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Abstract

Aiming at the asymmetric deformation of the surrounding rock in the deep roadway, five typical influencing factors of asym-
metric deformation have selected: dip angle, buried depth, lithology, lateral pressure coefficient (\), and height-width ratio (R,,).
Taking the surface displacement of the surrounding rock as the measurement index, a method of monitoring and recording the
deformation of the full-section node of the roadway has proposed to investigate the surface deformation law of the full-section
surrounding rock of the roadway. Based on 25 sets of orthogonal tests, the asymmetric distribution characteristics of surrounding
rock deformation under single factor and multiple factors were studied, respectively. The full cross-sectional distribution char-
acteristics of surrounding rock deformation and the main influencing factors of the asymmetric distribution of deformation have
got. The most remarkable asymmetric deformation occurs when the dip angle is 45°. X and R, significantly influence the
asymmetry of the deformation. The coupling relationship between influencing factors has discussed. Based on the level of
influencing factors, we briefly gave the prediction of asymmetric deformation of the surrounding rock of the roadway. Closed
support measures can significantly reduce the asymmetry of the surrounding rock surface deformation. Combined with the design
and optimization of the roadway support scheme, the asymmetric deformation of the surrounding rock has been controlled. This
research can provide references for the understanding of the failure characteristics of the surrounding rock in deep inclined
formations and the design of deformation control and support schemes.

Keywords Asymmetric deformation - Influencing factor - Deformation stationary point - Deformation prediction

Introduction

Since the 13th Five-Year Plan, the need for deep resource de-
velopment is increasingly urgent (Xie et al. 2019). Coal will
still occupy the dominant position in China’s long-term energy
mix (Sun et al. 2019). With the extensive development and
utilization of shallow coal resources, deep mining has become
an inevitable trend, while the surrounding rock of deep road-
way is facing with the large deformation, floor heave, and roof
collapse problems (He et al. 2018). Especially, when the road-
way is constructed in inclined strata, the surrounding rock
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deformation is accompanied by remarkable asymmetric defor-
mation phenomenon (He 2011). As known, the burial depth has
a remarkable effect on the deformation of surrounding rock
(Sun et al. 2019). The dip angle of the strata is a prerequisite
for the asymmetry of the surrounding rock deformation in the
deep roadway (Sun et al. 2017). As for the deep inclined rock
formations, when the roadway is constructed in the hard rock
stratum, the lithology of the overburden and underlying has a
significant influence on the asymmetry of the surrounding rock
deformation, while in the weak rock stratum, the influence is
negligible (Chen 2017). However, when the roadway is con-
structed in the weak rock stratum, the relative deformation of
the surrounding rock is significantly larger than that in the
shallow mining roadway (Xie et al. 2019). Besides, the asym-
metry of surrounding rock deformation is affected by the tunnel
shape (Das et al. 2017b; Ding et al. 2019).

For the guarantee of safety production and the increase of
economic efficiency, many pieces of research on failure mech-
anism and deformation control measures for deep roadway have
been conducted. The main methods for studying the failure

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-021-06837-6&domain=pdf
mailto:Zongqing.Zhou@sdu.edu.cn

556 Page 2 of20

Arab J Geosci (2021) 14: 556

mechanism in deep roadway include theoretical calculation,
model testing (Li et al. 2015), field testing (Jiao et al. 2013;
Majcherczyk et al. 2014; Mark et al. 2007), and numerical sim-
ulation (Chen et al. 2018a; Das et al. 2017a; Mu et al. 2019). On
the mechanism of large deformation failure, researchers have
studied the instability and failure patterns, dynamic failure pro-
cess under kinds of complex engineering-geological conditions
(Huang et al. 2013). On the control of surrounding rock defor-
mation, the supporting principle under high-stress condition
(Chen et al. 2018b; Shen 2014), combination supporting tech-
nology or comprehensive supporting method using bolts, cables,
meshes, linings, anchors, shotcrete, and steel arches (Yang et al.
2016), and many reinforcement technologies (Wang et al. 2018)
have been studied and applied to control the deformation of the
roadway surrounding rock. These studies have controlled the
deformation to a great extent in their specified engineering geo-
logical environment. However, many studies focused on the
shallow tunnels or deep tunnels in the horizontally layered for-
mation, and the large-deformation tunnels control technologies
in soft rock (Huang et al. 2018). In particular, when the roadway
is constructed in the deep inclined coal measure strata, it will
accompany the remarkable asymmetric deformation phenome-
non (He et al. 2015; Sun et al. 2017). The asymmetric deforma-
tion characteristics and failure mechanism of surrounding rock
under the combined action of multiple factors have not particu-
larly conducted. The enhanced support measure in the deep
roadway needs further research. Besides, the various stress con-
ditions, geological and geotechnical conditions of the deep min-
ing environments, lead the instability and failure mechanism and
supporting measures for deep roadway further complexity. The
deformation characteristics and optimal supporting measures of
the deep roadway in inclined coal measure strata still need to be
further studied.

