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Complex function solution

for deformation and failure
mechanism of inclined coal seam
roadway

Xianyu Xiong*, Jun Dai?, Chen Xinnian' & Yibo Ouyang?

The stressed environment of the inclined coal seam roadway is complex and changeable, and the
damage degree of surrounding rock increases, threatening the safe mining of coal mines. In order

to take targeted support measures to control the stability of roadway surrounding rock, it is very
important to study the stress and deformation characteristics of roadway surrounding rock in inclined
coal seam. Therefore, this paper analyzes the deformation and failure law of inclined coal seam
roadway according to the theory of complex variable function. It optimizes the solution process and
accuracy of the mapping function coefficient and deduces the analytical solution of surrounding

rock stress and deformation inclined coal seam roadway. The deformation and failure mechanism of
surrounding rock in inclined coal seam roadway is revealed theoretically, and further use numerical
simulation and physical simulation tests for supplementary analysis and verification. The results show
that the stress and deformation of roadway surrounding rock in inclined coal seam show obvious
asymmetric distribution characteristics. The stress and deformation of roadway surrounding rock

on the right side are greater than on the left side. The two sides of the roadway, the right side of

the roof and the roof angle of the right side, are the key positions of roadway stress concentration
and deformation. According to the variation law of stress and deformation distribution of roadway
surrounding rock, roadway cyclic deformation and failure theory is put forward. The numerical
simulation and physical simulation tests show that the deformation and failure law of roadway is
consistent with the theoretical analysis results, and there are differences in numerical values. The
cyclic deformation and failure mechanism of roadway in inclined coal seam is verified, which can
provide theoretical guidance for roadway support design.

The reserves of inclined coal seams account for more than 35% of the total coal resources in China, and the coal
quality is excellent, and the mining value is large. Under the joint influence of dip angle and various geological
conditions, the surrounding rock of the inclined coal seam roadway has asymmetric deformation and failure,
making the roadway’s stability difficult to control and restricting the safe and efficient mining of inclined coal
resources' ™S, Therefore, the study on the deformation and failure mechanism of inclined coal seam roadway is
of great significance to the design of the roadway support scheme.

The stress and deformation characteristics of roadway surrounding rock in inclined coal seam are an impor-
tant basis for roadway support design. Most previous studies have simplified the roadway surrounding rock
into beam, plate or arch structure for separate analysis. Rarely analyze the roof, floor and two sides of roadway
surrounding rock as a whole. It is difficult to obtain the analytical solution of stress and deformation of roadway
surrounding rock in inclined coal seam, so it is impossible to establish the essential relationship between roadway
roof, floor and two sides of deformation. Due to the complex section of roadway, the complex function theory
provides a new idea for this. The stress-deformation analysis of surrounding rock of roadway with arbitrary
section can be reduced to the stress-deformation distribution problem of infinite plane with complex orifice in
elasticity, which can be solved according to the complex function method.

Based on the complex function and conformal transformation theory, the complex orifice boundary can be
mapped to the unit circle boundary to solve the plane problem in elasticity. The unit circle boundary corresponds
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to the complex orifice boundary one by one. It is easy to return the calculation results of the unit circle boundary
to the original orifice boundary and obtain the solution of the complex orifice boundary. Therefore, it is widely
used in the theoretical calculation of stress and deformation of cavern, tunnel, roadway, and another orifice
problems’~"%, and the analytical solution of complex orifice boundary is obtained.

At present, domestic and foreign scholars have used the complex function theory to study the stress dis-
tribution and deformation and failure law of surrounding rock of coal mine roadway. Zhao Kai, Li Ming, Shi
Gaoping'*'¢ deduced the mapping function and stress calculation formula of the rectangular roadway by using
conformal transformation and complex function theory and calculated the stress distribution law of surrounding
rock of roadway. Xu Deqing et al.'” solved the mapping function of the straight-wall arched roadway in deeply
inclined coal seam by conformal transformation method, deduced the formula of roadway’s stress and displace-
ment through complex function theory, and analyzed the distribution characteristics of stress and deformation
of the straight-wall arched roadway. In the above studies, the complex function is used to solve the mapping
function of the roadway. Still, the influence of rock dip angle and mechanical properties is not considered in
the calculation process.

When solving the complex function of stress and displacement of surrounding rock of coal mine roadway, it
is necessary to map the roadway section boundary to the unit circle boundary by conformal transformation. So
the solution of mapping function and mapping function coefficient is very important. For the coal mine roadway
in practical engineering, scholars use various methods to find the approximate mapping function. Fan Guangqin
et al.'® proposed the absolute convergence series multiplication method to calculate the coefficients of the non-
circular orifice mapping function. Lv Aizhong et al.'*?° used optimization technology to calculate the mapping
function coeflicients of orifices with arbitrary shapes. Zhu Dayong et al.?! proposed using the form of super long
term series to approximate the mapping function analytically, but the solution is difficult, and the accuracy is
low. To simplify the calculation, Chen Liang?* used Matlab software embedded genetic algorithm to solve the
coeflicients of the mapping function and obtained the analytical solution of the stress and displacement of the
surrounding rock of the straight-wall arched roadway in the deeply inclined coal seam. Hu Shaoxuan® also used
the iterative method to solve the mapping function coefficients and considered that taking the first four order
n can meet the solution accuracy of stress and deformation. Zheng Zhiqiang et al.** used Schwarz-Christoffel
integral to solve the mapping function coeflicients, which improved the accuracy of the mapping coefficients,
but the solution process was complex.

