. mathematics

Article

Analysis of Stress and Deformation on Surrounding Rock Mass
of a Trapezoidal Roadway in a Large Inclination Coal Seam and
Novel High Yielding Prop Support: A Case Study

Yang Hao 123*(, Chunhui Liu ?, Yu Wu %*, Hai Pu 1-20%, Kai Zhang 1>

check for
updates

Citation: Hao, Y,; Liu, C.; Wu, Y.; Pu,
H.; Zhang, K.; Shen, L. Analysis of
Stress and Deformation on
Surrounding Rock Mass of a
Trapezoidal Roadway in a Large
Inclination Coal Seam and Novel
High Yielding Prop Support: A Case
Study. Mathematics 2023, 11, 319.
https://doi.org/10.3390/
math11020319

Academic Editors: Lev Levin and
Mikhail Semin

Received: 12 November 2022
Revised: 31 December 2022
Accepted: 4 January 2023
Published: 7 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

and Lingling Shen 3

State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining
and Technology, Xuzhou 221116, China

School of Mechanics and Civil Engineering, China University of Mining and Technology,

Xuzhou 221116, China

School of Mines, China University of Mining and Technology, Xuzhou 221116, China

*  Correspondence: yanghao@cumt.edu.cn (Y.H.); wuyu@cumt.edu.cn (Y.W.); Tel.: +86-13852082572 (Y.W.)

Abstract: Trapezoidal roadways in large inclination coal seams show asymmetrical tectonic char-
acteristics, while there is still a lack of theoretical results on stress, deformation, and efficient and
effective supporting methods on high walls. In this paper, based on the geological characteristics of
a large, inclined coal seam roadway, a mechanical model for stress—deformation analysis of trape-
zoidal section roadway was established. Complex analysis and a comfort map were employed to
investigate the stress and deformation distribution on the roadway surface, and a novel yielding
prop with high load capacity and constant working resistance was employed to support a high wall
side based on analytical results. The results are as follows: (1) The deformation of the high wall is
larger than that of the low wall, and the deformation of the roof is larger than that of the floor. The
overall deformation of the surrounding rock shows that the rib closure is larger than the roof-to-floor
closure. (2) The stress of the surrounding rock shows that both horizontal and vertical stresses are
highest in the upper corner, indicating that the broken zone is most likely to occur at this location.
(3) A new support employed with a high-yielding prop and a high-strength cable in a large, inclined
angle roadway is proposed. On-site experiments were conducted in a large 5-1081 roadway of a coal
mine in Shanxi, China. Under the influence of mining disturbance, the deformations at the top cor-
ner decreased by 40% compared with before. The test results show that the new support scheme can
effectively control the development of roadway deformation and damage during the mining process.
The new support also shows friendly environmental support and fast installation.

Keywords: large inclination coal seam; trapezoidal roadway; failure mechanism; yielding prop
supporting; case study

MSC: 86-05; 86-08

1. Introduction

With the rapid development of China’s economy, coal has gradually become a strate-
gic energy source to support China’s sustained economic growth and play a leading role
in economic development. According to statistics, among the graded coal mines in China,
the large inclination coal seam accounts for about one-sixth of the total coal mines, and the
reserves with coal seam inclination above 35° account for about 17%, especially in a south-
east coastal area, the large inclination coal seam mines account for about 60% [1]. Although
the reserves of large, inclined coal seams are less than 20% of the total coal reserves in the
western region [2—4], the high-quality coal is quite prevalent, and accounts for 85% [4,5].

The roadway stability control of large, inclined coal seams is an important prerequi-
site for ensuring the safety of mines [5-7]. At present, there is no unified definition of the
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concept of large inclination. It is generally considered that a large inclination coal seam is
a coal seam inclination angle between 25° and 55° [8-11]. Due to the influence of coal seam
inclination, the angle between the coal rock lamina direction and rock seam gravity direc-
tion becomes smaller. The force of rock seam gravity along the lamina direction is greatly
increased, which shows different surrounding rock damage characteristics compared to a
horizontal coal seam. After roadway excavation, affected by the geological structure and
disturbance pressure, the stress distribution on the top and bottom surrounding rocks and
the two ribs are uneven. The surrounding rock slips along the direction of the laminae, and
the top and bottom rocks’ deformation damage problem are dramatically asymmetrical, es-
pecially when the strength difference between the top and bottom increases. It is difficult
for conventional support to effectively control the harmful deformation of such roadways.
Usually, the support cost of a large, inclined coal seam roadway is about 30% higher than
that of a near-horizontal roadway [12-14]. If the deformation and damage mechanism
of the roadway surrounding the rock is not understood, and the support parameters are
designed blindly, the roadway will have serious destabilization damage, which directly
threatens the roadway safety and brings significant economic loss to the coal mine. There-
fore, the failure mechanism and control technology of large, inclined coal seam roadways
surrounding rock is significant to ensure the safety of large inclined coal seams [15,16].

