism of the shape and spatial position evolution of the plastic zone are revealed. A numerical model was
established to study the evolution law of plastic zone during the change of corresponding parameters. The results show that
the traditional method of predicting the shape of plastic zone by lateral pressure coefficient is inaccurate. The plastic zone
distribution calculated using this method was compared with the roadway deformation measured in 1305 bottom drainage
roadway of Hudi mine, and the comparison results were in good accordance. The results of this study have certain univer-
sality, and enrich the understanding of the roadway plastic zone. It can provide theoretical reference for roadway excavation
and support design under different geological and in-situ stress conditions.

Highlights

e The non-orthogonal failure behavior of the roadway with the change of complicated stress state is revealed.

e Plastic zone experiences the cyclic evolution phenomenon, where the plastic zone shape varies from petal-ellipse-circle-
ellipse-petal shapes in morphology.

e Main controlling factors and mechanism of the shape and spatial position evolution of the plastic zone are summarized.

e The unsymmetrical failure mechanism of roadway under non-orthogonal stress state is revealed.

Keywords In-situ stress direction - Mining-induced stress - Non-orthogonal stress - Plastic zone of surrounding rock -
Failure characteristics

1 Introduction
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energy system (Aydin 2015; Aydin et al. 2015). The propor-
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?  State Key Laboratory of Coal Resources and Safe Mining, Feng et al. 2020). China accounted for over 70% of the growth
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in coal demand (BP 2022). Shallow coal resources are gradu-
ally depleted. The depth of coal mining is gradually increas-
ing. The complex stress environment in deep areas can seri-
ously affect the stability of roadway.

The deep rock mass often shows the characteristics of
uneven distribution of stress and high stress level com-
pared with the shallow rock mass. Therefore, the roadway
excavated in the deep rock mass often has continuous large
deformation, collapse, and other disaster phenomena. Solv-
ing this kind of disaster problem using conventional support
methods is difficult (Fujii et al. 2011; Piotr et al. 2017; Zuo
et al. 2019; Mo et al. 2020). Existing studies have shown
that (Jiang et al. 2017; Sun et al. 2021; Yu et al. 2022), the
essence of deformation and failure of surrounding rock is
that excavation disturbance breaks the original stress bal-
ance of deep rock mass, resulting in sudden unloading of
local rock mass. Moreover, the disturbance stress (or mining
stress) caused by excavation acts on the rock mass, caus-
ing a sharp increase in the differential stress of rock mass,
there by forming a plastic zone within a certain range of
excavation area. However, the deep stress state is complex
and difficult to analyse, which is the main factor restricting
the in-depth study of roadway surrounding rock deforma-
tion and failure. Presently, there are many assumptions in
the research of deep rock mass, in which the stress state
is generally assumed to be an orthogonal stress state, i.e.,
the stress distribution is perpendicular to each other. Thus,
based on elastic or plastic theory and yield criterion, the
approximate range of roadway failure can be obtained. How-
ever, this treatment method cannot truly reflect the influence
mechanism of various stresses in deep areas on surrounding
rock failure of roadway. The real stress state in deep areas
is not orthogonal. Generally, in-situ stress and mining stress
are non-orthogonal stress states. Therefore, it is essential to
conduct research on the failure characteristics of roadway
surrounding rock under the non-orthogonal state of in-situ
stress and mining-induced stress, and to explore the action
mechanism of the angle between in-situ stress and mining-
induced stress on roadway failure. Restoring the real stress
situation of deep roadway and guide the support of deep
roadway has great theoretical and practical significance.

Numerous achievements have been made in the research
on the failure mechanism of roadway surrounding rock under
the condition of orthogonal stress. As early as 1938, Fen-
ner proposed the calculation theory of the roadway plastic
zone under the condition of orthogonal stress, and proposed
the original Fenner formula (Fenner 1938). Subsequently,
Caquot considered the gravity effect of rock mass in the
plastic zone, and established the Caquot formula (Caquot
1940). Talobre revised Fenner formula in 1960 to form
Fenner-Talobre formula (also known as the modified Fenner
formula), which was used until now (Talobre 1960; Kastner
1962; Roussev 1998; Xu and Yu 2006). In the following

@ Springer

decades, based on the above mentioned theory and by con-
sidering different strength theories, many scholars deduced
additional formulas for circular tunnels in uniform medium
and obtained the corresponding elastic—plastic solutions.
These works expanded and improved the mentioned the-
ory (Brown et al. 1983; Papanastasiou and Durban 1997).
Recently, a stress model of roadway surrounding rock based
on Fenner formula, Kastner formula and elastic—plastic the-
ory was gradually developed, which is extensively used in
the study of roadway roof fall mechanism, rock burst preven-
tion, roadway water inrush mechanism, large deformation
of surrounding rock, etc. (Guo et al. 2019, 2021; Fan et al.
2020).

Many scholars have conducted numerous studies on mining-
induced stress caused by coal mining. Kodama et al. (2013)
estimated the mining regional stress state by back analysis of
mining-induced deformation. Li et al. (2018) introduced the
mining-induced stress fields generated by different mining
layouts. The spatial distribution of stress field of three typi-
cal underground mining methods of coal mine was studied by
numerical simulation, and the change in stress concentration
coefficient in front of the working face was analysed. Singh
et al. (2011) briefly reviewed various research results on the
development of mining stress, and discussed the field research
results of mining stress development during depillaring under
different geological mining conditions. Rezaei et al. (2015)
developed an analytical model based on the strain energy bal-
ance in longwall coal mining to determine mining-induced
stress over gates and pillars. The height of the destressed
zone above the mined panel, total induced stress, abutment
angle and coefficient of stress concentration over gates and
pillars were determined analytically. Further summarizing the
research status, highlighting the research content and main
contributions of researchers. The specific content is shown in
Table 1.

Based on the orthogonal stress state, the failure mechanism
of roadway surrounding rock and the development character-
istics of plastic zone were analysed systematically. However,
in practical engineering, the stress condition of the roadway is
a comprehensive superposition state of isotropic stress, which
mainly includes two parts: in situ stress and mining-induced
stress. Generally, the direction of in-situ stress is considered
to be horizontal and vertical. However, due to the influence of
faults, folds, structures, earthquakes, etc., the direction of in-
situ stress will deflect (Yamamoto 2009; Yu et al. 2015a, b;
Lucianetti et al. 2017; Mousavipour et al. 2020; Herrera et al.
2021; Lin and Zou 2021; Song et al. 2021). Mining-induced
stress acts vertically on the heading face, but the in-situ stress
and mining-induced stress are not orthogonal to each other. In
other words, the roadway is usually in a non-orthogonal stress
environment. It is not in line with the real stress environment to
simply treat the anisotropic stress as an orthogonal state. Never-
theless, there are few studies on the non-orthogonal stress state
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Fig. 1 Different failure modes of the roadway: a Roof falling (Tun-
lan Mine, Shanxi Province. Yu et al. 2015a, b) b Rib spalling (Xin’an
Mine, Gansu Province. Yang et al. 2017) ¢ Floor heave (Jinchuan

in line with the real stress environment. Therefore, the failure
characteristics of roadway surrounding rock in non-orthogonal
state of in-situ stress and mining-induced stress were analysed
extensively in this study. Additionally, the existing theoretical
calculation model of the plastic zone was improved. The mor-
phological evolution process of the roadway plastic zone in the
non-orthogonal state of in-situ stress and mining-induced stress
was further studied. The action mechanism of the angle between
in-situ stress and mining-induced stress on the development of
the roadway plastic zone was revealed. The correctness of the
theoretical calculation results is verified by numerical simulation
and engineering examples. The research results can be used in
roadway engineering designs.