To effectively determine the mapping function’s coefficient, and obtain the analytical solution of the stress
and displacement of the surrounding rock of the roadway more accurately. This chapter proposes another rela-
tively simple solution algorithm, which is based on Riemann mapping theorem and boundary correspondence
principle, takes the finite term Laurent expansion, obtains the recurrence formula of Faber polynomial through
Schwarz Christoffel mapping, approximates the conformal mapping function from the outer domain of any
roadway section to the unit circle, solves the mapping function coefficient of inclined coal seam roadway, and
introduces the inclination coefficient, The calculation formula of complex variable function of stress and dis-
placement of surrounding rock in inclined coal seam roadway is deduced. It reveals the deformation and failure
mechanism of inclined coal seam roadway. Through numerical simulation and physical similarity simulation,
the deformation and failure characteristics of roadway surrounding rock are further studied, and the cyclic
deformation and failure mechanism is verified, which provides theoretical guidance for the research of roadway
support technology in inclined coal seam.

Project overview

The inclined coal seam in Shitanjing No. 2 mining area is thick and of good coal quality, which is of great min-
ing value. The buried depth of the coal seam is about 405.6-480.1 m, the dip angle is between 18° and 27°, with
an average of 23°, and the minable thickness is 5.8-6.6 m, with an average of 6.0 m. the coal seam contains nine
layers of gangue, semi-dark type. The direct top is mudstone with a thickness of 2.0-4.0 m and an average thick-
ness of 3.0 m. The direct bottom is siltstone with a 3.0-4.0 m and an average thickness of 3.5 m. The coal and
rock stratum stress histogram is shown in Fig. 1.

After the inclined coal seam roadway is supported by conventional anchor mesh, the surrounding rock of the
roadway is still seriously deformed and damaged. It presents asymmetric characteristics, as shown in Fig. 2. Due
to the influence of dip angle, section type, and in-situ stress, the two sides of the roadway have a serious slope.
The deformation of the right side is greater than that of the left side. The roof sinks, the metal mesh tears, the
bolt plate sinks and loosens. The bolt and anchor cable have large bending deformation, which shows that the
conventional support effect is poor and brings great problems to the stability control of the surrounding rock of
the roadway. To safely and economically mine inclined coal seams, it is necessary to deeply and systematically
study the deformation and failure mechanism and control technology of inclined coal seam roadway.

Complex function method to solve the stress and displacement of roadway
surrounding rock

Establishment of mechanical model.  Taking the inclined coal seam of the Shitanjing No. 2 mining area
as the engineering background, the right-angle trapezoidal roadway is simplified into an infinite plane inner
orifice problem to solve, as shown in Fig. 3. A uniform load P is applied to the overlying strata, the Dip angle of
the coal seam is &, the short side height of the right-angle trapezoidal roadway is a (3.0 m), and the width is b
(4.5 m). Because the roadway is located in the inclined coal seam, the stress and deformation of the surrounding
rock of the roadway are affected by the asymmetric load, and the roadway is rotated by an angle of &, which is
equivalent to the asymmetric load.
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Column Succession Thickness /m Lithology Lithology description
20—40 Siltstone Grayish black, containing plant fossils and mica fragments.
3.0
. Grayish black, poor particle sorting, hard,
25735 Packstone containing a small amount of mica debris.
3.0
9.0—11.0  Medium sandstone Grayish white, .m.ainly composed of quartz, argillgceous cementation,
10.0 containing a small amount of mica debris, hard.
Grayish black, containing plant fossils and argillaceous nodules,
2.0—4.0 . b .
30 Siltstone horizontal bedding.
) 0; 40 Grayish black, thin layer, brittle, fracture development,
T Mudstone fine horizontal bedding.
% #4 Coal seam The thick coal seam with complex structure contains eight layers of gangue.
Tt Grayish black, containing mica flakes and complete plant fossils,
40=3.0 Siltstone horizontal bedding.
e 35
% Packstone Gray-gray black, medium thick, horizontal bedding, containing mica debris.
_ Grayish black, brittle, horizontal bedding development,
% Mudstone containing plant fossils.
5.0—5.8 #5 Coal seam
10 55 The thick coal seam with complex structure contains eight layers of gangue.

Figure 1. Coal stratum histogram.

(a) Left side of roadway

(b) Right side of roadway (¢) Roof of roadway

Figure 2. Deformation and failure of on-site roadway.

Basic theoretical.

According to the theory of complex functions and elastic mechanics, the area occupied

by the roadway on the Z plane can be transformed into a unit center circle on the { plane through the mapping
function z=w({). Assuming there are two analytical functions ¢({) and y({), the stress, displacement and bound-
ary conditions of the surrounding rock of the roadway can be expressed by them:
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Figure 3. Structure diagram of inclined coal seam roadway.
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where g, 05 and 7, are the radial, circumferential and tangential stresses at the points (p, 6) of the polar coor-
dinate system, u, and ug are the projections of the displacement vector on p and 6, E is the elastic modulus, v
is poisson’s ratio, and the sum of the x and y axis directions on the boundary s is ¥ and y. w({) is the mapping
function, and @((), ¥(), ¢({), y({) are complex potential analytical functions.
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where 7 is the main stress direction, a, and b, are proportional constants; ¢,({) and y,(() are the analytic func-
tions of the complex; function {=pe” in the central unit circle; p is the distance from any point to the center of
the circle, and 6 is the angle between any point and the center of the circle in the positive x direction; «, &', and
B’ are constants related to the far field stress ¢, and o,.

According to the stress boundary condition Eq. (3), the basic equations of ¢4({) and y,({) can be obtained:
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Figure 4. Mapping diagram.

1 [ w0) @y (0) _ 1 hodo
w0(§)+2ni_/a)’(a)a—§da_ 2wi | o —¢
1 ’ (o) @}(c) 1 ’ hodo ©
WO(C)—’_Zni/w/(a)a—{da_ 2ni ) o —¢’
e g XYL o o 0(0)
hg = 1/ (x+1y)ds > Ino PoT— X lY)w’(o)G )

—2aw(o) — (&' — i)/ (o).

