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Abstract

To rationalize the setting of joint parameters, model size, and initial value of vertical stress in simulation of mining of steeply
inclined coal seams, a fault tree analysis method of discrete element numerical simulation was used and a mathematical model
was proposed. A method of eliminating the influences of size-effect errors on the parameters of coal and rock samples was
obtained based on previous work. Furthermore, the constitutive equation and eigenvalue determination formula of a joint
discontinuity surface were established, and a method of determination of the joint parameters was proposed, forming the
complete “coupling chain” between parameters for numerical simulation. In addition, a formula for the initial value of verti-
cal stress was constructed by way of the compression and shear model of the element body. Also, the minimum dimension
was determined by means of strength factor analysis of fracture mechanics. Taking the research literature as an example,
the model size and initial value of vertical stress were calculated. On this basis, the physical parameters of coal samples, the
physical parameters of coal rocks considering the influence of the size effect and the calculated coal rock joint parameters
considering the influence of size effect were directly used to comparatively analyze the displacement and stress fields, thus
verifying the reasonability and correctness of the mathematical model.
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1 Introduction

Discrete element numerical simulation method focuses
on the evolution of throttle fissures (Jobmann and Billaux
2010), length expansion of fractures (Suner and Tulu 2022;
Zhang et al. 2017, 2016), or a change in the permeability of
the rock mass (Lak et al. 2017; Poulsen et al. 2018). Between
the aforementioned conditions, the method is more widely
used in application of safe mining technology, including
research into the height of overlying rock in “three zones” of
the working face, the evolution of water and gas conducting
channels, the failure depth of the floor under the influence of
mining, selection of dominant channels for coalbed methane
migration, etc.

Discrete element numerical simulation method using
UDEC, 3DEC, PFC, and other packages has been adopted
to construct the model and assign parameters for calculation
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according to the primary and secondary differences of the
research problem. The parameters involved in the numerical
calculation include the model size, the initial vertical stress
on the top of the model, the physical-mechanical parameters
of the model, and the mechanical parameters of joints. The
setting of parameters plays a vital role in the final result:
their improper selection can lead to calculation errors, non-
convergence of calculations, and large differences between
the calculated results and the actual on-site behavior.

Taking the numerical calculation in UDEC software as
an example, the mechanical parameters pertaining to the
rock mass, including density, bulk modulus, shear modu-
lus, elastic modulus, cohesion, internal friction angle, and
tensile strength, mechanical parameters of the joints includ-
ing normal stiffness, shear stiffness, internal friction angle,
cohesion, and tensile strength were analyzed.

Due to the complexity of geological conditions in under-
ground coal mining and the limitations of hardware and
software facilities, the mechanical parameters of the rock
mass and joint were set according to the in-situ sampling
of the rock mass, so the influence of any size effect was
ignored (Cerato and Lutenegger 2006; Liu et al. 2021; Xu
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et al. 2012). The initial vertical stress on the top of the model
is usually determined jointly by the burial depth of the coal
seam and the vertical distance between the coal seam and the
top of the model. However, for steeply inclined coal seams,
it is difficult to assign an accurate initial vertical stress due
to the fluctuation of the burial depth. Besides, the size of
the model is set based on the mining area and the reserved
mining boundary, thus lacks any theoretical basis for quan-
titative calculation.

To solve these problems, the present research focuses on
the assignment of mechanical parameters, and deduces a
universal formula for the initial vertical stress to be assigned
on the top of the model through mechanical analysis, and
obtains the minimum solution of model size considering
the influence of model boundaries. The results provide a
complete and scientific theoretical support for the parameter
setting of the discrete element numerical calculation.

2 Common errors in discrete element
numerical simulation

Taking the discrete element numerical simulation of overlay-
ing strata breaking in a steeply inclined working face as an
example, an error analysis was conducted.

In the mining stage of near-horizontal, gently inclined
and inclined coal seam working faces, the classical theories
of overlying strata included masonry beam (Xu 2016; Qian
et al. 2003), transfer rock beam (Song 1988; Lu et al. 2010)
and thin-plate structure models (Chen et al. 2018; Dufva and
Shabana 2005), etc. According to the key layer theory of
rock stratal control (Qian et al. 2010), the overall self-weight
of the upper strata structure of key strata acted uniformly on
the lower coal body, and the nephogram of vertical stress
shows symmetrically. When the overlying strata of steeply
inclined coal seams were mined at the working face, the
vertical stress on the goaf formed an arch (Fig. 1). Also, the
goaf was asymmetrically distributed as evinced by the cloud
map of mining stress (Qin et al. 2022).