2 Methods: Failure Modes and Mechanical
Model of Roadways

The roadway failure mode in different mining areas is differ-
ent. Moreover, the failure of different roadways in the same
mining area is not similar. The failure modes of the roadway
mainly include: roof falling, rib spalling, floor heaving and

@ Springer

Mine, Gansu Province. Li et al. 2020) d Unsymmetrical deformation
(Xing’an Mine, Heilongjiang Province. Wang et al. 2019)

unsymmetrical deformation, as shown in Fig. 1. These fail-
ures are mainly due to the different stress environments of the
roadway.

The corresponding stress of each failure mode of the
roadway is shown in Fig. 2. The stress condition of the road-
way is jointly determined by the occurrence state of in-situ
stress and excavation or mining-induced stress. The in-situ
stress field in different areas is different, and the mining-
induced stress is different in different excavation or mining
methods. Therefore, the failure mode of roadway is also dif-
ferent. This indicates that in-situ stress and mining-induced
stress are the main causes of roadway failure.

The direction of in-situ stress affects the stress state of sur-
rounding rock near the roadway, resulting in different forms of
deformation and failure of deep underground engineering. The
mining-induced stress acts vertically on the working face, result-
ing in the plastic failure. This has a great impact on the plastic
zone shape of the roadway surrounding rock. The roadway is in
the in-situ stress field and mining-induced stress field, the distri-
bution state and direction of its plastic zone are jointly controlled
by the magnitude and direction of the stress around the roadway.
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(c) Floor heave

Fig.2 Stress state of different failure modes

Considering the two factors of mining-induced stress and
in-situ stress deflection, the range distribution and morphologi-
cal characteristics of the roadway plastic zone were studied.
The non-orthogonal angle « (deflection angle of in-situ stress)
was introduced by considering the non-orthogonal state of in-
situ stress and mining-induced stress. The mechanical model
of roadway surrounding rock under the influence of mining-
induced stress and in-situ stress deflection was established as
shown in Fig. 3a, where, a is the roadway radius, r is the plas-
tic zone radius, and ¢, o are the maximum in-situ stress and
minimum in-situ stress, respectively. # = o, / 04 is the lateral
pressure coefficient. Mining-induced stress ¢’ acts vertically on
the roadway roof, and its direction is vertical and downward.

Once excavation is complete, an abutment pressure zone
will be formed in front of the heading face. The stress increase
range of the abutment pressure zone can be 3-5 times the

(d) Unsymmetrical deformation

vertical in-situ stress (i.e., stress concentration coefficient K
is 3-5) (Brown and Hudyma 2017; Kodama et al. 2013; Zhou
et al. 2020). Therefore, the influence of mining-induced stress
on the distribution of plastic zone of surrounding rock should
be fully considered based on the existing model. When min-
ing-induced stress exists, the mining-induced stress is equiva-
lently decomposed in the direction of in-situ stress through
mechanical decomposition, as shown in Fig. 3b. U; and 0'; are
the equivalent stress after superposition of mining-induced
stress. According to the principle of mechanics:

/

0,

=0, +0 sina 1)

/

oy =03+0 cosa )

n' is defined as the equivalent lateral pressure coefficient,
i.e., the ratio of equivalent stress:

@ Springer
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Plastic zone,

Plastic zone bdundary

(a) Initial stress field of the roadway

Fig.3 Stress analysis model of the roadway

, 0, o +d'sina
W===—"T"—— 3
o, O3to'cosa
Kastner (1962) modified the Fenner formula to form the
Kastner formula. It can be used to solve the radius of the plastic
zone. The Kastner formula without considering support pres-
sure can be expressed as:
. 1-sin @
(p + ccot@)(1 — sin @) | 250
a (€]
ccot

R =

where: R represents the radius of the plastic zone, c is the
cohesion of rock, ¢ is the internal friction angle, p represents
the surrounding rock pressure under bidirectional isobaric
conditions.

(b) Equivalent stress field of the roadway

The applicable conditions of Kastner formula are: (1)
The surrounding rock is an ideal elastoplastic material; (2)
The in-situ stress is isotropic; (3) The failure criterion is
Mohr—Coulomb criterion; (4) The roadway stress is a plane
strain model, the intermediate principal stress o, is not
considered.

In addition, the following assumptions are made: (5) The
rock mass is homogeneous and does not have layered features;
(6) There are no faults, no water inrush, and no dip angle in
the coal seam.

Combined with the Kastner formula, the radius of the plastic
zone under biaxial unequal pressure conditions can be obtained
(Guo et al. 2019). The mechanical model established in this
study was analysed. The implicit equation of the distance
between the plastic zone boundary and the roadway centre r in
any direction when the in-situ stress deflects an angle a under
the action of mining-induced stress ¢” is obtained as follows:

9(1 - n’f(%)8 #|-12(1 =) +6(1 - %) cos 20 - )] (%)6

+[10(1 — ') cos22(0 — @) — 4(1 — ) sin? p cos? 2(0 — a)

—2(1= 1)’ sin 200 — @) — 4(1 — /%) cos 2(0 — ) + (1+n’)2] (%)4

+[—4(1 — ')’ cos4(0 — a) +2(1 — 1*) cos 20 — @)

®

—4(1 - n"*) sin* @ cos 2(0 — a) — .
O3

2
+l(l —ﬂ')z—sinzqz)(l +1 + ZCCOS¢> ] =0

o} sing

4c(1—n') sin2¢ cos 26 — a)] (g>2

r
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where 7 is the radius of the plastic zone in the direction of 6.

3 Results: Non-orthogonal Failure Behaviors
Subjected to Different Stress State

3.1 Influence of In-Situ Stress on the Plastic Zone

Deep roadway has the characteristics of high in-situ
stress. The vertical in-situ stress caused by gravity usu-
ally exceeds the compressive strength of engineering rock
mass (>20 MPa). The stress concentration level caused
by engineering excavation is significantly greater than the
strength of engineering rock mass (> 40 MPa). There is
tectonic stress field and residual tectonic stress field. The
superposition and accumulation of the two stress fields
leads to a high stress state. In this section, the magnitude
of in-situ stress is determined according to the measured
data of Chinese mainland. Considering the buried depth as
the medium, the in-situ stress under different buried depths
of kilometre level roadway is calculated, which is used as
the basis for parameter selection.

Kang et al. (2010) organized the in-situ stress test data
of 883 coal mines in various regions of China. Here, the
data in a statistical sense are used. It reflects the character-
istics of the in-situ stress assignment in China Mainland.
The fitting relationship between the magnitude of in-situ
stress and buried depth in China was obtained:

o, = 0.0245H
oy = 0.021H + 3.267 (6)
o, =0.011H +1.954

where, H is the buried depth, and 6, 0}, and o}, represent the
vertical in-situ stress, maximum horizontal in-situ stress, and
minimum horizontal in-situ stress, respectively.