There are many innovative studies involving rock failure prediction and rock
properties related to micro-macro aspects. The mechanical and mathematical model
involves phase-field fracture problems employed by Bayesian estimation [17], a
plastic-strain-induced damage model of porous rock suitable for different stress paths
combined with statistical damage mechanics, and a series of conventional tri-axial com-
pressive experiments [18], such as experimental tests to investigate the stress relaxation
behavior of marble under cyclic weak disturbance and confining pressures [19], the micro
investigation on shale characteristics, gas contents related to buried depth, organic origins,
and regional analysis [20]. The integrated research on the mineralogical, geochemical, and
stable isotope characteristics of the Upper Triassic high-sulfur coals from the Khanh Hoa
open-pit mine, Thai Nguyen Coalfield, NE Vietnam was analyzed by SEM and optical pho-
tomicrographs [21]. This research encourages more studies related to the micro-macro
relationship. While in the aspect of field application, the macro aspects of rock failure
are still a major problem to be concerned about, especially for trapezoidal roadways in
large, inclined coal seams. The asymmetrical characteristics show deformation, stress dis-
tribution, plastic zone, and rib spalling [22-25]. In some cases, the roof and floor were
more fragile due to the soft rock, and the separation of the bedded structural roof at dif-
ferent depths [5,26-28]. However, the cross-section, in that case, is rectangular. In large
inclination coal seams, trapezoidal section roadways are common on site due to their con-
ventional and fast excavation. However, the mechanical interpretation of the stress and
deformation of the roadway is still difficult, and fast, efficient, safe, and environmentally
friendly control technology still needs to be improved.

In this paper, mechanical and mathematical modeling of trapezoidal roadways on
large inclination coal seams are employed to solve analytical solutions on stress and de-
formation. Based on the analytical results, a novel high-yielding prop was employed to
examine the supporting effect. An on-site supporting experiment on a large, inclined coal
seam roadway was put forward to verify the analytical results and to test the effect on the
high-yielding prop. The research results can provide a theoretical and practical basis for
the design of roadway support for large, inclined coal seams, and are of great significance
for solving the engineering problems of large inclined coal seam mining.

2. Geological Background

The roadway excavated on a large inclination coal seam was selected at the
5-1081 roadway in a coal mine located in Shanxi, China. The working face elevation is
about +385 m~+550 m. The schematic diagram of the working surface is shown in
Figure 1a. The 5-1081 roadway is a trapezoidal section with a width of 5.0 m, a low height
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5-1082 roadway

of 2.0 m, a high height of 4.9 m, and a roof inclination of 30°. Steel band, cable, and rock bolt
support are adopted, with a 22 mm x 2400 mm left-hand threaded steel high-strength
rock bolt at the top and a 20 mm x 2000 mm left-hand threaded steel high-strength anchor
rod at the gang, with the distance between rows of anchor rods being 800 mm x 800 mm.
A 921.8 mm X 8300 mm anchor rope is used at the top, with the distance between rows
being 1600 mm x 3200 mm in a group of three. The section parameters of the roadway
support are shown in Figure 1b.
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Figure 1. Layout of rock bolt supporting method: (a) schematic diagram; (b) cross-section diagram.

The dip angle of the mining coal seam named 5# is 25~34°, average of 30°. The average
thickness of the 5# coal seam is about 6.1 m, in which the crack and joints on the coal seam
are developed. The structure of the coal seam is complex. In the middle of the coal seam,
itis sandwiched between two layers of carbonaceous rock and mudstone. The thickness of
the coal seam does not change much, it is a more stable coal seam, and the total thickness of
the gangue is about 1.3 m. Most of the lithology is carbonaceous mudstone, and there is a
small amount of local mudstone, due to the mudstone Platts hardness f =2. The direct roof
is mudstone with an average thickness of 1.43 m, the upper roof is sandy mudstone with an
average thickness of 2.28 m, the direct floor is sandstone with an average thickness of 1.2 m,
and the old bottom is mudstone with an average thickness of 2.1 m. The comprehensive
geological column diagram of the working face is shown in Figure 2. In the coal seam, the
faults are developed to different degrees. The largest fault drop is 4.5 m, and the smallest
fault drop is 0.5 m. The 5-1081 face is mainly affected by six faults, among which three
faults, F7, F8, and F9, have effects on the mining process.

According to geo-stress tests, the maximum horizontal stress of the roadway is about
6.56 MPa and the vertical stress is about 8.25 MPa, which can be regarded as being in a
state of uniform pressure of 7.41 MPa. From the results of the rock mechanics parameter
test shown in Figure 3, it is known that the elastic modulus of the sandstone is 3.5 GPa
and Poisson’s ratio is 0.24. The uniaxial compress strength of sandstone, limestone, and
mudstone are 40.55 MPa, 117.56 MPa, and 54.93 MPa, respectively.
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Figure 2. Comprehensive geological histogram.