Solution of mapping function coefficients. Theory of mapping function. Assuming that Z is a bound-
ed connected region, its complement Z€ is simply connected on the extended plane. The conformal mapping
function @ can be used to map ZC to the outer { plane of the unit circle, where the Laurent expansion of z is a
faber polynomial, and the faber polynomial can be calculated through the recursive relationship f; function to
determine the coefficients of the mapping function.

(1) Schwarz-Christoffel mapping function

The arbitrary conformal mapping functions from the unit circle to the inside and outside of the bounded
polygon P are fi(z) and f’/(z):

n op—1
fI(Z)=A+C1fZH<1—Z£k> dg, (8)
k=1
n or—1
fl(z) = A+ Cy [ ¢? H (1 - j—k) dae¢, )
k=1

where A and C, are constants.
(2) Coefficients of faber polynomials

Assuming that the complement Z€ of Z is simply connected on the extended plane (on the Riemannian
sphere). According to Riemannian mapping theorem, there is a conformal mapping from Z€ to the outside of
the unit circle ®(z), so O(eo) = oo, then ® Laurent expansion:

2

P@2)=Cil(z+a+az ' +az P +-), (10)

where |C1|> 0, the horizontal curve of Z is ¢ — 1. For a circle with radius p > 1, the mapping relationsip is shown
in Fig. 4.
Assuming {=®(z), u=1/(, fis the Schwarz-Christoffel mapping function:

n 1—oy
f(u)=A+C1fZ§‘2H<1—Z£k) dg. (11)
k=1

Then the inverse mapping of the Laurent expansion of @ is:
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Figure 5. Mapping effect of roadway.

=0 ) =Ct+Co+Ct M+ G2+ (12)

By deriving the inverse mapping of Laurent expansion and combining binomial theorem, the recursive for-
mula of faber polynomial is obtained:

¢o=1
¢1 = (C1z — Cp) (13)
Om+1 = C1z2¢m — (Codm + - -+ + Cpy10) — MCyp1.

The recurrence formula of the Faber polynomial is programmed through Matlab software, and the coefficient
of the mapping function is calculated up to the nth order. The mapping effect of the mapping function of different
orders is shown in Fig. 5. As n increases, the average absolute error of the mapping function decreases. When
n =29, the mapping figure represented by the mapping function is very similar to the roadway section.

Calculation of mapping function coefficients. The inclined coal seam roadway boundary is mapped to the unit
circular boundary in the { plane through conformal transformation to solve the stress and deformation of the
surrounding rock, that is, the unit circle radius p =1, as shown in Fig. 6.

According to Laurent expansion and complex function theory, combined with the characteristics of inclined
coal seam roadway (as shown in Fig. 6), the basic type of mapping function is further determined:

z2=w(@)=Co+Cie +Cf M+ G+ + Cug " (14)

where G (7=0,1,2,3,...,n) is a complex constant, which is determined by the size and boundary shape of the
roadway, and n is the number of terms of the series, so that C;=a;+id), z=x+iy, {=p(cosf + isin6) = pe”, p=1.
According to the Schwarz-Christoffel mapping function, combined with the recursive formula of the Faber
polynomial, the calculation process of the coefficients in the mapping function is programmed through Mat-
lab software to solve the coefficients of the roadway mapping function. In the calculation process, 1000 points
are taken on the roadway section for mapping. When n is 9, the approximate roadway section obtained by the
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()

(a) Right angle trapezoidal roadway (b) Mapping unit circle

Figure 6. Roadway model to { mapping of plane unit circle.

a; d; a; d;
Cy 0.00031 | 0 Cs —0.09510 | —0.11610
C, 0.00045 | 0.00032 Cs -0.03114 0.02177
G, —0.00178 | 0.00137 C, —0.04643 | —-0.05711
Cs —0.00633 | —0.00304 | Cg 0.00215 | —0.02434
C, 0.01290 | —0.18520 | Cy 0.01932 | —0.00758

Table 1. Coefficients of roadway mapping function.

mapping is the same as the actual roadway section. The coefficients of the mapping function of the inclined coal
seam roadway are shown in Table 1.

Solution of stress and deformation of roadway surrounding rock. According to the coefficient of
the mapping function, when n is 9, it is enough to meet the accuracy requirements, then the expression of the
mapping function can be obtained through Eq. (14):

Co+Cii+Cl ' +Cg 2+ Gt +Csg 7t
z=w() = s 6 _ _s . (15)
+Cel 7+ Crg ™ + Ce¢ ™ + Cot

According to the boundary conditions,x =y=X=Y =0, a=P/2, &’ +if’=a-if’=0,p=1, {=pe’ =0, =p/{,
@ =1/0, then the relationship between the basic variables of each mapping function is:

Co + Cio + C20’71 + C30’72 + C4073
wlo) = —4 -5 —6 -7 -8 (16)
+C50’ =+ C60‘ + C70‘ —+ CgO‘ =+ CQO‘
According to Eq. (7), we can get:
ho = —2aw(c) — (&’ —if)w' (o)
__p CQ+C10'+C20_1+C30'_2+C40_3 17)
N +C50'_4 =+ CGU_S + C7O‘_6 —+ C80_7 + C90_8 '
Substituting Eq. (17) into Eq. (6), we get

G M+ G+ Cug?