According to Eq. (6), the vertical stress increases
approximately by 2.5 MPa for every 100 m increase in
buried depth. Therefore, the vertical stress of kilometre
deep roadway can reach approximately 25 MPa. However,
in the regional stress field near the roadway, owing to exca-
vation and mining, the regional maximum principal stress
is not equal to the maximum horizontal in-situ stress, and
the minimum principal stress is not equal to the minimum
in-situ stress. In this study, the mining-induced stress is
taken as a research object and separated from the regional
stress field. The remaining regional stress field can be
approximated as in-situ stress field, i.e.:

0, R oy
7
{@%av @

Therefore, o, is selected in the range of 19.6-37 MPa
(buried depth 800—1600 m) to study the roadway plastic
zone. Additionally, the influence of various parameters
on the shape and range of the roadway plastic zone is
analysed.

The in-situ stress environment of roadway under different
buried depth is different. o, and o5 increases with the buried
depth. Five groups of different buried depths were selected
to calculate in-situ stress to represent the regional principal
stress. The results are shown in Table 2.

Other parameters are as follows: roadway radius a =2 m,
rock cohesion ¢ =2 MPa, internal friction angle ¢ =25°,
mining-induced stress concentration coefficient K=35, and
in-situ stress deflection angle a =18°. By introducing the
parameters into Eq. (5), the variation of plastic zone depth
with burial depth can be obtained, as shown in Fig. 4. Fig-
ure 4 shows the morphological evolution process of the plas-
tic zone under the corresponding buried depth in Table 2.

As shown in Fig. 4, the plastic zone of the roadway,
which can be divided into four tip areas and four depres-
sion areas, has different expansion characteristics in differ-
ent directions. The entire plastic zone resembles a "petal
shape”. There are four tip areas in the directions of approx-
imately 58°, 168°, 238°, and 328° (counter-clockwise
being positive). Under these stress states, the plastic zone
presents the characteristics of non-uniformity and symme-
try. The non-uniformity is reflected in the great change in
distance between the boundary of the plastic zone and the
roadway wall at different angles. The symmetry is mainly
reflected in the point symmetry of the plastic zone bound-
ary about entre of the roadway (coordinate axis origin). As
the buried depth increases from 800 to 1600 m, the plastic
zone expands significantly at the four tips. By considering
a tip at approximately 58° from the horizontal direction
as an example, the radius of the plastic zone increases
from 7.192 to 9.513 m with the buried depth increasing
from 800 to 1600 m. The radius of plastic zone increased
by 32.27%. In other areas except the tip part, the varia-
tion trend of the plastic zone boundary decreases with the
increase in buried depth. In the depression area, the radius
of plastic zone hardly increases with the buried depth.
This is because the plastic zone at the tip is large. Accord-
ingly, the surrounding rock in this region has low bearing
capacity. When the increased stress caused by the buried
depth acts on the surrounding rock, plastic yield obviously
occurs. Then, a larger plastic zone is formed. However,
the surrounding rock is relatively complete in the depres-
sion area. The rock mass in this area has good mechanical
properties, and can resist the increase in stress caused by
the increased buried depth. In other words, there is no
obvious plastic zone expansion in this area. Additionally,
some studies have shown that when there is a weak surface
or yield region in the rock mass, the weak surface or yield

@ Springer
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Table 2 In situ stress data under different buried depths

Buried depth/m 800 1000 1200 1400 1600

20.067 24267 28.467  32.667 36.867
19.6 24.5 29.4 343 39.2

o/MPa
0y/MPa

—
(=]

— 800m

Tip area

(9,

1
N

Vertical distance from roadway center (m)
=

190 5 0 5 10

Horizontal distance from roadway center (m)

Fig.4 Variation law of plastic zone depth with buried depth (m)

region is more sensitive to stress change. The weak surface
or yield region is more prone to damage and consumes
energy, to protect the integrity of other rock mass areas.
From the perspective of stress, the irregular shape of the
plastic zone can be explained as follows: different 8 angles
correspond to different plastic zone radius. Taking in-situ
stress and mining-induced stress as stress boundary, the
stress state of any unit block near the roadway is differ-
ent. Elements exceeding the strength of the rock mass will
undergo plastic yielding. Therefore, the stress state of the
unit block determines whether plastic yielding occurs. In
the case of significant differences in stress between the
two directions, there are also significant differences in the
stress states of different unit blocks around the roadway.
Therefore, an irregular plastic zone is formed.

The increase in buried depth will result in the obvious
expansion of the plastic tip area. Based on the assumptions
in Sect. 2, the relationship between the maximum radius r,,,,
of the plastic tip area and roadway buried depth H was fitted,
as shown in Fig. 5. We found that with the increase in buried
depth, the maximum radius of plastic zone increases approx-
imately linearly. As far as this work was concerned, the fit-
ting formula was found to be r,,, =4.9867 +0.00289H,
whereas the correlation coefficient was R>=0.9914. Fig-
ures 4 and 5 show that with the increase in buried depth, the
plastic zone does not increase uniformly in equal proportion,

@ Springer

7. =4.9867+0.00289H

max

R*=0.9914 (]

bl b bt e
= n > tn
T T T T

Maximum plastic radius 7,

e
n
T

7'0 1 1 1 1 1
800 1000 1200 1400 1600

Buried depth H

Fig.5 Relationship between maximum plastic radius and buried
depth (m)

but increases locally along a certain direction. In addition,
the maximum boundary of the plastic zone is predictable.
When the geological conditions are known, the maximum
radius of roadway plastic zone under different buried depths
can be estimated using the fitting formula.

3.2 Evolution Law of the Plastic Zone Under
Different Deflection Angles

The direction of in-situ stress is generally not completely
horizontal or vertical. It is an angular deviation from the
horizontal or vertical direction (Paul and Chatterjee 2011;
Rajabi et al. 2010). The variation characteristics of the
plastic zone of the surrounding rock when the deflection
angle a changes from 0° to 90° are analysed in this section.
The in-situ stress was selected based on the in-situ stress
data with a buried depth of 1000 m, i.e., 6,=24.267 MPa,
03=24.5 MPa, and the initial lateral pressure coefficient
n=0.99. The other parameters are: roadway radius a=2 m,
rock cohesion ¢ =10 MPa, internal friction angle ¢ =30°,
and mining-induced stress concentration coefficient K=3.
The change process of the plastic zone in the process of
in-situ stress direction deflection is shown in Figs. 6 and 7.