QN-" ﬂ“-’ Volume =
g Volume é 1204 Vertical E 10- anu.mc
© 404 |— Vertical © Horizontal T Vergcal
Horizontal to 4 / 400 Horizontal
— -
x=172__§04 x=1182 =32\ Y] x:;;20
x=1556 X=3438 y=76 ] y=76 o \ao ] v
y=20 y=20 20 :;—1 : \ <802
X=-658 x=1576 x=-447 x=476 14 y=15
=10 - y=30 =30
y y=10 0 y= N
ne : - - - e pe
4000 2000 O 2000 4000 5000 50&) 1000 1500 2000 500 0 (5)00 1000 1500 2000
(@) 3 c

Figure 3. Stress—strain curve of (a) sandstone, (b) limestone, (c) mudstone in 5# coal seam.

3. Mechanics Analysis of Surrounding Rocks Stress Distribution and Deformation in
Deeply Inclined Coal Seam Roadway

The deformation and stress distribution of roadway rocks are the basis for its sup-
porting design. At present, mechanical analysis of the roadway simplifies the section into
a circle. Since the actual roadway form does not match, the results can only be used as a
qualitative reference. Some scholars have also analyzed the stress distribution of a rectan-
gular cross-section using the method of complex analysis and conformal map [29], but the
results do not apply to trapezoidal roadways with large inclinations. This section uses the
method of complex analysis and conformal map to convert the trapezoidal roadway into
a circle and derives the formula on the stress and displacement of the surrounding rocks
of the trapezoidal roadway.

3.1. Mechanical Modeling

Before the analysis of deformation and stress distribution on the surrounding rocks,
some assumptions should be made. First, the excavation is long enough to consider that
plane strain conditions apply in any cross-section. Secondly, the surrounding rock is con-
tinuous, homogeneous, isotropic, and linearly elastic.

According to the geometric characteristics of the large inclination roadway, it is sim-
plified to a trapezoidal orifice problem in an infinite plane, as shown in Figure 4a. The
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uniform load P is applied on the upper side of the overlying rock seam. The left and right
boundary conditions are hinge support constraints. The bottom side of this model is a
fixed constraint. The short height of the trapezoidal roadway is 4, the width is b, and the
coal seam inclination angle is 6'. The balanced state is redistributed after excavation. The
analysis domain is extracted from the infinite plane, and the geometric is set as ten times
the width and height of the trapezoidal roadway. The stress boundary condition is set as
the initial geo-stress shown in Figure 4b. The boundary condition on the surface of the
trapezoidal roadway was assumed as normal stress and tangential stress-free.

3‘ Roof strata
N Coal

seam

—X

Roadway

e
Floor strata

LIl LLL T TIrrrten
(a) (b)

Figure 4. Mechanical modeling of trapezoidal roadway.

3.2. Flow Chart on Stress and Strain Calculation Based on Complex Analysis and Comfort
Mapping

As shown in Figure 5, the complex analysis of Cartesian coordinates into Polar coor-
dinates is used z = w({). In the { plane, such that:

¢ = p(cos B + isinf) = pe'® (1)

where p and 0 are the polar coordinates of the point {. A circumference in the { plane
p = const. and a radial line § = const. i is the imaginary number. Due to the angle-
preserving nature of the transformation, the two sets of curves are always orthogonal and
the corresponding tangents p, 6 are called curve axes and their relative directions are the
same as the coordinate axes x and y.

X

ol zd

il ],
7, /%977

Figure 5. Conformal mapping from the trapezoidal roadway to the circle plane: (a) z plane;
(b) C plane.

Let there be a vector F in the z-plane, in which the points start z = w({) = w(pe'). Fy
and F, are the projections of this vector on the x and y axes, F, and Fy are the projection of
p and 6. Assuming that the angle between axial p and 6 is A, the geometric relationship is

as follows:
Fy = Fycos A — Fysin Az = w({)

F, = F,sinA + Fycos A @



6 of 19

®)

Mathematics 2023, 11, 319
Rearranging Equation (2), it can be transformed into

F +iF, = (F, +iFp)e?
F, +iFy = (Fc +iF,)e~"
To find e~#*, assuming a displacement increment dz in p axial; thus, the corresponding
point ¢ has radial displacement d¢, and dz = eMdz|, dZ = €|dg].
Therefore, e~ can be rearranged:
in_ dz _ w'(£)dg _ _¢ w'(9) )
jdz| |’ (§)]-]dE] P lew'(©)]
The two sides of the above equation are taken to be conjugates, i.e., e}, Equation (3)
®)

in w'(0)

| (9]