1 hoda’ 4 _5 6
() =—5— =Pl +C0 7+ Gt 7+ G0 s (18)
2ni ) o —¢
o +Cs¢ ™7+ Cor
Scientific Reports|  (2022)12:7147 | https://doi.org/10.1038/s41598-022-11277-7 nature portfolio



www.nature.com/scientificreports/

1 [ hydo 1 [ w(o) ¢ylo)

o _ — -1
WO ="35) o=t i) d@o—c2 ~ PG5
Co+ C1¢ ™' + o + C3¢2+Cat? —C¢ 2 =203 19)
Lp \FCE H G+ Lo+ G+ o) | 3G 4G
Ci— C{ 2 —2C3¢7 —3Ct ™4 —4Cs¢ 3 —5Ce¢ 0 —6C;¢77
—5C6{_6 — 6C7§'_7 — 7Cg§_8 — 8C9§'_9 —7C8§78 — 8C9§79

Substituting Eqs. (18) and (19) into Eq. (5) can obtain ¢({) and y({):
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Incorporating Egs. (22) and (23) into Eq. (1) to obtain Eqs. (24) and (25), and further adding Eqs. (24) and

(25) to obtain the real part of the roadway surrounding rock’s hoop stress oy, radial o, and shear 1,4 is Eqgs. (26),
and (28).
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Substituting Egs. (22) and (23) into Eq. (2) and taking the real part, the radial displacement u, and radial
displacement u, of the surrounding rock of the inclined coal seam roadway can be obtained as:
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Figure 7. Roadway calculation azimuth layout.
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In order to consider the influence of the inclination angle, in the mapping process, the section of the roadway

is rotated counterclockwise by an angle a (the inclination angle of the coal seam), then the polar coordinate

transformation is {=p(cos(6+ &) +isin(0 + «)). Bring {=p(cos(0+ a) + isin(6 + a)) and Cj=a;+id; into (26) and

(29), use Matlab software to separate the real and imaginary parts, you can get analytical solution of stress oy
and displacement u, of inclined coal seam roadway.

Example analysis of roadway. Roadway calculation azimuth layout. The inclination angle of the in-
clined coal seam in Shitanjing No. 2 mining area is 18°-27°, with an average of 23°. Take the overlying rock layer
pressure (in-situ stress) P as 10 MPa, assuming that the rock layer is homogeneous, its elastic modulus is 3.5 GPa,
and Poissons ratio is 0.24. Substituting the coefficients of the mapping function in Table 1 into Eqs. (26) and (27)
respectively, the surface hoop stress and radial displacement of the roadway can be obtained. The layout of the
calculation points for the stress and displacement of the roadway surrounding rock is shown in Fig. 7.

Stress distribution characteristics of roadway surrounding rock. Figure 8 shows the stress distribution of road-
way surrounding rock. It can be seen from the figure that the peak stress on the right side of the roadway (sharp
corner, two sides, roof, and floor) is greater than that on the left, and the peak stress at the two sharp corners
of the roadway roof is greater than that at the two sharp corners of the floor. Overall, the stress of roadway
surrounding rock shows the changing trend of sharp angle >two sides>roof>floor. The maximum stresses of
roadway right side roof angle, right side, left side, roof, and floor are 22.5 MPa, 15.2 MPa, 14.8 MPa, 14.3 MPa,
and 7.0 MPa, respectively.

Deformation distribution characteristics of roadway surrounding rock. ~ Figure 9 shows the displacement distri-
bution of roadway surrounding rock. It can be seen from the figure that the deformation of roadway surrounding
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Figure 9. Deformation law of roadway surrounding rock.

rock presents asymmetric distribution characteristics, that is, the deformation on the right side of roadway sharp
corner, two sides and roof, and the floor is greater than that on the left. On the whole, the deformation at the top
corner of the right side of the roadway is the largest, followed by the two sides of the roadway, and the smallest
is the roadway roof and floor. The displacements of the top corner of the right side of the roadway, the left side,
the right side, the roof, and the floor are 161.0 mm, 112.0 mm, 121.8 mm, 114.4 mm, and 52.5 mm, respectively.

Theory of cyclic deformation and failure of roadway surrounding rock. Shape of roadway stress
and deformation zone. 'The contour of stress and deformation of surrounding rock of roadway in inclined coal
seam presents a butterfly shape, and the protruding part is called butterfly leaf. As shown in Figs. 10, 11 and
12, in the coordinate system, it presents the shape of mutual four quadrant protruding and coordinate axi+s
depression, in which 7}, is the length of butterfly leaf, (r,,7,) is the coordinate of any point on the stress area and
deformation boundary of roadway surrounding rock, with |rp| >|r,| >|r.].

Cyclic deformation and failure characteristics of roadway surrounding rock. ~ As shown in Fig. 13, the stress con-
centration occurs at the butterfly leaf position in the stress area of the roadway surrounding rock, and the two
sharp corners of the roadway roof are damaged. With the increase of the butterfly leaf in the stress area, the
damage of the two sharp corners of the roof is intensified, increasing the roof span. It increases the stress of the
two sides of the roadway, resulting in the bulging of the side of the roadway. With the continuous increase of
stress, butterfly leaves in the stress area are generated at the two sharp corners of the roadway floor, and a slight
floor heave occurs. Then the roof, floor, two sides, and sharp corners of the roadway surrounding rock interact,
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Figure 10. Boundary of stress zone.

Figure 11. Boundary of deformation zone.
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Figure 13. Cyclic deformation and failure of roadway surrounding rock.
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Figure 14. Mechanical model of roadway cyclic deformation and failure.

Figure 15. Stress distribution of roadway cyclic deformation failure.

resulting in the increase of stress and the decrease of strength, and the roadway surrounding rock enters a vicious
cycle of damage.