It is necessary to grasp the asymmetric deformation char-
acteristics of the surrounding rock under single factor and
multi-factor coupling and then carry out the design or optimi-
zation of the supporting scheme of the surrounding rock under
the action of specific influencing factors. In what follows, this
paper selected five typical influence factors, dip angle, lateral
pressure coefficient, buried depth, lithology, and height-width
ratio, to investigate the asymmetry of the surrounding rock
deformation. A full-section node displacement monitoring
and recording method of the surrounding rock surface has
been proposed. Then, the asymmetric deformation character-
istics of the surrounding rock under single influencing factor
and multi-factor coupling were analyzed, respectively.
Discussions have given to provide insights into the interactive
relationship of the influencing factors of asymmetric deforma-
tion. Finally, the asymmetric deformation characteristics and
support scheme design of an on-site roadway were given. We
hope that this can provide a reference for the mechanism per-
ceiving and supporting scheme choice of the deep roadway in
the inclined strata.
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Monitoring method and numerical simulation
scheme

The New Austrian tunneling method shows that the surround-
ing rock itself has a certain self-supporting and maintaining
ability after the roadway excavation (Hayati et al. 2014; Ng
et al. 2004). After the excavation disturbance, the surrounding
rock deformation gradually increases in the disturbed area of
the excavated roadway (Yasitli and Erhan 2013). To ensure the
stability of the surrounding rock, it is necessary to master the
deformation information of the surrounding rock in real time.
The displacement monitoring methods, such as the electronic
total station (Dong et al. 2014; Dzierzega and Scherrer 2003),
sensors, and 3D laser scanning technology, were deployed to
monitor the displacement changes of the surrounding rock in
model testing (Li et al. 2021) and structural health monitoring
(Macpherson et al. 2006; Yang and Oyadiji 2016). However,
the deformation monitoring was always limited by the engi-
neering factors and restrained by the number of monitoring
points, the data acquisition frequency, and the layout and
amount of placed sensors. Besides, the monitoring elements
often companied higher requirements for long-term survival.
The monitoring data had not yet all-side reflect the deformation
of the surrounding rock in real time in the present.

The traditional displacement monitoring method in simu-
lation selects a few typical locations for monitoring. This
method is more effective in horizontal rock formations.
However, in inclined rock formations, the surrounding rock
shows obvious asymmetrical deformation, and the key defor-
mation positions have deviated from the traditional typical
monitoring positions, such as archtop, arch shoulder, arch
foot, and arch bottom. Based on this, we want to design a
nodes’ displacement monitoring method suitable for the full-
section surrounding rock.

Monitoring method

As an effective numerical simulation research tool, FLAC 3D
is widely used in geotechnical engineering (Zhang 2014). We
selected the typical section from the 3D geological model built
with FLAC 3D and then set the monitoring points of the sur-
face deformation of the surrounding rock. We monitored the
displacement of each monitoring point. The monitoring node
arrangement of the typical section is shown in Fig. 1. Besides,
the roadway is modelled and assembled in the order shown in
the quadrants of Fig. 1.

When dividing the node numbers on the surface profile of
the roadway into regions, we found that the node numbers can
be divided into eight parts. The eight parts uncorrelated with
the quadrants grid density, and the node numbers of each part
were all arranged in the arithmetic sequence. Taking point A
as the starting point, along the counterclockwise direction, the
node numbers in the region AOB and region BOC increased
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Fig. 1 Monitoring node arrangement of the typical section

by 80 and the region COD and region FOG with the increment
176. The region DOE and region GOH are the node number
decreasing area, and the decrement is 2, while the incre-
ments of node numbers in the region EOF and region
HOA are 2 and 1, respectively. It is noteworthy that the
nodes in the region EOF and region HOA are always two
nodes. However, the amount of element node and the in-
crement of node number are related to the grid density in the
remaining six regions. We have compiled this method into a
self-defined program with FISH language in FLAC 3D
(Itasca Consulting Group 2012), and the workflow is
shown in Fig. 2. Subject to the limitation of the calculation
conditions, we had not taken the finer division of the road-
way surrounding rock model in this paper. We divided the
element nodes according to the distribution rule of the node
number shown in Fig. 1. Then we researched the failure
characteristics of the asymmetric deformation of the sur-
rounding rock surface in the inclined formations with this
node displacement monitoring and recording method.

When arranging the section monitoring points, the low-
er part arch camber point is set to be the starting number
point (monitoring point NO. 1) of the surrounding rock
monitoring points and numbered each monitoring point
counterclockwise. There are 40 monitoring points on the
monitoring section. The two sides of the roadway are often
divided into the upper part and lower part according to the
dip direction in the inclined strata. Based on the element
node distribution in Fig. 2, we regard monitoring point
NO. 11 as the roadway arch crown, monitoring point
NO. 21 as the upper part arch camber point, monitoring
point NO. 26 as the upper part foot, and monitoring point
NO. 36 as the lower part foot (Fig. 2).
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Numerical simulation scheme setting