ZE@NBMW

is rearranged:
Fo+iFg =2
P el @)
in which the underscore denotes the conjugate of function
The equation of displacement u# and stress ¢ is derived as follows
First transform the function related to z into a function related to
?(0) = 91(2) = p1{w(0)] (6)
$(8) = #1(2) = gn[w(Q)]
®(8) = ¢1(2) = ¢'(8)/ ' (Q)
¥(8) = 1(2) = ¥'(8)/w'(C) )
@@—%@)d@

©)

Then, substitute Equation (7) into Equation (1) to obtain

E . —
u+iv) = —
1+1/( +iv) 1+v¢(€) @' (Q)
in which v = 3—4 y in plain strain problem, y is Poisson’s ratio
Run the projections of the displacement vector u, and 1y on the p and 0 axes, respec-
tively, then Equation (5) is
LWl
Up +itg = = u+1iv 9)
TR
Then, substitute Equation (8) into Equation (9) to obtain the complex potential repre-
sentation of the displacement component of the curve coordinates:
C w’ (g) -V (U(g) i
Up +1u - - 10
Tt i) = £ e - e 60 (10)
Assuming that 0,097 is the stress component of an elastic body in the curve coordi-
nates p and 6, using the coordinate transformation relationship we obtain:
S, S ZiTxy)ez’)L (1)

0p — 0p +2iTpg = (0y
Substituting Equation (10) into Equation (4), we have
09 +0p = 4Re¢g(z), ) (12)
0p — 0p + 20Ty = 2[Z¢] (2) + P (2)] e**
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In addition:
e S < (S N Sl (3
02|’ () P2’ (' (§)
0 + 0p = 4Re® () (13)

00 — 0 +2ity = = [ D (0) + @' (¥ (Q)]

~

From the elastic mechanics, it is known that the complex variable function of the stress
and deformation of surrounding rocks is mainly determined by two analytic functions,
¢(2), Y(0). The basic equations for stress and deformation are as follows:

p +0p = 2[P(0) + P({) | = 4Re®({)

% — 0+ 20t = 2= [W(D) @(0) + (¥ (7)) ”

26y + ing) = § (45 3500~ “©(0) - p(0)
in which:
¢(0) = 5 (x +iy) Ing + Bw(Z) + ¢o({)
p(0) = — %7 (x —iy) In¢ + (B +iC)w(§) + ho(0)
(9
{ () = 5
()
¥(g) = Y -
B = {(oy +0x)
B=1(o,—0y)
C=1y
B+iC = —%(01 — Uz)efzi“

where « is the principal stress direction.
90(0) = ¥ an "and ¢o({) = Y. Bn " within the circle are the analytical function
=1 n=1

n= =
of a complex variable {. They are continuous within and around the circle. The basic
formula can be expressed as:

16
W@+ ok f, e 2o = i J, 7 "
in which:
fo= /(x—|— i7)ds — ;ﬂiy Ino— 1;“ (x — iy) ZEZ; o —2Bw(c) — (B—iC)w(o) (17)
Complex variables { are generally expressed as:
¢ = pe” (18)

According to Riemann’s theorem, the mapping function of any hole exists. According
to the theory of complex functions, the basic form of the function that maps the outer do-
main of a trapezoidal section alleyway to the circle can be written in the hierarchical form:

Z=w()=Co+Cil+Col P +C0%+...... + Cpg M+ (19)
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where Cj( j=12,...... ,m) is the common plural, m is several level items Cy, and is only
related to the coordinate origin of the alleyway selection.
Transform Equation (19) to obtain:

z=w()=Co+Ci({+Bil ' +Bl 2 +...... +Bul ™) (20)

According to the Theory of Complex Functions, when mapping the external domain
of the alley to the circle, Cy is only related to the size of the hole, while B; is only related to
the shape of the hole. In general Cy, B; are plural.

For the convenience of calculation:

C] = 4a; + ld] (21)

For a point around the perimeter of the lane, mapped onto the unit circle, the complex
variable becomes: ‘
{=0=¢" (22)
According to Equations (19)—(21), the mapping function becomes:

m

z—x+zy—a0+zd0+(a1+zd1 Z (1]+1d iG-1)¢ (23)

Comparing Equations (20) and (23), it can be concluded:

Co = ag + idy
Ci=a1+idq (24)
ClBj—l = a; + ld], (] =2,3,...... ,m)