Establish the theory of cyclic deformation and failure of roadway. Based on the theory of mathematics and elas-
ticity, combined with the distribution form of stress and deformation of roadway surrounding rock, the theoreti-
cal expression of roadway surrounding rock cyclic deformation and failure is deduced, and the structural length
of the roof, two sides and floor and the analytical solution of roadway stress and deformation in the whole life
cycle of roadway surrounding rock cyclic deformation and failure can be calculated. Figures 14 and 15 show the
mechanical model of cyclic deformation and failure of roadway surrounding rock. The length expression (27) of
the roadway roof, two sides, and the floor are shown. According to Egs. (25) and (26), the stress and deformation
values of roadway roof, two sides, and floor can be obtained.
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La,p, = \/(xAn —x8,)° + (4, — y8,)°

Lg,c, = \/(xBn —xc,)* + (8, — yc,)*

n=12345 27)
Lc,p, = \/(xcn —xp,)* + (e, — yp,)?

Lp,a, = \/(an —x4,)* + (b, — ya,)*

Put z=x+iy, {=p(cosf+isinf) = pe®, C;=a; +id,, p=into Eq. (15), we can get::

n
Xx; = ag + ajcosf — dysinf + Z [ajcos(j —1)0 + djsin(j — 1)0]
j=2 .
n , 1= Anan)Cn)Dn) (28)
yi = do + aysinf + djcosd + Z [—ajsin(j —1)0 + djcos(j — 1)0]
j=2

where Ly, z,» Lg,cn» Lenpn @01d L4, are the lengths of the roof, sides and bottom of the roadway, respectively. The
angle 6 is 0°-360°, which are the measuring points for the stress and deformation of the roadway. The abscissas
of A, B, C, D around the roadway are x4,,, Xz,,» Xc,» Xp,» and the ordinates are y4,, ¥ You Ypw 1=1,2,3,4,5....

The roadway section is mapped to the unit circle through conformal transformation, and the mapping func-
tion coeflicients are unchanged at this time. With the increase of 0, the values of cosf and sinf in the equation
(2.58) change. When 6 increases near kn/2 +1/4 (k=0, 1, 2, 3), the boundary of the stress zone and the deforma-
tion zone presents a butterfly-shaped contour. The larger position of the butterfly leaf in the butterfly stress zone
indicates that the sharp corner of the roadway roof is the source of damage, which is prone to stress concentra-
tion. As the load increases, the two sides of the roadway are damaged, which leads to the increase of the roof
span Ly, 5, and the stress of the roof. At the same time, the damage of the roof increases the length of the two
sides Lg,c, and Lc,p,,» which intensifies the damage of the two sides, resulting in the continued deterioration of
the stress state of the roadway sharp corners and aggravating the roof sinking. The roof span L, is further
increased, and the damage of the two sides of the roadway extends to the deep part, which deteriorates the stress
condition of the bottom plate, and causes the span of the bottom plate Ly, 4, to increase, which enters a vicious
circle of destruction.

Numerical simulation analysis of roadway deformation and failure

Numerical calculation model. Taking Shitanjing No. 2 mining area as the engineering background, the
FLAC3D numerical calculation model is established, with a size of 36 mx 3.6 mx33 m and the coal seam dip
angle is 23°. The grid is divided into 13,381 units, focusing on the grid around the roadway*, as shown in Fig. 16.
Since the buried depth is about 400 m, 10 MPa stress is applied on the top surface of the model. The parameters
of the numerical calculation model are shown in Table 2.

Result analysis.  Stress distribution characteristics of roadway.

(1) Vertical stress
Figure 17 shows the vertical stress distribution law of roadway in inclined coal seam. It can be seen
from the figure that the vertical stress concentration peak of roadway appears in the side of roadway and
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#3 Coal seam 3.15 1.40 2.00 1.10 26.0 1.20 1.00
Siltstone 3.00 2.46 8.49 6.47 32.1 5.7 3.77
Packsand 3.00 25 8.24 5.92 30.16 9.62 227
ls\f(ff;“m sand- 11609 251 10.11 7.27 37.0 118 278
Siltstone 3.00 2.46 8.49 6.47 32.1 5.7 3.77
Mudstone 3.00 2.53 7.79 534 315 1.85 1.54
#4 Coal seam 6.00 1.40 2.00 1.10 28.0 1.40 1.00
Siltstone 3.50 2.46 8.49 6.47 32.1 57 3.77
Packsand 4.00 25 8.24 5.92 30.16 9.62 227
Mudstone 1.50 253 7.79 534 315 1.85 1.54
#5 Coal seam 55 1.40 2.00 1.10 26.0 1.20 1.00

Table 2. Physical and mechanical parameters of coal and rock.
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Figure 17. Vertical stress distribution law of roadway.

presents asymmetric distribution characteristics, that is, the range of stress peak and stress concentration
area of roadway on the right side is larger than that on the left side, and the stress distribution of roadway
roof and floor deviates to the right. With the increase of load, the stress of two sides of roadway increases.
When the load is 10 MPa, the peak stress of the left and right sides of the inclined coal seam roadway is
15.20 MPa and 15.73 MPa respectively.

(2) Horizontal stress

Figure 18 shows the horizontal stress distribution law of roadway surrounding rock in inclined coal seam.
From the figure, it can be seen that the horizontal stress concentration of roadway surrounding rock occurs at
four sharp corners and presents asymmetric "Butterfly” distribution characteristics, that is, the range of stress
peak and stress peak area at the sharp corner on the right side of the roadway is greater than that on the left side.
With the increase of load, the stress at the sharp corner of the roadway increases. When the load is 10 MPa, the
peak stress of the right side roof angle (RSRA), the left side roof angle (LSRA), the right side floor angle (RSFA)
and the left side floor angle (LSFA) of the roadway are 9.57 MPa, 9.51 MPa, 9.03 MPa and 8.94 MPa respectively.

Distribution characteristics of roadway displacement.

(1) Vertical displacement
Figure 19 shows the vertical displacement distribution law of roadway. It can be seen from the figure
that the deformation of roadway roof and floor is skewed on the right side, showing asymmetric distribu-
tion characteristics. The right side of roadway roof and floor is the key part of roadway deformation. With
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the increase of load, the deformation of roadway roof and floor is greater. When the load is 10 MPa, the

maximum displacement of roadway roof and floor is 127.4 and 73.0 mm, respectively.