Five major contributory factors influencing the asymmetric de-
formation of roadway surrounding rock are selected. They are
dip angle, buried depth, lithology (Lei et al. 2014; Lin et al.
2015), height-width ratio of the roadway (abbreviated as R,
below), and the stratum lateral pressure coefficient (the ratio of
horizontal principal stress and vertical principal stress, abbrevi-
ated as A below). In the exploitation of large-scale mineral
resources, the common dip angle of the stratum is from 0 to
60°, and the ) is often related to stratigraphic buried depth (Cao
et al. 2017). In a complex geological environment, tectonic
stress will bring about abnormal regional formation pressure.
Studies have shown that structural uplift has little effect on
regional abnormal high pressure, which is often accompanied
by static pressure or tends to low pressure (Xia et al. 2001). The
strong horizontal tectonic compression results in the lateral
pressure of the rock formation to be significantly greater than
the vertical stress (Zeng et al. 2004), which will make a signif-
icant influence on the deformation of the surrounding rock. In
situ stress testing, the A is often adopted to characterize the
effect of tectonic stress. In this article, we only consider tectonic
compression for the time being and regard the tectonic stress
and the A as the same factors that affect the asymmetric defor-
mation of the surrounding rock. Comprehensive consideration
of coal mining technology level and the actuality, the mining
depth is reaching 1500m, and the A commonly changes from
0.5 to 2.0. The deformation of roadway in layered strata is
affected by the lithology of overlying and underlying strata.
Related research shows that when the roadway is located in
the weak rock strata, the change of lithology between the upper
and lower rock strata has little impact on the asymmetric
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Fig. 2 Node number sketch and monitoring and recording work flow
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Table 1 Rock physical parameters

Lithology Density Elasticity Poisson’s Tensile strength/(MPa) Cohesion/  Internal friction Protodyakonov
pl(kg/ modulus/ ratio/v (MPa) angle/(°) scale of hardness
m’) (GPa)

Mudstone 2533 10.45 0.30 1.58 0.9 30 1~3

Sandy mudstone 2533 16.9 0.23 2.68 1.88 35 3~4

Siltstone 2620 18.01 0.21 430 3.1 45 4~7

deformation of surrounding rock (Chen 2017; Chen et al.
2020). So, three common rock strata lithology in mining were
selected. The physical parameters of the three lithologies are
shown in Table 1. To quantify the softness and hardness of the
rock formation, we refer to the Protodyakonov scale of hard-
ness (f value) of the selected three rock strata (Table 1). We
regard the soft-hard relationship of the rock formation as the
lithology level. According to the common roof and floor litho-
logical soft-hard relationship of coal-measure strata, the lithol-
ogy levels of the layer where the roadway built-in (Layer B),
overlying strata (Layer A) and underlying strata (Layer C) were
divided into 5 levels, as shown in Table 2.

The variety of roadway usages and mining conditions leads to
the variable shape of the roadway section. This paper only studies
the straight wall semi-circular arch roadway. We set the different
R, of the roadway under the same width, which is 5 m, and
height varies between 3.5 and 5.5 m. We selected five factors
affecting the asymmetric deformation of the surrounding rock
and set five levels for each factor. The summarized parameters
setting of each factor are shown in Table 3. Aimed at the above
factors and their levels, we refer to the orthogonal table and select
five levels and six factors orthogonal table, namely, £25 (5°), a
total of 25 experiment groups (G1~G25). So, the orthogonal
table will have a spare column, that is, the last column in
Table 4 named null. This does not affect the orthogonal experi-
mental design in the table. Replacing the level values of the
corresponding position in the orthogonal table with the actual
value of each factor, then got the orthogonal experimental
groups’ parameters, as shown in Table 4.

Table 2 Lithology and levels setting

The roadway width is 5.0 m; taking the model size
effect and boundary effect into consideration, we set the
size of the model length and height to be 60 m and the
width to be 30 m. Therefore, the model sizes of 0°
angel, 15° angle, and 30° angle would have been 60
m long, 30 m width, and 60 m height. For the steeply
inclined rock formation, the 45° angle model was 81.22
m height, and the 60° model was 133.92 m height. The
numerical models of roadway in each experimental
group were established respectively by FLAC 3D, as
shown in Fig. 3a~e. The bottom of the model has set
to vertical displacement constraint. The around of the
model has applied to stress boundary conditions, and
the top of the model has set to free boundary, as shown
in Fig. 4. After initializing ground stress, the models
have solved to the equilibrium state according to the
Mohr-Coulomb constitutive model for jointed rock mass
damage (Lan et al. 2008). In each model, the deforma-
tion and failure over time of surrounding rock of the
roadway surface after excavation is recorded according
to the monitoring point layout scheme in Fig. 2. As the
above 25 models with the same length in Y-axis direc-
tion, which is 30m, we set the monitoring section at the
middle section Y=15m. The evolving relation of dis-
placement over the solve step of each monitoring point
on the roadway surface is extracted from the monitoring
data. In the simulation, we found that the maximum
displacement (abbreviated as 7,,) of some nodes on
the roadway section is not the same as the final

NO. Layer A Layer B Layer C Layers A-B-C soft-hard relationship Lithology levels
1 Sandy mudstone Mudstone Siltstone Slight hard-soft-hard I

2 Siltstone Mudstone Sandy mudstone Hard-soft-slight hard

3 Mudstone Sandy mudstone Siltstone Soft-slight hard-hard 1T

4 Siltstone Sandy mudstone Mudstone Hard-slight hard-soft I

5 Mudstone Siltstone Sandy mudstone Soft-hard-slight hard v

6 Sandy mudstone Siltstone Mudstone Slight hard-hard-soft A%
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Table3 Summary of factor levels

Burial depth (H)/m Lithology Height-width ratio (R,)

Dip angle (8)/° Lateral pressure
coefficient (\)