By separating the real part and the imaginary part of Equation (23), the expression of
the coordinates of the points around the perimeter of the roadway can be obtained:

x =ag+aycosf —dysinf + g [ajcos(j —1)8 +d;sin(j —1)0]
j=2

m (25)
y =do+apsinf +dycosf + ) [—a;jsin(j —1)0 +d;cos(j —1)6]
j=2
Equation (25) can be obtained as follows:
ag = % 02” xdf
do = 5= [77 yde
ay = %fozn (xcos B + ysinf)do
dy = % 02” (ycos6 — xsin6)do (26)
aj = fo xcos(j—1)0 —ysin(j — 1)0]d6
di = % 02” [ycos(j —1)0 + xsin(j — 1)6]do
(j=23...... ,1m)
The boundary condition is as the mathematical form
ox(x = +5a) = o { 0p(s) =0 27)
oy(y = £5b) = o} Too(s) =0

where s is the inner surface of the trapezoidal roadway.
The iterative flow chart of analytical solutions on stress and deformation is shown
in Figure 6. First, a point on the original lane (x, y) assumes a mapping correspondence,
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which can be given arbitrarily, according to which this point is mapped to the unit circle
with the image point (p, 6). The first approximation of the coefficients of the mapping func-
tion is obtained by mapping the entire alleyway perimeter points and solving according
to Equation (26). Substituting the obtained coefficients into Equation (25), the coordinates
of the points around the alleyway are obtained (x,y), and the relationship between (p, 6)
and (x,y) is (x,y). Then, solve the value of the improved coefficients by Equation (26), and
then substitute them into Equation (25), and so on iteratively until the resulting roadway
cross-section shape is close enough to the original roadway shape. The coordinates of the
points s evenly distributed on the surface of the roadway can be expressed as (x,°,y,°).
Likewise, the unit circle has a uniform distribution of pixels, whose coordinates s can be
expressed as (p,0;,9 = 1 ~ s). Whens is large enough, the coordinates of the line segment
divided by two adjacent points on the perimeter of the lane can be considered constant and
equal to the average of the coordinates of the two ends, i.e.,

0 __ qu-‘rXqulO
q — 2
(28)
0 _ Yg®+yg1°
Yoo = "2 —

Allocate the same number of points in the
lane and on the unit circle

'

Give any
corresponding
relationship

'

The first
approximation
coefficients of

the mapping
function are
obtained

'

Reallocate
mapping points
around the lane

End

Figure 6. Iterative flow chart.
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Then, the segmental integral can be approximated as the summation. Equation (26)
becomes:

pY
(==}
Il
N
:1"“
[
R
-
()

-
Il
—_

U
o
-
I
N
:1‘“
)
L0
<
-
o

[x;O(sin 0p41 — sinby) — V;O(COS 0441 — cos 0g)]

=
I
-
It

[y;o(sin 0411 —sinby) + x;O(cos 0441 — cos )] (29)

QU
S
-
|
N
n‘H
[Rvghs

\.Q
.
I
N
:z‘“
-
=7

: [x;O(sianqH —sin jf;) + y;o(cos jOg+1 — cos jOg)]

=

R\
s
I
Sl
)
Do I

: [y;O(sinjeqH —sinjf;) — x;O(costqH — cos jf;)]

After calculation, the approximate coefficients of the mapping function obtained by
Equation (29) are substituted into Equation (25), and according to the correspondence be-
tween the requested alleyway and the unit circle, the mapping points corresponding to
the projection on the alleyway reflected by the image points marked on the unit circle can
be obtained, and these points are unevenly distributed on the periphery. The distance be-
tween two adjacent points is recorded in turn and redistributed according to the distance
between the mapped points on the perimeter of the requested lane, then the coordinates of
the points on the requested lane are marked as (x,!, yql). The corresponding image point
is still (p,6,). Substituting (x,',y,') into Equations (28) and (29) obtain each coefficient
ajzd j2 and iterate until the exact value is obtained.

3.3. Results

Based on the above analysis, substituting the geo-stress state of ox and oy as 7.41 MPa,
obtains the surface of the roadway as the elastic state. The elastic modulus and Poisson’s
ratio are set as 3.5 GPa and 0.3, respectively. The coordinates of the points s evenly dis-
tributed on the surface of the roadway are shown in Figure 7.

48°

40°

20°
173°
1807 0°
2000 3400
220° 320°

228° 240° 260° 280°  300° 312°

Figure 7. Layout of roadway azimuth.

The boundary conditions on the surface of the roadway must be o, =0, Tnt =0, where
n is normal, and ¢ is tangent to the contour. The stress oy will be found using the future
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solution. In particular, there should be ox =0, Txy = 0, on the two side walls, and oy =0,
Tyx = 0 on the horizontal floor.

3.3.1. Deformation Characteristics

The calculation deformation results are shown in Table 1 and Figure 8. From Table 1,
the maximum horizontal displacement occurs in the position of 0° and 180°, in the two
ribs. This indicates that the spalling rib may occur after excavation. The maximum dis-
placement of the right rib is 12.32 mm, and the maximum displacement of the left rib is
10.86 mm, so rib closure is about 23.18 mm; in addition, the maximum vertical displace-
ment of the roadway occurs in the position of 100° and 260°, on the top and bottom plate,
respectively. The maximum sinking of the roof is about 34 mm. The overall deformation of
the surrounding rock shows that the characteristics of roof-to-floor deformation are larger
than rib closure.