(2) Horizontal displacement

Figure 20 shows the horizontal displacement nephogram of the roadway. It can be seen from the figure that
the deformation of two sides of the roadway presents asymmetric characteristics, that is, the deformation of the
right side of the roadway is greater than that of the left side. With the increase of load, the deformation of two
sides of roadway is greater. When the load is 10 MPa, the maximum deformation of the left and right sides of

the inclined coal seam roadway is 16.8 and 17.3 mm, respectively.

Distribution characteristics of roadway plastic zone.  Figure 21 shows the cloud diagram of the plastic area of the
roadway under different loads. It can be seen from the figure that the plastic area of the roadway is distributed in
an asymmetric "Butterfly" along the inclined direction of the coal seam. Under the action of low load, the road-
way plastic zone appears in the sharp corner and side of the roadway. With the increase of load, the plastic zone
at the sharp corner of the roadway first expands to the roof, floor and the right side roof angle of the roadway.
The interaction of various parts of the roadway leads to increased roadway stress, decreased strength, and finally

asymmetric cyclic deformation and failure.
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Figure 20. Distribution law of roadway horizontal displacement.

Comparative analysis of theoretical calculation and numerical simulation results. To verify the
rationality and accuracy of theoretical calculation, the stress and displacement calculated by numerical simula-
tion are converted into circumferential stress and radial displacement, compared with theoretical analysis and
calculation results. As shown in Fig. 22, the theoretical analysis shows that the distribution law of roadway
stress and displacement is consistent with the numerical simulation. There are some numerical differences, and
the maximum numerical difference is less than 10%. This may be related to the calculation process of the two
algorithms, in which the theoretical analysis is based on elasticity. In contrast, the numerical simulation analysis
adopts the elastic—plastic constitutive model. It is also related to the size of computational boundary conditions
and the difference of mesh generation of a numerical model. Therefore, there are some differences between
theoretical calculation and numerical simulation results.

Experimental study on deformation and failure mechanism of roadway
Physical simulation test scheme. Taking the engineering geological conditions of Shitanjing No. 2 min-
ing area as the background (the physical and mechanical parameters of coal seams are shown in Table 1), a
variable-angle physical model test frame is used to establish a physical similarity model for inclined coal seam
roadways, as shown in Fig. 23. The establishment of the similarity model meets the conditions of geometric, bulk
density, material and stress similarity, and the size of the roadway model shall meet the requirement that the
ratio of the distance from the roadway to the model boundary to the radius of the roadway is > 3. The similarity
parameters of the physical model are shown in Table 3. Similar materials are mainly composed of sand, gypsum,
CaCOj; and water in a certain proportion. The model consists of 10 layers, which are stacked in layers. The ratio
of similar materials is shown in Table 4.

In this study, two hydraulic jacks are used to apply uniform load on the top surface of the physical model.
Starting from 0.021 Mpa, execute the graded loading method, as shown in Table 5.

Physical simulation test process. Miniature earth pressure sensor (L-YB-150) is adopted (¢
28 mm x 9 mm, 0.5 (% ES.) and DH3818-1 static strain tester were used to record the stress changes, and DIC
was used to record the displacement and failure law of roadway. Figure 24 shows the DIC test system. Its image
consists of two sets with a resolution of 2648 x 2448. The sub-pixel accuracy of pixel CCD digital camera acquisi-
tion can be realized by using 3D-DIC software (GOM Aramis, version 8, related solutions). The shooting format
of this experiment is 1.2 x 1.1 m, the magnification is 3.383 pixels/mm, and the DIC displacement measurement
accuracy is expected to be 0.0296 mm?*-**. Compared with traditional monitoring methods, DIC test system
has short monitoring time intervals and high precision. It can realize high-precision testing of large-scale and
detailed parts of rock stratum at the same time, and master the dynamic process of rock stratum deformation
and failure.

Based on the deformation and failure of inclined coal seam roadway, the stress and displacement monitoring
points are arranged, as shown in Fig. 25. Three stress monitoring points are arranged on the roadway roof, two
side walls, floor and four sharp corners respectively. A total of 12 stress sensors are embedded in the roadway
surrounding rock, and the measurement error is 0.5%. Displacement monitoring points are arranged in the
influence range of roadway surrounding rock surface deformation for monitoring by DIC. At the same time, in
order to eliminate the rigid body displacement, eight fixed control marks are placed on the physical model frame
to correct the DIC measurement error. After the model is cured for one month to reach the expected mechanical
strength and its water content meets 1.6-2.7%, the loading test can be carried out**-**. During the loading pro-
cess, the stress, deformation and failure characteristics of two sides, roof, floor and sharp corners are recorded.

Scientific Reports |

(2022) 12:7147 | https://doi.org/10.1038/s41598-022-11277-7 nature portfolio



www.nature.com/scientificreports/

B None B None
shear-n shear-p shear-n shear-p
shear-p shear-p
shear-p tension-p shear-p tension-p
tension-p tension-p
(a) 5 MPa (b) 10 MPa

B None B None
shear-n shear-p shear-n shear-p
shear-p shear-p
shear-p tension-p shear-p tension-p
tension-p tension-p
(¢c) 15MPa (d) 20 MPa

Figure 21. Roadway plastic zone.
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Figure 22. Comparison between theoretical calculation and numerical simulation results.

Scientific Reports|  (2022) 12:7147 | https://doi.org/10.1038/s41598-022-11277-7 nature portfolio



www.nature.com/scientificreports/

Figure 23. Physical simulation test system.