The evolution process of the plastic zone of the circu-
lar roadway during the change in in-situ stress deflection
angle from 0° to 90° is shown in Figs. 6 and 7. As shown in
Fig. 6, when the in-situ stress does not deflect, the plastic tip
area of the roadway expands sharply to the deep area of the
surrounding rock. The maximum plastic radius is approxi-
mately 12 m, which is 6 times that of the roadway radius.
Meanwhile, the plastic zone was unsteady, which is likely to
result in large deformation and failure of the roadway. This
is because the mining-induced or disturbance stress (Ko,)
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90°

Fig.6 Morphological evolution of the plastic zone under different in-
situ stress deflection angles

Fig. 7 Morphological evolution of the plastic zone from 0° to 10° and
80° to 90°

caused by mining or excavation acts vertically in the vertical
direction, so the stress in the vertical direction after super-
position is much greater than that in the horizontal direc-
tion. The surrounding rock enters plasticity in a large area
under this extreme stress state. This shows that even when
the difference between horizontal in-situ stress and vertical
in-situ stress is very small, the existence of mining-induced

stress will produce irregular plastic zone in the roadway. It
is embodied in the characteristics that the plastic zone var-
ies greatly in the circumferential distribution range of the
roadway and the local area fully extends to the depth of the
rock mass, resulting in the roadway support is very difficult.
When the in-situ stress deflection is 10°, the plastic zone
is still “petal shaped”, but the range of the plastic zone is
significantly reduced. The maximum radius of the plastic
zone is 4.2 m, which is 2.1 times the roadway radius. When
the in-situ stress is deflected by 15°, the range of plastic zone
is reduced further, and the overall shape is still “petal
shaped”. The maximum boundary is approximately 3.35 m,
which is approximately 1.67 times the roadway radius. When
the in-situ stress deflection angle continues to increase from
15° to 25°, the plastic zone still is a “petal shaped”. How-
ever, its morphological characteristics degenerate gradually.
The division of the 4 tip areas and the 4 depression areas
fades gradually. When the in-situ stress deflection angle is
30°, the range of plastic zone continues to decrease. There
are only four tip areas in the plastic zone shape, and there is
no depression area. During this time, the shape of the plastic
zone degenerates into an “ellipse shape”. With the increase
in in-situ stress deflection angle, the shape of the plastic zone
degenerates from an “ellipse shape” to a “circle shape”.
When the in-situ stress deflection angle is 45°, the shape of
the plastic zone can be regarded as a standard circle. This is
because the mining-induced stress Ko, decomposes uni-
formly on the horizontal and vertical in-situ stress. The value
is \/5/ 2Ko,, so ', which does not increase significantly

compared with 7, is very close to 1. Therefore, the plastic

zone of the roadway is “circular . The range of the plastic

zone is the smallest during this time. When the local stress

deflection angle continues to increase, the shape of the road-

way plastic zone evolves from a “circle shape” to an “ellipse

shape”, and then develops into a “petal shape”. Correspond-

ingly, the range of plastic zone increases gradually. Gener-
ally, when the in-situ stress deflection angle continues to
increase from 45°, the variation characteristics of the shape
and scope of the plastic zone are opposite to that of the
decrease from 45°. f represents a random angle
(0° < p<45°), and the shape and range of plastic zone are
roughly the same when the in-situ stress deflection angle is
45° — fand 45° + f, but there are directional differences in
the spatial position. Considering the in-situ stress deflection
angles of 20° and 70° as an example (f = 25°), the shape
and range of the plastic zone under the two deflection angle
states are basically the same. The corresponding maximum
plastic boundaries were at is 3.16 m and 3.14 m. However,
the plastic zone boundary is different in different spatial
positions. By considering the horizontal right as the positive
axis and counterclockwise as the positive direction, the
maximum plastic boundary appears at approximately 60° in
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the coordinate system when the in-situ stress deflection
angle is 20°. The maximum plastic boundary appears at
approximately 22° in the coordinate system when the in-situ
stress deflection angle is 70°. Additionally, it can be
observed from Fig. 6 that when the in-situ stress deflection
angle changes from 0° to 10°, the plastic zone decreases
significantly, and when it changes from 80° to 90°, the plas-
tic zone expands substantially. It indicates that the plastic
zone of roadway changes sharply in these two angle ranges.
For this phenomenon, the variation of the plastic zone with
the deflection angle in the range of 0°-10° and 80°-90° is
drawn at an interval of 2°, as shown in Fig. 7. In the deflec-
tion angle ranges of 0°-10° and 80°-90°, a small angle
change will result in a significant change in the range of
plastic zone.

Finally, when the maximum and minimum in-situ stresses
were assumed to be horizontal and vertical, the shape of the
plastic zone obtained was quite different from that obtained
by considering the actual direction of in-situ stress. In practi-
cal engineering, the magnitude and direction of in-situ stress
need to be measured to guide the roadway surrounding rock
support method and mining technology. The morphological
evolution law of in-situ stress direction deflection on the
roadway plastic zone is summarised as follows. As the in-
situ stress deflection angle « increases from 0° to 90°, the
morphological evolution process of the roadway plastic zone
transforms from a “petal shape” (0° < a < 20°)—“ellipse
shape” (20° < « < 40°)—*circle shape” (40° < a < 50°)—
“ellipse shape” (50° <a <70°)—“petal shape”
(70° < a < 90°). With respect to the evolution process of the
roadway plastic zone range, when the in-situ stress deflection
angle changes from 0° to 10°, the maximum boundary of
plastic zone shows an obvious decrease, and then decreases
slowly from 10° to 20°.Then, there is only a small fluctuation
in the range of 20°-70° and a sharp increase in the range of
70°-90°, as shown in Fig. 8.

3.3 Evolution Law of the Plastic Zone Under
Mining-Induced Stress

The variation characteristics of the plastic zone of the road-
way surrounding rock were analysed when the stress concen-
tration coefficient K changes from 3 to 5. The in-situ stress
was selected based on the in-situ stress data with a buried
depth of 1000 m, i.e.,c;,=24.267 MPa, and 6;=24.5 MPa.
The other parameters are as follows: roadway radius a=2 m,
rock cohesion ¢ =10 MPa, internal friction angle ¢ =25°, in-
situ stress deflection angles a are 15°, 20°, and 25°. Figure 9
shows the response characteristics of the plastic zone with
the change in mining-induced stress.

Figure 9 shows the development of the plastic zone of the
roadway surrounding rock under different mining-induced
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Fig.8 Variation of maximum plastic zone radius with

stress values. It shows that with the increase in mining-
induced stress, the plastic zone of the roadway expands.
With the increase in mining-induced stress (the increase in
stress concentration coefficient K), the four tip areas in the
roadway plastic zone expand to varying degrees under the
three in-situ stress deflection angles. The increasing trend
of the four sag areas is not obvious. Particularly, when the
in-situ stress deflection angle a= 15°, the stress concentra-
tion coefficient changes from 3 to 5 and the four tip areas
of the plastic zone increase approximately linearly. The
maximum radius of the plastic zone increased from 4.02
to 6.71 m. When the in-situ stress deflection angle is 20°,
with the increase in stress concentration coefficient, the four
tip areas of the roadway plastic area increased to a certain
extent. It was far less intense than that when the in-situ stress
deflection angle was 15°. At the same time, the “petal shape”
feature of the roadway plastic zone is obvious: when the
stress concentration coefficient K =3, the shape of the plastic
zone is closer to the chamfered rectangle, and the maximum
boundary of the plastic area is 3.34 m. With the increase in
K, the boundary between the tip area and depression area is
gradually clear, and the “petal shape” gradually appears. The
maximum boundary of the plastic zone is 4.33 m. When the
in-situ stress deflection angle is 25°, the influence amplitude
of mining-induced stress is further reduced. The shape and
range of plastic zone do not change obviously under differ-
ent stress concentration coefficients. Finally, the following
conclusions can be drawn. The influence of mining-induced
stress on the roadway plastic zone is more intense when the
angle between mining-induced stress and in-situ stress is
small.
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3.4 Evolution Mechanism