Table 1. Displacement results.

Angle Horizontal Vertical Total
Displacement/mm Displacement/mm Displacement/mm
0° —10.86 —1.46 10.96
20° —7.62 —2.71 8.09
40° —6.51 —-3.24 7.27
48° —5.63 -5.21 7.67
60° -1.31 —12.35 12.42
80° —2.22 -12.37 12.57
100° 248 —26.12 26.24
120° 2.67 —19.23 19.41
140° 5.56 -17.21 18.09
160° 7.23 —14.22 15.95
173° 8.82 -9.61 13.04
180° 12.32 —4.78 13.21
200° 8.44 -1.37 8.55
220° 7.32 1.43 7.46
228° 3.82 1.86 4.25
240° 2.11 3.24 3.87
260° 0.25 8.35 8.35
280° —1.42 9.55 9.65
300° —1.53 8.72 8.85
312° —4.51 4.32 6.25
320° —3.46 2.38 4.20
340° -9.43 227 9.70

Figure 8 shows the polar coordinates location of the surface of the roadway versus the
vertical displacement, horizontal displacement, and total displacement. Figure 8a, shows
that the horizontal displacement is symmetrical with the calculation azimuth from 0° to
360°. While the vertical displacement shows an unsymmetrical trend, in which the dis-
placement increases with the angle from 0° to 100° and 200° to 280°, the total displacement
versus calculation azimuth is shown in Figure 8b. It can be seen the maximum deforma-
tion is at an angle of 100°. Figure 8c shows the geometric diagram after deformation, from
which the deformation control should pay attention to the angle of 100°, 173°. Figure 8d
is the on-site deformation of the roadway. It is clear that in the low side of position 100° to
180 ° there is a clear convergence, and a wood crib was employed to support the roof. In
the high side wall there is a lack of free-standing support; thus, a clear side deformation is
seen in Figure 8c.
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Figure 8. Calculation points versus displacement: (a) vertical displacement and horizontal displace-
ment; (b) total displacement; (c) deformation geometric diagram; (d) on—site deformation results.

3.3.2. Stress Characteristics

The calculation stress results are shown in Table 2. From Table 2, both the horizontal
and vertical stress concentrations occur at the four corners of the roadway, in the position
of 48°, 60°, 173°, and 312°. The upper-left corner has the largest concentration, followed
by the upper-right corner. In the upper-left corner, the wood crib can be installed for roof-
to-floor support, while in the upper-right corner, there is a lack of free-standing support.
Therefore, attention should be paid to the most damaged location to control the position
in the upper-right corner.

Table 2. Stress results.

Angle ox/MPa oy/MPa Angle ox/MPa oy/MPa
0° 0 —9.55 180° 0 —11.86
20° 0 —8.42 200° 0 —11.05
40° 0 —10.72 220° 0 —11.78
48° —10.42 —8.31 228° —7.29 —12.23
60° -10.33 —2.42 240° —-11.52 0
80° —8.50 —0.02 260° —9.08 0
100° —6.81 —0.84 280° —8.57 0
120° —6.83 -0.71 300° —10.62 0
140° —8.05 —2.65 312° —6.31 —11.06
160° —8.27 —4.47 320° 0 —10.84
173° —-7.73 -9.09 340° 0 —9.89

Figure 9 shows the stress distribution versus the calculation points. From Figure 9a,
the vertical and horizontal stress shows the same trend as the calculation points. However,
the stress distribution is quite complex compared with a circular and rectangular cross-
section. Figure 9b,c clearly show that on the side of the corner, the horizontal and vertical
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stress concentration is in the corner. In addition, horizontal stress occurred on the roof
and floor, which indicates the tension failure in this area. The vertical stress occurs in the
two-side rib, this indicates that the vertical load bearing is carried by side coal. On the
right side, Figure 9d shows the broken range on the upper corner on-site. Due to the lack
of support, the upper corner on both sides is more likely to experience stress concentration,
thus it is more likely to be broken, and attention should be paid to support in these areas.

|—=— Horizontal stress|
—e— Vertical stress 60° 48°

0 80°
-] 1200100 40°
] 140° :
& 160° é 20°
S o 173° :
g 4] 1800 [oossmome s T TR e e 0°
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312°
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Figure 9. Stress calculation points versus stress: (a) vertical and horizontal stress versus angle;
(b) horizontal stress distribution; (c) vertical stress distribution; (d) on-—site upper corner
broken range.