0° 0.5

15° 0.67

30° 1

45° 1.5

60° 2.0

100 1 0.7
450 I 0.8
800 I 0.9
1150 v 1.0
1500 \% 1.1

displacement (abbreviated as 7,). The deformation of
some monitoring points will fall to a certain extent dur-
ing the solution process. In some model tests and sim-
ulations, this kind of surrounding rock deformation falls
back phenomenon will be observed frequently (Li et al.
2015; Li et al. 2018; Peng et al. 2018), which is mainly
caused by the mutual influence of the deformation and
migration of the monitoring points on the surface of the

roadway. So, we plotted the 7,, and 7, curves of the
monitoring points on the same coordinate axes.
Result and analysis

Using the nodes’ displacement monitoring and recording
method designed in Fig. 2, the displacement of the monitoring

Table 4 Test parameters design

Test Influence factors
groups
Dip angle Lateral pressure Burial depth Lithology Height-width Null
B)r° coefficient (\) (H)/m ratio (Ry,)

Gl 0° 0.5 100 I 0.7 0
G2 0° 0.67 800 v 1.1 1
G3 0° 1 1500 I 1 2
G4 0° 1.5 450 \% 0.9 3
G5 0° 2 1150 I 0.8 4
G6 15° 0.5 1500 v 0.9 4
G7 15° 0.67 450 II 0.8 0
G8 15° 1 1150 A% 0.7 1
G9 15° 1.5 100 11 1.1 2
G10 15° 2 800 1 1 3
Gl1 30° 0.5 1150 I 1.1 3
G12 30° 0.67 100 \Y% 1 4
G13 30° 1 800 11 0.9 0
G14 30° 1.5 1500 1 0.8 1
G15 30° 2 450 v 0.7 2
Gl6 45° 0.5 800 \Y% 0.8 2
G17 45° 0.67 1500 I 0.7 3
G18 45° 1 450 I 1.1 4
G19 45° 1.5 1150 v 1 0
G20 45° 2 100 I 0.9 1
G21 60° 0.5 450 I 1 1
G22 60° 0.67 1150 I 0.9 2
G23 60° 1 100 v 0.8 3
G24 60° 1.5 800 I 0.7 4
G25 60° 2 1500 v 1.1 0
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Fig. 4 The boundary condition diagram of each test model. (a) Layers distribution, (b) boundary conditions, and (c) enlarged partial view

points in each experiment group was obtained, as shown in
Figs. 5, 6, 7, 8, and 9a~e, respectively. The displacement of
the nodes is absolute displacement.

Reference group

As shown in Fig. 5, in the horizontal rock layer, the maxi-
mum displacement is mostly located in the arch crown or
the midpoint of roadway floor. In the arch part of the road-
way, the value T, of each monitoring point is mostly equal
to the value 7. The minimum displacement is mostly at the
monitoring points NO. 1 and point NO. 21, and the arch
camber points of the roadway have the same deformation
magnitude. Moreover, with the increase of A, the displace-
ment difference between the arch crown and the arch cam-
ber points of the surrounding rock surface will gradually
decrease.

On the straight wall and the floor of the roadway, the
value T, is slightly greater than the value 7,,. The displace-
ment accumulated to the maximum displacement and then
fell back to some extent until deformation stability in some
monitoring points. The magnitude of the fall back is related
to the deformation of surrounding rock. The minimum dis-
placement is mostly at the monitoring points NO. 26 and
NO. 36. The positions of two feet of the roadway hold the
same displacement. Therefore, the deformation of the sur-
rounding rock is distributed symmetrically.

Asymmetric deformation under dip angle 15°

Under the 15° formation dip angle, the distribution locations
of the maximum and the minimum displacement of the mon-
itoring points have all migrated, shown in Fig. 6. The defor-
mation of the arch part of the roadway is no longer

symmetrically distributed. The displacement magnitude on
the arch crown right side (monitoring points NO. 8~NO. 10)
are less than that on the left side (monitoring points NO.
12~NO. 14). The deformation of the arch crown is deflected
downward to the lower part wall of the roadway. In the non-
arch part of the roadway, the maximum value of 7,, is still
mostly distributed at the midpoint of the roadway floor.
However, compared with the horizontal stratum, the value
T,,, on the left side of the floor is slightly larger than that of
the corresponding monitoring point on the right side.

On the floor and two side straight walls of the roadway, the
T, curve and the T, curve of the monitoring points do not
completely coincide, shown in Fig. 6. The displacement still
appears the phenomenon of deformation fall back. The defor-
mation process is like that of the horizontal strata. The mini-
mum displacement of the monitoring points is mostly at the
monitoring point NO. 26 or NO. 36, the position of the road-
way feet, and moving toward the straight walls of the road-
way. Meanwhile, the displacement of the two feet becomes
not equal, and the size relationship varies with the setting of
the model influencing factors.

Asymmetric deformation under dip angle 30°

Under the 30° formation dip angle, the 7, and T,, curves
fluctuate with the change of the monitoring points, shown in
Fig. 7. The value T,, of the arch crown monitoring point is no
longer the maximal value. The deformation changing propor-
tion of the monitoring points close to the arch crown has
gradually decreased.

On the floor of the roadway, the maximum displacement is
still mainly distributed at the midpoint of the floor (monitoring
point NO. 31). The displacement on the left half section near
the floor midpoint is greater than that on the right half section.