The influence of in-situ stress deflection angle & and mining-
induced stress ¢’ on the shape and range of the roadway plas-
tic zone is analysed in the previous section. In this section,
we will explain the action mechanism from the perspective
of mechanical analysis. The internal cause of plastic zone
is the response process of rock mass when various stresses
such as in-situ stress and mining-induced stress, are applied
to the rock mass. According to the above analysis, in-situ
stresses o, and o3, mining-induced stress ¢”, in-situ stress
deflection angle & and the self attributes of rock mass (such

as cohesion c, internal friction angle ¢, etc.) are all fac-
tors affecting the shape and range of the plastic zone (Zuo
et al. 2009). Among them, in-situ stresses ¢; and o3, mining-
induced stress ¢’ and in-situ stress deflection angle a are
the external factors. These are the decisive factors for the
formation of the plastic zone. The attribute of rock mass is
an internal cause. Under the condition of the same external
stress, the internal cause controls the shape and range of the
plastic zone. Therefore, considering the external decisive
factors, the shape and range evolution mechanism of the
roadway plastic zone from the perspective of mechanical
action mechanism is analysed in this section.
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The existing research results show that when the roadway
is under the condition of two-way equal pressure (n = 1), the
shape of the plastic zone is circular. However, under the con-
dition of two-way unequal pressure, the plastic zone presents
an irregular shape. The specific shape depends on the lat-
eral pressure coefficient #. Based on the research results, the
mechanical principle of the evolution process of the roadway
plastic zone is further discussed. Thus, the equivalent lateral
pressure coefficient is defined as the ratio of horizontal stress
to vertical stress after the complex superposition of in-situ
stress and mining-induced stress. The expression is shown
in Eq. (3).

The expression of mining-induced stress is:

o' =Ko, =Ko, ¥

Therefore, the expression of #’ can be further expressed
as:

, oy +Kozsina  pn+Ksina

}1:

o3+ Koycosa 1+ Kcosa ©)

Equation (9) shows that the initial lateral pressure coef-
ficient #, in-situ stress deflection angle a and stress concen-
tration coefficient K jointly affect the equivalent lateral pres-
sure coefficient . In other words, these parameters jointly
determine the shape of the plastic zone. Figure 10 depicts
the evolution law of equivalent lateral pressure coefficient
n' during the gradual change in initial lateral pressure coef-
ficient # and in-situ stress deflection angle @ when K=3, 4,
and 5. The two abscissas represent the initial lateral pressure
coefficient n and in-situ stress deflection angle a. # ranges
from 0.5 to 3, and & ranges from 0° to 90°.

It can be observed from Fig. 10 that the equivalent lateral
pressure coefficient 7’ increases with the increase in stress
concentration coefficient K. When the initial lateral pres-
sure coefficient # and in-situ stress deflection angle « are
small, the increasing trend of the equivalent lateral pressure
coefficient #’ is relatively slow when the stress concentra-
tion coefficient K changes from 3 to 5. This means that the
shape of the corresponding plastic zone hardly changes.
As the initial lateral pressure coefficient # and in-situ stress
deflection angle @ increases, the increase in K significantly
increases the equivalent lateral pressure coefficient #’. For
example, when =3 and a = 90°, #’ increases from 6 to 8
as K increases from 3 to 5. This means that the shape of the
corresponding plastic zone changed significantly. When the
in-situ stress deflection angle « is in the range of 0°—45°, the
change in surface is relatively gentle. When a changes in the
range of 45°-90°, the change range of the surface increases
significantly, i.e., " increases significantly. ” determines the
shape of the plastic zone, i.e., when the angle of « is large, a
small increment will lead to obvious changes in the shape of
the plastic zone. In conclusion, a, # and K jointly determine
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the size of #’, and the action law is relatively consistent. In
other words, n’ increases with the increase in «, 77, and K, but
the influence degree is different. #’, which is very sensitive to
@, increases exponentially as a increases. Particularly, when
a > 45°, a small increment will significantly increase #'. '
increases approximately linearly with the increase in # and
K, and the increase range is far less severe than that of a. In
particular, when a is between 0°-10° and 80°-90°, the plas-
tic zone changes sharply. It means that the plastic zone has
undergone dramatic evolution in shape and scope. Take the
parameters in Sect. 3.2 as an example, in the 0° < a < 10°
range, 0.2475 <5’ <0.3821; in the 80° < a < 90° range,
2.5934 <n’ <3.99. In these two intervals, the difference
between o-i and 0'; is large, which results in the obvious
changes in the shape and range characteristics of the plas-
tic zone during the change process. The results are in good
agreement with the plastic zone changes shown in Fig. 7.

As mentioned above, the existing research results suggest
that # controls the shape of the plastic zone. However, the
equivalent lateral pressure coefficient #” controls the shape of
the plastic zone under the mining-induced stress and in-situ
stress direction deflection. Therefore, not only #, but K and
a also control the shape of the plastic zone. It means that
given a maximum principal stress ¢, and minimum principal
stress o3, the change in in-situ stress direction and mining-
induced stress will cause a change in the plastic zone shape.
To explore the specific influence of #’ on the plastic zone, the
relevant parameters are: o,=25 MPa, 6;=20 MPa, n=1.25,
¢=5MPa, ¢ = 30°, and K=3, 4 and 5. When a changes, #’
changes along with «. Then, the value of #’ can be obtained.
The plastic zone boundary can be calculated according to
Eq. (5) subsequently. Taking the ratio of the maximum
radius r,,,, to the minimum radius r,,;, of the plastic zone
as the longitudinal axis and #’ as the transverse axis, the
relationship between r,,,,, / 7,;, and 1’ is obtained, as shown
in Fig. 11. %’ can be calculated using Eq. (9).

Figure 11 shows the variation law of r,, / Fin, With 7.
As observed from the Fig. 11, r,,. / o first decreases and
then increases as #’ increases, and the minimum value is
taken when 7’ = 1. In the theoretical calculation process, we
found that when #’ is greater than the minimum critical line
and less than 0.55, 7.,/ 7o Tapidly decreases to approxi-
mately 1.3. The shape of the plastic zone is “petal shaped”.
In the range of 0.55<#'<0.9, .,/ "'min Slowly decreases
from 1.3 to approximately 1.1, and the plastic zone of the
roadway degenerates into an “ellipse shape”. In the range
of 0.9<#n'< 1.1, ry.y/ Fmin has a process of slow decline
and rise. The minimum of r, ./ r,;, value is 1.0, which is
also the lowest point of the entire curve. The plastic zone
further degenerates into a “circle shaped”. In the range of
1.1<#' < 1.7, 71/ T increases from 1.1 to approximately
1.25. The plastic zone re evolves into an “ellipse shape”.
In the range of 1.7 <5’ <2.5, 1./ Fiin inCreased from 1.25

m
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Fig. 10 Relationship between equivalent lateral pressure coefficient ' and initial lateral pressure coefficient, and the in-situ stress deflection
angle and mining-induced stress
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Fig. 11 Effect of equivalent lateral pressure coefficient #’ on the
shape of the plastic zone

to approximately 2. The plastic zone evolved into a “petal
shape”. When #’ continues to increase, the stress around the
roadway is highly concentrated. During this time, the large-
scale rock mass enters plasticity and has no plastic zone
boundary. If the cohesion ¢ and internal friction angle ¢ of
rock mass increase appropriately, the plastic zone is still
“petal shaped”, which will not be discussed in this study.
When K increases gradually, 7.,/ Fmin @ls0 increases, and
the curve is more steep. This indicates that the increase in
K makes the morphological characteristics of the plastic
zone more obvious. It can be observed that when 7 remains
unchanged, the changes in @ and K will completely change
the plastic zone morphology.