Item Parameter (m) | Item Parameter
Model length 1.2 Geometric similarity ratio 1:30
Model width 0.12 Bulk density similarity ratio | 1:1.7
Model height 1.1 Stress similarity ratio 1:51
Model boundary | 0.525 Load similarity ratio 1:51

Table 3. Similar parameters of physical model.

Layer number | Kinds of strata Layer thickness/cm | Ratio (sand:gypsum:CaCO;:coal)
1 Siltstone 10 737

2 Packsand 10 837

3 Medium sandstone | 33 728

4 Siltstone 10 737

5 Mudstone 10 828

6 #4 Coal seam 20 21:1:2:21
7 Siltstone 12 737

8 Packsand 13 837

9 Mudstone 5 828

10 5 #Coal seam 18 21:1:2:21

Table 4. Ratio of physical similar material simulation test. Note: 737 proportion number. The first number 7
indicates that the sand binder ratio is 7:1, and the second and third numbers 3 and 7 indicate that the ratio of
gypsum to large lime is 3:7.

Load times | 1 2 3 4 5 6 7 8 9 10 11 12 13
Load/kN 3 4 5 6 7 8 9 10 11 12 13 14 15
Load/MPa 0.021 |0.028 |0.035 |0.042 |0.049 |0.063 |0.07 |0.077 |0.084 |0.091 |0.098 |0.105 |0.112

Table 5. Loading scheme.
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Figure 24. DIC measurement system.

Figure 25. Layout of stress and displacement measuring points of roadway.

Results and interpretation.  Stress analysis.
(1) Stress of roadway sidewall

Figure 26 shows the stress distribution law of the roadway’s two sides. It can be seen from the figure that in the
loading stage of 0-0.063 MPa, the stress of two sides of the roadway increases rapidly with the increase of load,
resulting in stress concentration. The stress concentration on the two sides reaches the maximum when the load
is 0.063 MPa, and the stress concentration factors on the left and right sides are 2.0 and 4.1 respectively. At this
time, cracks appear on two sides of the roadway, with slight wall spalling. In the loading stage of 0.063-0.112 MPa,
the stress of the two sides of the roadway decreases rapidly, indicating that the roadway’s two sides have been
greatly damaged. There are large cracks on the inner side of the two sides of the roadway, and the two sides bulge
seriously. The damage to the right side of the roadway is greater than that of the left side. The peak stress of the
left and right sides of the roadway are 0.12 and 0.24 MPa, respectively.

(2) Stress of roadway roof

Figure 27 shows the stress distribution law of roadway roof surrounding rock. In the loading stage of
0-0.063 MPa, the stress of the roadway roof increases with the increase of load, and stress concentration occurs.
When the load reaches 0.063 MPa, the stress concentration on the left and right sides of the roadway roof

Scientific Reports |

(2022) 1217147 | https://doi.org/10.1038/s41598-022-11277-7 nature portfolio



www.nature.com/scientificreports/

0.30 Right side point 7
| —@— Left side point 6
024 | ,
@ | Roadway

Stress /MPa
=)
P
[ere]
T

x
3

0.06 |- \b
O-9.
L

000 | s | L 1 " | L | L | L |
0.00 0.02 0.04 006 008 0.10 0.12

Load /MPa

Figure 26. Curve of stress on roadway’s two sidewalls with load.
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Figure 27. Curve of roadway’s roof stress with load.

reaches the maximum, and the stress concentration factors are 2.8 and 3.6, respectively. At this time, the road-
way roof separates and local collapse occurs. In the loading stage of 0.063-0.112 MPa, the stress of the roadway
roof decreases rapidly. At this time, the roadway roof collapses, the deformation of the right side of the roof is
greater than that of the left side, and the stress peaks on the left and right sides of the roof are 0.15 and 0.19 MPa,
respectively.

(3) Stress distribution of roadway floor

Figure 28 shows the stress distribution law of the surrounding rock of roadway floor. It can be seen from the
figure that in the loading stage of 0-0.063 MPa, the surrounding rock stress of roadway floor increases rapidly
with loading, and stress concentration occurs. When the load reaches 0.063 MPa, the stress concentration on the
left and right sides of the roadway floor reaches the maximum, and the stress concentration factors are 2.0 and
2.7, respectively. At this time, the roadway floor begins to crack. In the loading stage of 0.063-0.112 MPa, the
surrounding rock stress of the roadway floor decreases rapidly with the increase of load. At this time, the crack
of the roadway floor extends to the interior of the roadway, there is a slight floor heave, and the deformation on
the right side of the floor is greater than that on the left side. The peak stress of the two surrounding rocks on
the left and right sides of the roadway floor is 0.14 and 0.185 MPa, respectively.

(4) Stress distribution at corner of roadway

Figure 29 shows the stress distribution law of surrounding rock at the sharp corner of the roadway. It can be
seen from the figure that in the loading stage of 0-0.063 MPa, the stress of the surrounding rock of the roadway
increases rapidly with the loading, resulting in stress concentration. When the load reaches 0.063 MPa, the stress
concentration at the sharp corner of the roadway reaches the maximum, and the stress concentration factors at
the sharp corner are 5.4, 4.0, 3.2, and 2.1, respectively. At this time, cracks begin to appear at the sharp corner of
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Figure 29. Curve of stress at sharp corner of roadway with load.

the roadway. In the loading stage of 0.063-0.112 MPa, the stress of surrounding rock at the sharp corner of the
roadway decreases rapidly with the increase of load. At this time, the cracks at the sharp corner of the roadway
increase, and finally, the surrounding rock at the sharp corner of the roadway collapses, and the damage of the
sharp corner of the right side of the roadway is greater than that of the left side. The peak stress of the right side
roof angle (RSRA), the left side roof angle (LSRA), the right side floor angle (RSFA), and the left side floor angle
(LSFA) of the roadway are 0.38 MPa, 0.28 MPa, 0.22 MPa, and 0.16 MPa respectively.