@ Springer



556 Page 8of 20 Arab J Geosci (2021) 14: 556

0.0070 0.05
0.0056 - % | 0.04L
g E
= 0.0042f 4 = 003
g 15}
£ =]
15} Q
5 s
2. 0.0028 - 4 = 002p
a a ‘ ‘ ‘
0.0014 | . 001 F S O S — -
——T, —o—T, 3 s
—a—T, —A—T, ‘ |
0.0000 1 1 1 1 1 1 1 1 1 1 I 1 1 1 0.00 1 1 1 1 1 1 1 1 1 1 I 1 1 1
1 4 7 10 13 16 19 22 25 28 31 34 37 40 1 4 7 10 13 16 19 22 25 28 31 34 37 40
Monitoring point number Monitoring point number
(b)
0030 T T T T T T T T T T T T T T
- 0.024 4
g B
g 1 § 0.018 B
= £
5] Q
& g
= 4 = 0012 B
a a
o2b A A N— {1 ook T A -
—— Tu ; : +Tu : :
+Tm H i —A— Tm H H i
0.0 L 1 1 T 1 i 1 1 i 1 1 1 0.000 W 1 1 T 1 I 1 1 i 1 1 1
1 4 7 10 13 16 19 22 25 28 31 34 37 40 1 4 7 10 13 16 19 22 25 28 31 34 37 40
Monitoring point number Monitoring point number
(c) (d)

1.5 T T L T L T T T T T T

E
= .
Q
=)
Q
g
.‘—%‘ .
.5
——T,
AT, f |
0.0 L 1 1 T 1 L 1 1 i 1 1 1

1 4 7 10 13 16 19 22 25 28 31 34 37 40
Monitoring point number

(e)

Fig. 5 Displacement curves under the horizontal strata. (a) G1, (b) G2, (¢) G3, (d) G4, and (e) G5

The floor appears distinctly unequal deformation between the ~ When ) is less than 1, the displacement of the upper part foot
left and right half sections, that is, the asymmetric floor heave,  is slightly larger than that of the lower part foot. With increas-
and the maximum deformation is on the left of the floor mid-  ing of A, the displacement of the upper part foot is increasingly
point. At the two feet (monitoring points NO. 26 and NO. 36),  reduced till smaller than that of the lower part foot, and the
the deformations were also shown asymmetric deformation.  deformation of the two feet is simultaneously affected by Ry,
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Fig. 6 Displacement curves under the strata with 15° dip angle. (a) G6, (b) G7, (¢) G8, (d) G9, and (e) G10

Asymmetric deformation under dip angle 45°

Under the 45° formation dip angle, the 7,, value and the 7,
value of the arch crown are mostly smaller than that of the
monitoring points on both sides of the arch crown, shown in
Fig. 8. Notably, the deformations of the arch crown are all
smaller than the deformations of the roadway floor midpoint,

and the difference between the two is basically keeping
constant.

On the arch part of the roadway, with the increase of A, the
displacement difference between the lower arch shoulder and
upper arch shoulder of the roadway decreased at first and then
increased. When A is less than 1, the minimum displacement
is mainly located in the lower part arch camber point
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Fig. 7 Displacement curves under the strata with 30° dip angle. (a) G11, (b) G12, (¢) G13, (d) G14, and (e) G15

(monitoring point NO. 1). When A is greater than 1, the de-
formation of the lower arch shoulder has increasingly become
larger than that of the upper arch shoulder of the roadway. In
addition, with the increase of )\, the deformation difference
between the arch crown and the two sides arch camber point
will also decrease at first and then increase. The larger or
smaller the )\, the deformation difference between the arch

@ Springer

crown and the arch camber points will be bigger. The defor-
mation of the two sides arch camber point gradually increases.

On the floor of the roadway, the maximum of the values
T, is mainly distributed at the monitoring point NO. 30 or
NO. 31. The roadway floor has a more noteworthy asym-
metric floor heave deformation than that in the 15° and the
30° dipping formation. Similar to the case of 30° dipping
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Fig. 8 Displacement curves under the 45° strata dip angle. (a) G16, (b) G17, (¢) G18, (d) G19, and (e) G20

formation, the deformation on the left and right half section
of the floor is significantly affected by the change of A. The
deformation of the two feet still emerges the asymmetric
deformation phenomenon. When A is less than 1, the defor-
mation of the upper part foot (monitoring points NO. 26) is
greater than the lower part foot (monitoring points NO. 36).
With the increase of )\, the deformation difference of the

two feet is gradually reduced until the difference is nega-
tive. That is the lower part foot greater than the upper part
foot, in which A is greater than 1. The T, and T, curves are
still not coincidental in the monitoring points on the two
straight walls and the floor of the roadway, accompanied by
a small displacement fall back.
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Fig. 9 Displacement curves under the strata with 60° dip angle. (a) G21, (b) G22, (¢) G23, (d) G24, and (e) G25

Asymmetric deformation under dip angle 60°

Under the 60° formation dip angle, as shown in Fig. 9,
the displacement fluctuation is much more complicated
than that shown in Figs. 5, 6, 7, and 8. Under the higher
Ry, (0.9 ~1.1), on the straight wall, the values 7,, and T,
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of the monitoring points NO. 22 or NO. 23 became the
extreme point of the neighboring monitoring points.
Despite the different test conditions, the difference propor-
tion of the maximum displacement between the arch part
and the floor of the roadway is still small.
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On the arch part of the roadway, the value 7, of the lower
part arch camber point (monitoring point NO. 1) is smaller
than that of the upper part arch camber point (monitoring point
NO. 21). With the increase of A, the difference of displace-
ment deformation between the two arch camber points grad-
ually decreases. The size relationship of the 7,, value on both
sides of the arch crown is also affected by \. When ) is less
than 1, the deformation of the lower arch shoulder is smaller
than that of the upper arch shoulder. With the increase of A,
the deformation of the lower arch shoulder is increasingly
close to till being larger than of the upper arch shoulder.