4 Numerical Simulation of Non-orthogonal
Failure

To verify the correctness of the theoretical analysis results,
the numerical simulation software FLAC?P was used to
simulate the non-orthogonal theoretical model. The influ-
ence of different stress deflection angles and different stress
concentration coefficients on the roadway plastic zone was
mainly analysed. The model is shown in Fig. 12. The length
and width of the model are 40 m, thickness is 10 m, and
roadway radius is 2 m. The roadway is generated by the
cylinder command. The surrounding rock mass is gener-
ated by radcylinder command. On the model boundary,
each grid represents 1 m. The Mohr—Coulomb failure crite-
rion was adopted in the model. When the unbalanced force
ratio reaches 1 x 107, the iteration calculation is terminated.
According to Egs. (1) and (2), the values of o] and o} were
input into the model to obtain the plastic zone shape when
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the in-situ stress deflection angle was a. The spatial posi-
tion distribution of the corresponding plastic zone can be
obtained when the model is rotated counter-clockwise by a
at the end of the calculation.

4.1 Different Buried Depths

The following parameters are used in this section: roadway
radius a=2 m, rock cohesion ¢ =20 MPa, internal friction
angle ¢ =30°, stress concentration coefficient K=35, in-situ
stress deflection angle @ =20°. The roadway plastic zone
under different buried depths was simulated. The variation
of the plastic zone with the buried depth is shown in Fig. 13.
It can be seen that the range of the roadway plastic zone
increases with the increase in buried depth. When the bur-
ied depth is 800 m, the range of the roadway plastic zone is
small. The plastic zone is “ellipse shaped”. When the buried
depth increases gradually, the plastic zone increases signifi-
cantly. When the buried depth increases to 1600 m, the road-
way plasticity evolves into “petal shape”, and the range of
the plastic zone increases significantly. Compared with the
theoretical calculation results, the range and morphological
evolution of the plastic zone are in good agreement. The
range of the plastic zone in the numerical simulation is gen-
erally slightly larger than that in the theoretical calculation,
which is mainly caused by grid division. Even if the grid
division is more precise, it cannot replace the lines obtained
in the theoretical calculation. The area of the plastic zone
in theoretical calculation and numerical simulation was
extracted. The variation law with the increase in burial depth
is shown in Fig. 14. When the burial depth is within the
range of 800—1400 m, the relative error between the two is
basically within 15%. Only when the burial depth increases
to 1600 m, the results calculated by the two methods will be
significantly different.

The same parameter setting as Sect. 3.2 is selected to
simulate the evolution trend of roadway plastic zone. The
evolution trend of roadway plastic zone during the change
in in-situ stress deflection angle from 0° to 90° was shown
in Figs. 15 and 16. The shape and range of the plastic zone
under different in-situ stress directions were studied. By
comparing Figs. 6 and 7, we found that the plastic zone
under the same in-situ stress deflection angle a via theo-
retical analysis and numerical simulation has good con-
sistency in shape and range. Under different in-situ stress
deflection angles, the variation trend of the plastic zone is
also the same as that of the theoretical analysis. It can be
observed from the figure that the plastic zone mainly suf-
fers shear failure, and local tensile failure occurs in a small
range at the edge of the roadway when the in-situ stress
deflection angles are 0°, 10°, 80° and 90°. When the in-
situ stress deflection angle is 0°—40°, the state of the plastic
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Fig. 12 Geometric dimensions
and boundary conditions of the
numerical model

Om

zone is mainly “shear-n shear-p”. This means that the rock
mass in the plastic zone is still shearing at the end of the
simulation calculation. When the in-situ stress deflection
angle ranges from 40° to 90°, the state of the plastic zone
is mainly “shear-p”. This suggests that the rock mass in the
plastic zone has ended the shear process at the end of the
simulation calculation. This phenomenon shows that when
the in-situ stress deflection angle is large, the surrounding
rock has advanced more into plasticity. This is because in
the process of increasing the in-situ stress deflection angle,
a{ continues to increase and o-é continues to decrease. Thus,
the corresponding Mohr circle intersects with the strength

Theoretical analysis Numerical simulation
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Shear-n
Shear-n shear-p
Shear-p
O 800m %hea; -p tension-p
ension-p

Fig. 13 Comparison between numerical simulation and theoretical
calculation of the plastic zone shape under different buried depths
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envelope first. Therefore, it enters plasticity first. In terms of
shape and scope, the simulation results are consistent with
the theoretical analysis results, which verifies the correct-
ness of the theoretical analysis of the roadway plastic zone.
In the small angle variation range, the numerical simulation
is in good agreement with the theoretical results, as shown
in Figs. 7 and 16. The results verify the rationality of the
mechanism analysis again in Sect. 3.4.

ﬁ 03'

4.2 Different Lateral Pressure Coefficients

As discussed, when the in-situ stress and mining-induced
stress are orthogonal, the lateral pressure coefficient 5 con-
trols the shape of the plastic zone. However, when the in-
situ stress and mining-induced stress are non-orthogonal,
the equivalent lateral pressure coefficient #’ controls the
shape of the plastic zone. To study the main control effect
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Fig. 14 Comparison of the numerical simulation and theoretical cal-

culation of the plastic zone area under different buried depths
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Fig. 15 Numerical simulation results of the plastic zone morphologi-
cal evolution at different in-situ stress deflection angles

of equivalent lateral pressure coefficient 5/, the develop-
ment law of the plastic zone under orthogonal and non-
orthogonal states of in-situ stress and mining-induced
stress under different initial lateral pressure coefficients
is simulated, respectively, as shown in Fig. 17. The other
parameters are: rock cohesion ¢ =20 MPa, the friction
@=30°, stress concentration coefficient K= 3, regional
vertical principal stress 3 =24.5 MPa, and initial lateral