4. On-Site Experiment
4.1. The Yielding Prop Supporting Method Based on Stress and Deformation on the
Trapezoidal Roadway

Based on the analytical results on stress and deformation on the trapezoidal roadway,
it can be concluded that: (1) The deformation of the high wall is larger than that of the low
wall, and the deformation of the roof is larger than that of the floor. The overall deforma-
tion of the surrounding rock shows the rib closure is larger than the roof-to-floor closure.
(2) The stress of surrounding rock shows that both horizontal and vertical stresses are max-
imum in the upper corner, indicating that the broken zone is most likely to occur at this
location. Therefore, the supporting key location should be in the upper corner.

However, there are few efficient and effective supporting materials with constant high
working resistance, with supporting length up to 4 m. A yielding prop with high load
capacity and adjustable supporting height ranging from 1 m to 4.5 m was introduced by our
previous studies [30,31]. The main schematic structure of the prop is shown in Figure 10,
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which is a compound apparatus consisting of three parts: an outer prop with an inner
surface, an inner prop, and steel balls. The steel balls are uniformly located in the sloping
ramp arrangement for setting the inner and outer props in place concerning each other.
Due to the self-lock function of steel balls under gravity, tools are not required for installing
the prop. The steel balls interlock between the inner and outer props, generating a reactive
load. Therefore, the innovative prop is suitable to install on the upper side to support the
roof and floor with constant working resistance.

< Inner prop
Enlarge

Slope surface

Steel ball
A-A cross section

Outer prop —

Figure 10. Diagram of yielding prop with high load capacity and adjustable supporting length.

4.2. The On-Site Supporting Method with Yielding Prop

According to the on-site drilling TV results on broken rock height, the loosening range
was about 5 m. Therefore, the weight of the rock within the loosening circle is regarded as
the weight to be supported by the high-yielding prop. The average weight of the roof rocks
is 16 kN/m3. Combined with the roadway width of 4 m, it was calculated that each 1 m
length of the roadway needs to support a strength of about 400 kN. If only high-yielding
props were employed, the density of the prop would be too large to meet pedestrians, ven-
tilation, transportation, etc. To reduce the density of high-yielding props, cable was used
to replace some high-yielding props, and high-strength plastic mesh and steel bands were
employed to enhance the hanging effect on the cable. The specific supporting parameters
are shown in Figure 11a: the row of the high-yielding prop with working resistance of
400 kN was set to 5 m, and the column distance was 1.6 m. The n-shaped beam was used
to connect the roof, and the pillar boots were worn for it. Two anchor cables of 8.3 m in
length and 21.8 mm in diameter were installed in the trapezoidal roof with a preload of
100 kN, a row spacing of 1000 mm, and a row spacing of 1600 mm; rock bolts of 2.4 m in
length and 22 mm in diameter were used with a preload of 40 kN, a row spacing of 900 mm.
Figure 11b shows the physical picture of the supporting.



Mathematics 2023, 11, 319 15 of 19

Anchor cable

921.8mm*8300mm _
/ Y
/ ~
/ \\\
{
\
\
\ \\
\ \ High strength bolt
\ < $22mmx2400mm
P

High strength bolt
020mmx*2000mm

4
8
v7os 5000 ~

(a) (b)

Figure 11. Schematic diagram of high-yielding prop in large inclination coal seam: (a) 5-1081 road-

way diagram; (b) on-site application.

4.3. Monitoring Method

To evaluate the effect on the high-yielding prop support, deformation in the range of
limestone of 350 m to 250 m was observed, as shown in Figure 12b. The monitoring pa-
rameters include roadway deformation, prop deformation, and rock bolt axial force. These
three parameters are described in detail below: (1) Roadway deformation: The cross-point
method is used to observe the deformation of the convergence of the rib side and roof to
the floor as shown in Figure 12a. (2) Prop shrinkage: The prop shrinkages were used to
reflect the supporting effect referenced to its load—displacement curve. Therefore, along
the 5-1081 roadway, the radial deformation of the outer prop and shrinkage were counted
every 20 m within the range of 350 m to 250 m of the limestone level. (3) Rock bolt axial
force: The rock bolt axial force in the 5-1081 roadway was tested by nondestructive testing
techniques developed by our group. The axial force variation is positive, corresponding
to the stability of the roadway; therefore, the first observation point was arranged from
within 347.8 m of the mining level, and a measurement point was arranged every 5 m.