The displacement of few monitoring points on the roadway
floor presents the phenomenon of displacement fall back
shown in Fig. 9a~e. The minimum displacement is distributed
at the upper part foot or lower part foot of the roadway. When
A is less than 1, the minimum displacement of the monitoring
point is located in the lower part foot, while when A is greater
than 1, the minimum displacement is located in the upper part
foot. But, it is broadly apparent that the location of the mini-
mum displacement is combining affected by A and Rg,.
Comparing to A, the R, has the opposite effect on the size
relationship of the deformation between the two feet.

Discussions

In the deep inclined formation, the deformation of the sur-
rounding rock of the roadway presents an asymmetry in spa-
tial distribution. The A and R, are the main factors affecting
the asymmetric characteristics of surface deformation of the
surrounding rock. For the straight wall semi-circular arch
roadway, A and R, affect the distribution position of the
maximum and the minimum deformation of the monitoring
points. They also determine the size relationship of displace-
ment of the two feet.

The asymmetry characteristic will be attenuated when the
formation dip angle exceeds 45°. Bounded by 45° inclined
strata, under a smaller formation dip angle and a lower Ry,
when the A is less than 1, the maximum deformations are the
same as that of the horizontal strata. They are still at the posi-
tion of the roadway arch crown. Meanwhile, the deformation
of the upper part foot is greater than the lower part foot. As the
A increases, the position of the maximum deformation trans-
fers to the midpoint of the floor. The displacement of the upper
part foot is smaller than that of the lower part foot. With R,
increasing, when ) is less than 1, the position of the maximum
deformation (compared to R, is smaller) is gradually turned
from the arch crown to the vicinity of the upper part arch
camber point (monitoring point NO. 21), while under the
higher R, with the increase of ), the position of the defor-
mation maximum will gradually transfer back to the arch
crown of the roadway. Above works can be used to forecast
the surrounding rock deformation of the roadway in deep

inclined strata. As we only set one level (60°) of the dip angle
exceeds 45°, the combined effect of the A the R, and the
formation dip angle exceeding 45° on the asymmetric charac-
teristics should be further investigated in the future. The fol-
lowing case study can be regarded as an attempt to predict and
control the deformation of surrounding rock in steeply in-
clined strata.

Case study
Engineering background

A coal mine is in the south wing of the Xieqiao syncline in
Huainan, North China. The mining area has a monocline
structure, south dip, with a formation dip angle of 55 to 70°,
an average of 60°, and a trend of 255 to 290°. The coal seam
mining layer is 11-2 coal, the average thickness is 3.3m, and
the 11-3 coal seam is 0.2m thick; the 11-1 coal seam is 0.3m
thick. The 11-2 coal direct roof is carbonaceous mudstone
with a thickness of 4.3m. The interlayer of 11-1 coal and 11-
2 coal is grey-black mudstone with a thickness of 1.9m.
During the roadway excavation process, many local pinch-
out phenomena and many plant fossil fragments are found in
the direct roof and the direct floor. The lithology is relatively
close. Therefore, when selecting the stratum above and below
the roadway in the numerical modelling process, 11-3 coal,
11-2 coal, 11-1 coal, and the direct roof and direct floor of the
11-2 coal are interbedded layers of coal mudstone with a total
thickness of 10.0m. The comprehensive geological columnar
section is shown in Fig. 10. The physical parameters of the
rock layers are shown in Table 5.

Modelling

The model diagram of the coal exploration roadway is
established, shown in Fig. 11. The model is set to a long
rectangle with the model size of 52.8mx30mx111.46m
(length x width x height). The model has 78,320 nodes and
73,350 elements. The section size of the roadway is
4.4mx3.5m (width x height), in which the R, is about
0.796. The designed buried depth is about —800m, so set the
load on the model top to be —17.85MPa. According to the
existing geological survey data of the mine, the ) of the strata
was 1.5.

The roadway adopts the support scheme with 36U steel
centering. The rock bolt is ®20x2000mm, and row and line
space is 800x800mm. The anchor cable is ®17.8x6300mm,
and row and line space is 1600x1600mm. The thickness of the
shotcrete is 100mm, and space of the U-shaped steel shed is
1200mm. Modelling of the existing support scheme is shown
in Fig. 12. The shotcrete and the steel centering cushion are
simulated with the shell structural units and approximately
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Fig. 10 Comprehensive . Thick
geological columnar section No. Column| |  Lithology l; ness Geological description
m
1 ° Siltstone 1 17.63 | Light gray, gray, dense and hard, fractures slight development
L o Brown, thick layered sandy mudstone, dense, brittle,
Fe — Mudstone 19.60 | containing plant fossil fragments
) - SiltStl(_’t“e Light gray, grayish white, thick layered quartz sandstone,
. quartz 8.50 s ial li silts
- sandstone dense and hard, partial light gray siltstone
3¢ ¢/ Coal mudstone Coal 11-2,11-3,11-1, gangue mainly sandy mudstone, large
i interbed 10.0 amounts of plant fossil fragments, partial pinching out
4 ] s Sand mud Gray ,gray-black, thick layered sandy mudstone, mudstone
; interbed 2340 interbed, dense, rich in plant fossil fragments
5 E : Sandy Gray, rust-yellow quartz sandstone, medium-grain structure,
mudstone 6.70  crack development, quartz mineral, containing black mineral
Quartz Gray-white, medium and coarse grain structure, fissure
6 -7/  sandstone 8.80 | development, mainly quartz mineral composition
7\
Siltstone 2 ¢ o3 Light gray, dense and hard, fractures moderate development

calculated according to the C20 concrete strength parameters.
The material parameters of structural units are shown in
Table 6.