90°  ggo

Fig. 16 Numerical simulation results of the plastic zone morphologi-
cal evolution from 0° to 10° and 80° to 90°
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Fig. 17 Distribution law of plastic zone under different lateral pres-
sure coefficients

pressure coefficients n=0.5, 1, 1.5, and 2. As shown in
Fig. 17, even if the initial lateral pressure coefficient
remains unchanged with the change in in-situ stress deflec-
tion angle a, the shape of the plastic zone undergoes a
cyclic change of “petal shape”—*"“ellipse shape”—*"“circle
shape”—*“ellipse shape”—"“petal shape”. This further
shows that it is difficult to accurately judge the plastic
zone shape only by the initial lateral pressure coefficient
without considering the actual stress state of the roadway.
The equivalent lateral pressure coefficient considering the
stress state of the roadway can accurately reflect the plastic
zone shape of the roadway. When the in-situ stress and
mining-induced stress are orthogonal (in-situ stress deflec-
tion angle a= 0°), the range of the roadway plastic zone
converges gradually and the morphology gradually degen-
erates as the lateral pressure coefficient increase. When
n = 0.5, the corresponding stress ¢} and ag have a large
difference. The roadway has been completely unstable.
The roadway has been completely destroyed. The simula-
tion calculation has been unable to reach the equilibrium
state. When 5= 1, the plastic zone has a “thin petal shape”.
When #= 1.5, the shape of the plastic zone evolves into a
“petal shape”. When 5= 2, the shape of the plastic zone
degenerates into an “ellipse shape”. In the non-orthogonal
state, the plastic zone does not change so violently. For
example, when the in-situ stress deflection angle is a= 70°,
n changes from 0.5 to 2, the plastic zone changes from an
“ellipse shape ” to a “petal shape”. Therefore, it is not
accurate to use the initial lateral pressure coefficient to
determine the plastic zone. Figure 17 reflects the variation
law of the roadway plastic zone in different in-situ stress
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environment in coal mining. The approximate range of
the roadway plastic zone corresponding to any geological
condition and mining condition can be found. Thus, the
research results have certain universality.

5 Discussion and Case Study
5.1 Plastic Zone Characteristics

The instability and failure of roadway are the result of the
coupling of multiple factors. External factors such as in-
situ stress, fault, structure, etc. Faults and structures act
on the roadway in a way that causes changes in the stress
field. Internal factors such as layers, roof and floor lithol-
ogy, water content, etc. It is difficult to determine fail-
ure modes will occur in the roadway under such complex
factors. The research has been simplified to some extent.
Starting from the fundamental factors of stress environ-
ment changes. Other factors that may affect the instability
and failure of the roadway were not considered.

The effects of different initial lateral pressure coefficient,
equivalent lateral pressure coefficient, in-situ stress deflec-
tion angle, and mining-induced stress concentration coef-
ficient on the range and shape of the roadway plastic zone
were analysed and studied. On this basis, the theoretical
and numerical results were further compared. According to
different influencing factors, Fig. 18 depicts the different
spatial positions and shape characteristics of the roadway
plastic zone.

When the regional principal stress o, is large, the ratio
of two-dimensional stress decreases after the stress redis-
tribution in the process of the roadway excavation, and the
plastic zone of roadway will converge. As shown in Fig. 18a,
when o5 remains unchanged and the initial lateral pressure
coefficient increases from 1 to 3, the stress state of the area
tends to be uniform under mining-induced stress. In other
words, the equivalent lateral pressure coefficient gradually
tends to be 1, and the shape of the plastic zone gradually
degenerates from a “petal shape” to an “ellipse shape”, and
then to a “circle shape”. Additionally, the range of the plastic
zone reduces gradually. In the stratum with large lateral pres-
sure coefficient, the support after roadway excavation with
non-orthogonal in-situ stress and mining-induced stress is
easier. When the initial lateral pressure coefficient remains
unchanged and the equivalent lateral pressure coefficient
changes from 0.5 to 2, as shown in Fig. 18b, the change trend
of the roadway plastic zone is “petal shaped”, “circle shape”,
“ellipse shape” and “petal shaped”. The “petal shape” has
obvious directionality, and the tip area is generally located at
the angular bisector of the angle of the equivalent principal
stress.

The non-normality of in-situ stress and mining-induced
stress will significantly affect the shape and range of the
plastic zone. Different non-orthogonal angles will result
in different mechanical states of the roadway, as shown in
Fig. 18c. When the deflection angle is 10°, 45°, and 80°,
the magnitude and direction of the principal stress in the
roadway area are different, and the plastic zones are “petal
shaped”,  circle shape”, and large “petal shaped” respec-
tively. The range of the plastic zone is the smallest when
the in-situ stress deflection is 45°, and largest when the in-
situ stress deflection is 80°. Moreover, the mining stress in
the non-orthogonal state will significantly affect the plastic
zone. As shown in Fig. 18d, when the mining-induced stress
concentration coefficient increases from 3 to 5, the shape
of the roadway plastic zone is “petal shape”, but the range
increases significantly.

The evolution law of the roadway plastic zone under com-
plex stress state was analysed in this study. Under different
stress states, the plastic zone of the roadway experiences the
cyclic evolution from the “petal shape”—*"“ellipse shape”—
“circle shape”—*ellipse shape”—*“petal shape”. The plastic
zone of the roadway shows different forms under different
geological conditions and working conditions. When the in-
situ stress state and mining technology of the stratum where
the roadway is located are determined, the initial lateral pres-
sure coefficient, in-situ stress deflection angle and mining
stress are determined. The approximate range of the roadway
plastic zone can be obtained by substituting the parameters
into the proposed calculation method. In many literatures,
the mechanical factor considered by researchers is only the
regional primary in-situ stress field. In this study, the mor-
phology of the plastic zone is the result of the coupling of
the regional in-situ stress field and mining-induced stress
field. The mechanical mechanism is more in line with the
stress state in engineering practice. Second, without chang-
ing the magnitude of various forces, non-orthogonal angle
changes can also produce a “petal-shaped” plastic zone and
the morphological evolution of the plastic zone, which has
not been investigated in the literature. Finally, the “petal-
shaped” plastic zone is only one manifestation of the results.
The entire process of cyclic evolution of the plastic zone is
the focus of this study, so the results of this study are more
applicable to engineering.

5.2 Case of Verification in the Hudi Coalmine

Research results on the plastic zone of the roadway envelope
are mainly focused on theoretical calculations and numerical
simulations, and there are few research results that can verify
the scope of the plastic zone in conjunction with engineering
practice. It is difficult to investigate the plastic zone of the
roadway directly. Generally speaking, the range of plastic
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Fig. 18 Schematic diagram of the relationship between theoretical calculation, numerical simulation, and stress model

zone is related to the deformation and failure of roadway
surface. The larger the plastic zone is, the more serious the
damage and deformation of the corresponding roadway sur-
face will be. In the area with small plastic zone, the damage
and deformation of the corresponding roadway surface are
slight. Nevertheless, the plastic zone has a certain corre-
spondence with the loose circle. Where the plastic zone is
large, the loose circle is correspondingly larger; where the
plastic zone is small, the loose circle is smaller. Therefore,
the indirect verification of the plastic zone can be performed
from the loose circle. The results were verified by selecting
the engineering background of 1305 bottom drainage road-
way in the Hudi mine, Shanxi province, China.

By combining laboratory tests, stress monitoring and
mine pressure manifestation data, the mechanical parameters

@ Springer

and stress concentrations of the 1305 bottom drainage road-
way were obtained, as shown in Table 3.

The in-situ stress test was performed in the Hudi mine
using the stress release method, and the in-situ stress test
results of 1305 bottom drainage roadway are shown in
Table 4.

Combined with the in-situ stress test results of the Hudi
mine, the distribution of the overall in-situ stress direction
of the mining area and the specific in-situ stress state of the
1305 bottom drainage roadway were obtained, as shown in
Fig. 19.