As shown in Fig. 2, a fault tree analysis method was dis-
played (Bobbio et al. 2001; Khakzad et al. 2011; Cepin and
Mavko 2002). Unreasonable mechanical parameter settings
resulted in the overlying rock layer not collapsing, crack
propagation being inconsistent with theory, grid destruction
occurring in the non-anomalous zone, and the instability of
the model making it impossible to calculate by its failure
to reach equilibrium. At the same time, incorrect assign-
ment of the initial vertical stress leads to the evolution of
the stress field, displacement field, velocity field, and energy
field being inconsistent with theory. Besides, choice of an
inappropriate model size causes boundary failure.

Taking one example, the collapse of overburden strata
was not obvious, and the situation shown in Fig. 3 is often
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Fig.1 Nephogram of vertical stress in steeply inclined coal seam
mining
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Fig.2 A fault tree analysis method

attributed to the large value of the normal strength of the
roof.

Taking the grid embedding error as a second example,
when the working face was affected by mining, there was
a large amount of flexural movement of the rock block
(Li et al. 2015). Due to the insufficient robustness of the
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Fig.4 Grid embedding model

numerical calculation parameters of the lower rock mass,
the force characteristic line field and the velocity line of
the surrounding joints were inconsistent and readily caused
mesh embedding. As shown in Fig. 4, once the stability of
the model joints was insufficient, it would inevitably affect
the normal slippage of the remaining rock formations, mak-
ing it difficult for the model to balance the stress transfer,
which renders subsequent numerical simulation impossible.

In summary, the assignment of joint parameters, model
size, and initial value of vertical stress was of great signifi-
cance for discrete element numerical simulation.

3 How to determine the mechanical
parameters?

In mining, sampling of coal and rock strata remains the most
common method for obtaining the mechanical parameters.
Before discrete element numerical simulation of the stress
field, displacement field, velocity field, and energy field
when working face is mining, it was necessary to take coal
and rock samples for measurement of laboratory mechanical
parameters. However, the different locations of coal and rock
sampling points lead to large differences in the measured test
results of physical parameters.

On one hand, the sample acquisition should avoid the
influence of mining stress. In addition, the sampling should
avoid mining influence and geological structure areas (such
as faults, folds, collapse columns, etc.), as shown in Fig. 5.

After physical experiments, taking the average value at
multiple sampling points is often the most effective way to
eliminate errors. However, the physical parameters of the
sample were used to replace the model parameters that ignore
the influence of size effect, in other words, the sample could
only represent the local physical characteristics of the model.

At present, it was stated that the parameter values per-
taining to the coal and rock mass in the numerical model
were inconsistent with the measured values of coal and rock
specimens in the laboratory, and parameters for the numeri-
cal model of coal and rock were obtained by quantitative
equivalent calculation while considering size effects. It
was suggested that the elastic modulus, cohesion, and ten-
sile strength were generally 0.1 to 0.25 times the measured
values, and Poisson’s ratio was generally 1.2 to 1.4 times
the measured values of coal and rock specimens (Cai et al.
2013). Also, the stiffness and uniaxial compressive strength
in the numerical model should be 0.469 and 0.284 times
the measured values of laboratory coal and rock specimens,
respectively (Mohammad et al. 1997). Besides, a compara-
tive analysis of numerical simulation and laboratory test data
was undertaken, suggesting that there was no significant dif-
ference between the internal friction angle values of rock
mass and specimen, which was within the allowable range
of error (Chen et al. 2015; Le et al. 2016).

Therefore, on the basis of considering the size effect, in the
present research, a constant ratio calculation was implemented
for each mechanical parameter (verifying the result in Sect. 7).

In summary, considering the size effect, and heterogene-
ity of materials and stress, a method for recovering samples
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Fig.5 Forbidden sampling area in the well field
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and converting the measured parameters of coal and rock
samples in the laboratory into parameters of the numerical
model was proposed to avoid errors in numerical simulation.

4 Mathematical model for mechanical
parameter setting of the joint

The previous part focused on how to eliminate the size effect
error caused by the size parameters of coal samples, how-
ever, this section focuses on how to construct a mathematical
model for calculation of coal rock joint parameters when
the mechanical parameters of the joints in the coal rock are
unknown.