Deformation of the roadway

The roadway carries the conditions 60° formation dip angle,
the R;,~0.796, and the A=1.5. Combined with the previous
content, it belongs to higher A, medium R, and steeply in-
clined roadway. We can forecast the deformation of the road-
way: the maximum of the surrounding rock should still be
nearby the arch crown close to lower part wall or the midpoint
of'the floor close to upper part wall. The two feet hold unequal
deformation magnitude, of which the upper part foot should
be smaller than that of the lower part foot. For comparison and
further investigating the influence of the support measures
application on the stability of the roadway, we add the defor-
mation of the unsupported roadway, which was set to be the

numerical simulation reference group; the displacement con-
tours are shown in Fig. 13a.

The unsupported surrounding rock presented noticeable
asymmetric deformation, shown in Fig. 13a. The displace-
ment of the upper part arch camber point is larger than the
lower part arch camber point. The displacement of each mon-
itoring point on the upper part straight wall is greater than that
of the corresponding monitoring point on the lower part
straight wall, except for the upper part foot. The variation
law of the surrounding rock surface deformation is basically
consistent with the forecasting trend. As shown in Fig. 13D,
under the existing support scheme, the surrounding rock de-
formation near the arch part of the roadway is controlled, and
the displacement is comparatively small. From the arch shoul-
ders to the arch camber points, the displacement gradually
increases. Notably, the deformation on the arch part is sym-
metrically distributed now, and the deformation of each mon-
itoring point is smaller than that of the straight walls and the
floor of the roadway.

Table 5 Rock layer physical parameters of the coal exploration roadway
NO. Layer lithology Layer depth  Density Elastic modulus ~ Poisson’s ratio/v  Tensile strength  Cohesion  Friction
H/(m) p/ (kg/m3 ) E/(GPa) o/(MPa) c/(MPa) ©/(°)
1 Siltstone 17.63 2600 10.0 0.25 3.80 342 37.0
2 Siltstone and quartz sandstone  19.6 2710 11 0.28 3.75 2.82 31.2
3 Mudstone 8.5 2433 4 0.30 1.73 0.746 29.0
4 Coal mudstone interbed 10.0 1800 2.5 0.31 0.80 0.80 20.5
5 Sand mud interbed 23.4 2635 6 0.3 1.21 0.907 28.6
6 Sandy mudstone 6.7 2605 6 0.3 1.45 0.746 30.8
7 Quartz sandstone 8.8 2580 12 0.23 5.67 4.792 28.6
8 Siltstone 6.83 2620 10 0.25 3.8 2.52 38.5
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Fig. 11 Model diagram of the coal exploration roadway

As shown in Fig. 14, on the arch part of the roadway, when
the surrounding rock is unsupported, the maximum displace-
ment locates at the monitoring point NO. 10, while under the
existing support scheme, the deformation of the arch part of
the roadway is controlled, and the displacement is compara-
tively small. The deformation variation range of the supported
surrounding rock at the arched part is about 25% of the max-
imum deformation. From the part arch camber points to the
arch shoulders, the displacement of each monitoring point
gradually decreases. The deformation of the supported sur-
rounding rock in the arch part is symmetrically distributed
now. On the floor, the maximum displacement of both the
two cases locates at the monitoring point NO. 30. The defor-
mation variation range of the floor is relatively large, nearly
60% of the maximum deformation. The floor deformation
nearby the upper part is greater than that to the lower part.

Table 6  Structural element material parameter table

The deformation of the upper part foot is still slightly larger
than that of the lower part foot.

Although the arch settlement is better controlled, because
of the large lateral deformation, the steel arch is bent from the
two sides to the inside of the roadway. The arch is bent up-
ward at the arch crown to resist the settlement of the roadway,
even reverse deformation sometimes (Wang et al. 2015). It
can be concluded that the existing support scheme satisfies
the support requirements to a certain extent, and the deforma-
tions of the arch and the straight walls are controlled. The
support scheme has suppressed the asymmetry of the sur-
rounding rock deformation of the roadway surface.
According to the on-site production survey, the roadway ser-
viced less than 6 months and had to largely repair. The defor-
mation control of the surrounding rock on the floor should be
further added and reinforced.