According to the rock parameters, mining-induced stress
and in-situ stress data, the plastic zone distribution of 1305
bottom drainage roadway calculated by the proposed method
is shown in Fig. 20. It can be observed that deformation or
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Table 3 Mechanical parameters and stress concentration coefficient of roadway

Roadway Lithology Cohesion ¢ (MPa) Internal friction angle Elastic modulus Poisson's ratio ¢ Concentration
o (°) E(GPa) coefficient K
1305 bottom drainage Mudstone 2.58 30 4.36 0.22 2.1

roadway

Table 4 In situ stress measurement results of 1305 bottom drainage roadway

Location Principal stress classification Principal stress value  Azimuth (°) Dip angle (°)
(MPa)
1305 bottom drainage roadway Maximum principal stress o, 21.2 248.1 24.1
Intermediate principal stress o, 15.2 43.8 63.7
Minimum principal stress o3 11.7 153.8 9.6
Fig. 19 In-situ stress of Hudi N
mine: a in-situ stress direction G3 03 G1=21.2MPa
of the mining area; b in-situ
stress state of 1305 bottom @6
drainage roadway 9o
o1
W E drainage
o
roadway
»

(a)

damage areas are most likely to occur in (a), (b), (c), and (d)
areas of the roadway, and they show obvious asymmetry.
The failure pictures of the field survey of the roadway are
shown in Fig. 21. In (a), (b), (c), and (d) areas, the roadway
shows obvious unsymmetrical deformation damage. The
plastic zone calculated theoretically is in good agreement
with the roadway deformation measured in the field, indicat-
ing that the plastic zone calculation method proposed in this
study is consistent with the engineering reality and can be
applied in the field.

Additionally, the distribution range of the loose circle of
the roadway was tested by the acoustic method. Two sections
were selected at 295 m and 310 m of the bottom drainage
roadway for testing. Two holes were drilled in each roadway
section, with hole diameter is 42 mm and hole depth is 4 m.
The holes were symmetrically arranged along the central

(b)

axis of the roadway. The layout of the roadway and loose
circle test points are shown in Fig. 22. The section drilling
arrangement scheme is shown in Fig. 23.

The measured depth of the loose circle for each hole was
counted and the results were compared with the theoretical
calculation, as shown in Table 5.

As observed from Table 5, the loose circle field test
results of the 1305 bottom drainage roadway were between
1.0 and 1.3 m, and the plastic zone results of the theoreti-
cal calculation were between 1.62 and 1.86 m. The ratio
interval between them is between 0.6 and 0.7, which is
consistent with the distribution law of loose circle and
plastic zone range. The comparison data show that the
calculation method of the plastic zone under stress deflec-
tion in this study is reasonable and correct.
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Fig. 20 Distribution of plastic zone and dangerous failure zone of the
1305 bottom drainage roadway

6 Conclusions

Figure 24 is the Research flowchart, which clearly and
directly illustrates the process of this research. In this
study, the variation law of the plastic zone of roadway
surrounding rock under the condition of non-orthogonal
in-situ stress and mining-induced stress was studied. Com-
bined with the results of theoretical analysis, numerical
simulation, and field verification, we arrived at the fol-
lowing conclusions:

Fig.21 Unsymmetrical defor-
mation and failure of 1305
bottom drainage roadway

(D

2)

3)

The stress model of the roadway surrounding rock
under the non-orthogonal state of in-situ stress and
mining-induced stress was established. The boundary
equation of the plastic zone was solved. The distribu-
tion law of the roadway plastic zone was studied under
different buried depth, different in-situ stress direction,
and different mining-induced stress. In terms of mor-
phology, the plastic zone presents the evolution phe-
nomenon from “petal shape”—ellipse shape”—circle
shape”—*ellipse shape”—petal shape” under different
stress conditions and in-situ stress deflection angles. In
terms of scope, the plastic zone expands unevenly to
the deep part of the surrounding rock with the increase
in buried depth and mining-induced stress.

The unsymmetrical failure mechanism of roadway
under non-orthogonal stress state was revealed. We
found that the equivalent lateral pressure coefficient
defined in this study determines the shape of the plastic
zone. The in-situ stress deflection angle and mining-
induced stress change the value of the equivalent lateral
pressure coefficient, thus causing the morphology of
the plastic zone to evolve. The theoretical results are
studied by numerical simulation, and the evolution law
of the roadway plastic zone under the same parameters
was analysed. The results show that the development
law of the roadway plastic zone in numerical simulation
is the same as that in theoretical calculation. The com-
parison results verify the correctness of the theoretical
calculation and numerical simulation.

The general morphology of the roadway plastic zone
under different in-situ stress deflection angle, different
in-situ stress magnitudes, and different mining-induced
stress are given, which covers majority of the possi-
ble geological conditions. For any type of engineering
cases, the corresponding shape of the plastic zone can

Asymmetric failure (c) Right side wall caving

(b) Left side rock mass extrusion
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be found in this study. Therefore, the research results
of this study are extensive and universal.

Combined with field engineering examples, the calcu-
lation method in this study was verified from the per-
spectives of roadway failure area and loose circle depth.
The failure area of the roadway is consistent with the
shape of the plastic zone. The ratio of the loosening cir-
cle depth to plastic zone depth is within a fixed range.
This shows that the theoretical calculation method of
the roadway plastic zone in the non-orthogonal state of
in-situ stress and mining-induced stress is scientific and
feasible in the field.

“)

Fig. 23 Layout of loose circle test boreholes

Table 5 Comparison between field test results of loose circle in 1305
bottom pumping roadway and theoretical results of plastic zone

Measuring Number Loose circle Plastic Ratio of loose

point (m) results (m)  zone circle to plastic
results zone
295 1# 1.1 1.62 0.679
2# 1.2 1.85 0.648
310 1# 1.0 1.64 0.609
24 1.3 1.86 0.698

The failure of roadway is a very complex process. There
are multiple factors that can affect the final failure modes.
Factors such as rock heterogeneity and mining methods can
have a certain impact on the failure modes. In this study, a
certain assumption was adopted, namely that the rock mass
is homogeneous and does not have a layered structure. Based
on this assumption, this paper considers two main stress fac-
tors, in-situ stress and mining-induced stress, which lead to
the mechanism of roadway failure. In future research, further
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Fig. 24 Research flowchart

Non-orthogonal failure behavior of roadway surrounding rock subjected to deep complicated stress

|

Non orthogonal
Different failure modes of | Mechanism | environment of mining- |Establishing [ Stress analysis model of
roadway analysis | induced stress and in-situ model the roadway

stress |

'

, y

Influence of in-situ stress on
plastic zone

Influence of the angles between in-situ stress

Influence of different mining-
induced stress on plastic zone

and mining-induced stress on plastic zone

v
| Evolution mechanism analysis |

Different buried depths

}—>| Numerical model validation }1—{ Different lateral pressure coefficients I

Characteristics and evolution law of
plastic zone under different factors

Discussion

Case study of Hudi coalmine I

consideration will be given to the heterogeneity of the rock
mass, changes in mining methods, and three-dimensional
stress conditions.
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