Displacement of roadway surface.
(1) Surface displacement of two sidewalls of roadway

Figure 30 shows the displacement nephogram of each measuring point on the two sides of the roadway. It
can be seen from the figure that the displacement of the right side of the roadway is greater than that of the left
side, showing asymmetric characteristics, in which the maximum displacement of the right side of the roadway
is 2.10 mm and the maximum displacement of the left side is 1.93 mm. The deep surrounding rock deformation
trend of the two sides of the roadway is consistent with the shallow part. With the increase of the depth of the
surrounding rock of the two sides of the roadway, the deformation of the two sides is smaller.

(2) Roof displacement of roadway

Figure 31 shows the displacement nephogram of each measuring point of roadway roof deformation. It can
be seen from the figure that the displacement on the right side of the roof is greater than that on the left, show-
ing asymmetric distribution characteristics, in which the maximum displacement of roadway roof is 2.77 mm.
The deformation trend of deep surrounding rock of roadway roof is basically consistent with that of the shallow
part. With the increase of surrounding rock depth of roadway roof, the deformation of roadway roof is smaller.
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Figure 33. Cyclic deformation and failure of roadway surrounding rock.

(3) Displacement of roadway floor

Figure 32 shows the displacement nephogram of each measuring point of the roadway floor. The deforma-
tion of the right side of the roadway floor is greater than that of the left side, showing asymmetric distribution
characteristics, in which the maximum displacement of the roadway floor is 0.71 mm. The deformation trend
of deep surrounding rock of roadway floor is basically consistent with that of shallow part. With the increase of
surrounding rock depth of roadway floor, the deformation of roadway floor is smaller.

Cyclic deformation and failure of roadway surrounding rock. Under the load action, the inclined
coal seam roadway has cyclic deformation and failure, showing asymmetric characteristics. Stress concentration
is easy to appear at the sharp corner of the roadway roof. With the increase of load, the stress concentration of
roadway roof, two sides, and floor also reach the maximum. At this time, cracks appear in the roof, two sides,
and floor. With the increasing load, the roof slightly separates from the layer. The stress state at the sharp corner
continues to deteriorate as a connecting part, intensifying the roadway’s deformation and failure. The interac-
tion between the two sides of the roadway, the roof, and the two sharp corners of the roof leads to the increase
of roadway stress, the decrease of strength, and the entry into a vicious circle of damage. Finally, the two sides of
the roadway are seriously divided, the roof presents asymmetric "Beret" type caving arch damage, and the floor
heaves slightly, as shown in Fig. 33.

Comparative analysis of theoretical calculation and experimental results. To verify the rational-
ity and accuracy of the theoretical calculation, the physical test results are converted by geometric similarity ratio
and stress similarity ratio and compared with the theoretical calculation results. As shown in Fig. 34, the theo-
retical analysis shows that the distribution law of roadway stress and displacement is basically consistent with the
physical test results. There are some differences in values, and the maximum difference is less than 32%. Because
the results of theoretical analysis are elastic solutions based on complex function, while the results of numerical
simulation are elastic—plastic solutions, the results of model tests are related to similar materials, the accuracy of
test methods and test conditions, and the roadway is deformed and damaged. Therefore, some data are different.
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Conclusion

Based on the theory of complex function and elasticity, this paper establishes the mechanical model of roadway
surrounding rock in inclined coal seam under the influence of dip angle, optimizes the solution process and
accuracy of mapping function coefficient, and deduces the calculation equation of roadway surrounding rock
stress and deformation. It reveals the deformation and failure mechanism of roadway in inclined coal seam,
and is verified by numerical simulation and physical similarity simulation. The main conclusions are as follows:

(1)

)

3)

The stress and deformation of roadway surrounding rock in inclined coal seam show obvious asymmetric
distribution characteristics, that is, the stress and deformation on the right side of roadway surrounding
rock are greater than that on the left side. On the whole, the stress and deformation of roadway surround-
ing rock show the change trend of side > roof > floor, and the two sides of roadway, the right side of roof
and the top angle of right side are the key positions of stress concentration and deformation. The evolution
mechanism of cyclic deformation and failure of roadway surrounding rock is further revealed, and the
essential relationship between roadway roof and floor and deformation on both sides is established.
Using the numerical simulation analysis method, the stress, displacement and plastic zone distribution law
of roadway surrounding rock in inclined coal seam are further analyzed. The roadway stress distribution
and deformation law are basically consistent with the theoretical analysis results, and the numerical differ-
ence is less than 10%. The cyclic failure mechanism of inclined coal seam is verified. The stress concentra-
tion and deformation of surrounding rock in inclined coal seam roadway show asymmetric characteristics,
that is, the stress and deformation on the right side are greater than that on the left side. The plastic zone
of the roadway is asymmetrically "Butterfly" distributed along the inclined direction of the coal seam, that
is, the range of the plastic zone on the right is greater than that on the left.

Through the physical model test, the stress and deformation law of the surrounding rock of the roadway in
inclined coal seam are further analyzed. The test results are basically consistent with the theoretical analysis
and numerical simulation. The maximum numerical difference is less than 32%, and the cyclic deforma-
tion failure theory of the roadway is verified. That is, the roof of the roadway and the sharp corner of the
roof are damaged first. With the increase of load, the two sides of the roadway are divided, and the roof
collapses slightly, resulting in the increase of roadway span, the pressure of the two sides is increased, and
the damage of the two sides is increased. The stress state at the sharp corner continues to deteriorate. The
two sides of the roadway, the two sharp corners of the roof and the sinking of the roof increase the stress,
reduce the strength and destroy the vicious circle. Finally, the roadway roof is damaged by asymmetric
"Beret" type caving arch, two sides are divided, and the floor heaves slightly.
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