\ \ 5-1082 conveyor roadway

5-1081 working face

monitor point with support of high
strength constant resistance pillar 20 m

G 0000000 00,

””””” ﬂf_._._.,_&ﬁ.f
J— | — 1 1
| I 4m I monitor poittt of displace-

77777777 ¥ : <o----- ymonitor point of bolt axial force ment of 5-1081 roadway !
mining location at 350m 250m 150m

(= PP +—

(a) (b)

Figure 12. Measuring point location of 5-1081 roadway: (a) measurement point on roadway cross-
section diagram; (b) layout diagram of the monitoring points.
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4.4. Test Results
4.4.1. Roadway Deformation

For the convergence comparison between the original method and the high-yielding
support method shown in Figure 13, under the original support condition, the floor heaven
is 800 mm~1300 mm in the range of 40-50 m ahead of the roadway. Under the condition
using a high-yielding prop, the maximum floor heaven of the roadway is 800 mm, and
the limestone reaches 800 mm in the range of only 10 m ahead of the roadway. The range
of floor heaven is reduced, and the floor heaven difference is about 250 mm, which ef-
fectively proves that the high-yielding prop controls the floor heaven. At the same time,
the floor deformation was reduced from the maximum value of 570 mm to 420 mm, and
the range affected by mining was reduced by about 20 m. The deformation of the two
ribs was also reduced from the maximum value of 320 mm to 210 mm. From the analysis
of the practical effect of the supporting, the high-yielding prop greatly reduces the floor
rock deformation in the upper corner of the trapezoidal roadway. Under the influence of
mining disturbance, the deformations at the top corner decreased by 40% compared with
before. These observation results show that the new yielding support is effective to control
roadway deformation.

2300/ —=— Original support| 1400+ —=— Original support 600+ —=— Original support
E 50l —— New support £ 12001 New support E 5001 —— New support
E = 10004 z
£ 200 E w00 54007
E 150 g ] £ 300
< S 600 s
< 100 3 52004
3 3 00 2
z 504 g S 1004
£ 2 a0 2
Y ol ——o ¢y 04 R
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Ahead face distance (m) Ahead face distance (m) Ahead face distance (m)

Figure 13. Convergence comparison between original method and high yieldable support method.

4.4.2. Prop Shrinkage

From the deformation characteristics of the roadway, we can calculate that the range
of the over-support pressure generated by mining is about 100 m. Therefore, we selected
the prop shrinkage range at 100 m and 40 m ahead of the working face. As shown in
Figure 14, both props produced radial expansion. With a distance from 100 m to 40 m,
the inner prop shows an obvious shrinkage. According to the laboratory test results, the
designed maximum working resistance was reached at this time. It indicates the prop can
support the roof shrinkage at a stable load.

(a) (b)

Figure 14. Shrinkage distance with a time of high load capacity and yieldable prop: (a) ahead face
100 m; (b) ahead face 40 m.
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4.4.3. Rock Bolt Axial Force

Figure 15 shows the rock bolt axial forces versus the working face distance on original
supports and new supports. It is clearly shown that the axial forces decrease at a range of
5 kN to 26 kN. In the position on the ahead face 10 m, the axial force differences reach the
maximum value of 26 kN, which indicates the maximum deformation range. After this
position, the differences become general, which indicates the slow deformation of rocks
after the ahead face distance of 10 m.

100 —®=— Original support
[—®— New support

90

®
o
f

704

60+

Axial force (kN)

50

40

30 T T T T T T
0 20 40 60 80 100

Ahead face distance (m)

Figure 15. The bolt axial force comparison between the original supporting method and high yield-
able supporting method.

5. Conclusions

There is still a lack of systematic research on stress and deformation on the surround-
ing rock of large, inclined coal seam roadways; thus, a blind and efficient supporting
method. In this paper, an analytical solution employed with complex analysis and com-
fort map is solved to obtain stress and deformation on surrounding rocks of the trapezoidal
roadway. Then, based on the analytical results, the high-yielding prop was employed as
innovative supporting materials, and the on-site experiments were conducted. The main
results are as follows:

(1) The horizontal displacement is symmetrical with the calculation azimuth from
0° to 360°. While the vertical displacement shows an unsymmetrical trend, in which the
displacement increases with the angle from 0° to 100° and 200° to 280°. The maximum
total deformation is at the angle of 100°. The deformation control should pay attention to
the angle of 100°, 173°.

(2) The vertical and horizontal stress shows the same trend versus the azimuth. How-
ever, the stress distribution is quite complex compared with a circular and rectangular
cross-section.

(3) The deformation of the high wall is larger than that of the low wall, and the de-
formation of the roof is larger than that of the floor. The overall deformation of the sur-
rounding rock shows the rib closure is larger than the roof-to-floor closure. The stress of
the surrounding rock shows that both horizontal and vertical stresses are maximum in
the upper corner, indicating that the broken zone is most likely to occur at this location.
Therefore, the supporting key location should be in the upper corner.

(4) A novel yielding prop with a constant working resistance was employed to install
on the upper side to support the roof and floor. The roadway deformation, prop shrinkage,
and rock bolt axial forces show that the high-yielding prop not only controls the deforma-
tion effectively but is also more convenient and environmentally friendly.
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