Support elements Structure elements Elasticity modulus E/(GPa) Poisson ratio Density Yield strength Ultimate strength
v p/(kg/m®) 0/ (MPa) 0v/(MPa)

Rock bolts Cables 200 0.3 7850 500 700

Cables Cables 200 0.3 7850 1700 1800

Shotcrete Shell 25.5 0.2 2500 20 30

Steel arch lefting Liner 190 0.3 7850 400 640
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Fig. 12 Existing roadway support scheme and model diagram

Improved support scheme

In the deep roadway, the support scheme of closed steel
arch with inverted arch is often adopted to control the
floor heave in the coalmine roadway (Zhao et al. 2015).
When carrying out the inverted arch support, the in-
crease of the excavation section of the roadway is inev-
itable, and the depth selection of the inverted arch is the
key to control the deformation of the floor heave. To
achieve closed type support measures, we temporarily
set the horizontal steel arches on the roadway floor in-
stead of the inverted arch. Then, the supporting simula-
tion analysis is carried out as shown in Fig. 15. For the
structural unit parameters, shown in Table 6, the defor-
mation of each monitoring point on the roadway surface
is shown in Fig. 16

10

—NWAUNAI0O

(a)

Fig. 13 Displacement contours of surrounding rock. (a) Unsupported roadway and (b) supported roadway
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As the T,, and T, curves shown, on the arch part and the
two straight walls, the maximum deformation is located at the
monitoring point NO. 20, and the displacement amount is
about 0.0551m. Meanwhile, the deformations of the two arch
camber points are about 0.0519m and 0.0474m, respectively,
and the deformation difference is about 4.5mm. The deforma-
tions of the two feet are 0.0223m and 0.0233m, respectively.
The difference is about Imm. The deformation of the two
sides is almost equal. After adding the horizontal steel arches
on the floor, the deformation of the surrounding rock surface
of the roadway is close to symmetrically distributed.

However, the deformation in the deep of the surrounding
rock is still asymmetrically distributed to some extent, even
though the deformation size has reduced, shown in Fig. 16a.
The maximum deformation located at the midpoint of the
floor and the displacement is 0.1036m. Compared with the
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Fig. 14 Displacement curves of
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existing support scheme, a deformation of 0.5826m, the de-
formation reduction ratio is 82.22%. Therefore, the overall
bearing capacity of the enclosure structure is improved to a
great extent. To ensure the normal service of the roadway, we
suggest that the depth of the inverted arch of this roadway
should not be less than 103.6 mm.

Compared with the unclosed type arch support scheme, the
deformation of the surrounding rock at each corresponding
position reduced. The deformation control ratio is shown in
Fig. 17. The primary support scheme better controlled the
convergence of the arch camber points on the two straight
walls, especially the settlement of the roadway arch crown.
The deformation control ratios were 69.6%, 68.1%, and
95.2%, respectively. The asymmetry of the deformations of

the two straight walls improved, and the convergence rate of
the monitoring points reduced from the original difference of
10.0% to 5.47%. The asymmetry of the deformation on the
two feet also changed. The ratio of the deformation difference
varies from —21.12 to 15.18%. Thus, when the deformation
difference of the surrounding rock of the two feet decreased,
the size relationship also reversely changed. The deformation
control ratio of the two feet was 34.7% and 54.2%,
respectively.

With the improved support measures, the deformation of
the surrounding rock further reduced, and the deformation is
close to the symmetric distribution. Compared with the prima-
ry support scheme, the secondary deformation control ratio of
the roadway floor is 81.38%. The total secondary deformation

Fig. 17 Deformation and control [ ]Without Support —A— First Control Ratio
ratio under different support 1.0 - I Primary Support —@— Second Control Ratio | 100.0%
schemes Il 1mproved Scheme 0.952
085
0.8 1 -80.0% .S
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g B/ | :
£ | 0.661@\ 8.07% §
= 06| [00% 0% 60.0% &
Q
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g 5
Q =
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204 740.0% §
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control ratio of the surrounding rock is more than 72.16%. The
deformation of the surrounding rock reduced, which can meet
the normal production requirements of the roadway.

Conclusions

A full-section nodes’ displacement monitoring and re-
cording method of the surrounding rock surface was pro-
posed to investigate the asymmetry of surrounding rock
deformation. Based on orthogonal experiments, we nu-
merically simulated and analyzed the asymmetry of the
deformation under different conditions. The combined ef-
fects of the burial depth and height-width ratio R, of the
roadway, lithology, dip angle, and lateral pressure coeffi-
cient A of the layers on the asymmetric deformation of
roadway surrounding rock were concluded. The asymmet-
ric deformation features and improved support scheme
design of a site roadway were studied. Conclusions can
be drawn:

(1) The deformation law and asymmetry feature of the sur-
rounding rock were obtained with the full-section dis-
placement monitoring and recording method. The phe-
nomenon displacement falling back between 7, and 7,
curves mostly appears at the stagnation point of the mon-
itoring point deformation curve. The position of the stag-
nation point is mainly distributed at the side feet of the
roadway, sometimes near the midpoint of the floor,
where the most significant asymmetric deformation of
the roadway will present.

(2) The increase of the formation dip angle within a certain
range will aggravate the asymmetry of the deformation.
The most significant asymmetric deformation occurs
when the dip angle is 45°. When the formation dip angle
exceeds 45°, the asymmetric deformation of the sur-
rounding rock gradually weakens.

(3) A and Ry, significantly affect the asymmetry of the de-
formation. The increase of A will change the distribution
position of the maximum deformation of the surrounding
rock, especially the maximum deformation position of
the arch part of the roadway. The R, mainly determines
the deformation magnitude relation of the two straight
walls.

(4) The application of the closed type support measures re-
markably reduced the size and asymmetry of the surface
deformation of the surrounding rock. With the improved
support scheme, the surface deformation of the surround-
ing rock is close to symmetrically distributed. Compared
to the primary support scheme, the secondary deforma-
tion control ratio is no less than 70%, which can provide
a reference for the deformation control of the deep
roadway.
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