In the study of mining operations, the reasonable transfer
stress of joints in the model is important, and the reasonable
assignment of normal stiffness K, and shear stiffness K| is
key to the research. Nevertheless, due to the rigor of the
experimental conditions in its application to the hardware
and software facilities, discrete element numerical mechan-
ical parameters of joints are difficult to obtain, therefore,
more scholars have a reference for similar mines facilitat-
ing subsequent research; the correctness of this method is
probabilistic, because the joint surface is a material surface,
there are differences in roughness.

Here, to analyze the mechanics of the discontinuous
surface between the layers, the constitutive theory of the
discontinuous surface of the non-associated plastic material
was proposed, as shown in Fig. 6, the X and Y-axes of the
coordinate system were in the discontinuous plane, while the
Z-axis lay normal to the section. At the same time, the size
of the material plane was a X b X H, and the X, Y, and Z-axes
formed a right-handed coordinate system. Taking any point
A in the discontinuous plane, assuming that point A has been
displaced and deformed, at this time, the displacement dis-
continuity vector of point A* was determined using Eq. (1):

(DIS) = lim { Hy,, Hy,, He_ } (1)

Fig.6 Considering the roughness for the material surface model
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In the formula: < DIS > is the displacement increment of
point A along the Z-direction, m. H denotes the thickness of
the discontinuity model, m. & represents the actual thickness
of the rock discontinuity, m. Yy Vyor Voo and e, respectively,
represent the shear strain in the XOY-direction, the shear strain
in the YOZ-direction, the shear strain in the XOZ-direction, and
the normal strain in the Z-direction.

According to the modified hyperbolic yield criterion f and
plastic potential function g (Wang et al. 2018), the calculation
formulae are given in Egs. (2) and (3):

c
f= 'rfz+1§z+(1—%)2c2+uaz—c=0 )

HO
g= \/sz + ryzz +(1 - TT)ZCZ + Ouo, 3)

where, 7,, and 7, respectively, represent the shear stress in the
YOZ direction, and the shear stress in the XOZ direction, MPa;
u is the coefficient of internal friction of the layer; C denotes
the cohesion of the layer, MPa; 0 represents the flow coeffi-
cient of the layer, such that 0 <6< 1; oy is the tensile strength
of the discontinuous surface, MPa; ¢, represents the normal
stress on the discontinuous surface along the Z-direction, MPa.

Furthermore, a constitutive model matrix of non-correlated
layered materials based on a hyperbolic correction criterion as
given by Eq. (4) is adopted (Yin 2011):

D(L)'(D, %)
Dep:De_D(i)TDa_g_D T
€ oo € do €o T os (4)
T
D yve

© O (K+16)012 + G +(C - wo)or

Ty T, T

Q= [(K—%G)M (K—%G)ﬂ (K+%G)M fG fG O]
Q)
2 2 4 T . T
(6)
= VT)%Z+Ty2'z @)

T, T T
a—g=[00/49£i0] )
oo T T
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K+ GK——GK——GOO 0
K+ GK——GOO 0

K+ GOOO
D, = ©)
GO0O
GO

G

where, D, and D, respectively, represent the constitu-
tive matrix and elastic matrix of non-correlated layered

M= \/12 +72 4 (1 - HGT)2C2 1)

To facilitate the establishment of the corresponding rela-
tionship with the < DIS > variable, a conjugate stress array was
established as given in Eq. (12):

o= [sz Ty, O'Z]T (12)

Simultaneous solution of Egs. (1), (10), (11), and (12)
yields the constitutive relationship given in Eq.(13):

1%; Ty Tyz 4 Txz
ar,] (GO 0 1 G5 Gy K+5065F Iy,
dr,, [=]0 G 0 - 2 Ty G i (K + 4g)G@ dy,, (13)
i 4 K +326)0u* +G e .
do, 00 K+356 3 (K +1G)GE= (K + G)G =0 (g4 2 G)20;4 de,

materials; u' represents the derivative of the internal friction
coefficient function of the layer; C' denotes the derivative of
the cohesive force function of the layer, MPa; ¢ and ¥ respec-
tively, represent constant matrices; 7 is the shear stress in the
Z-direction of the discontinuous surface, MPa; K denotes the
bulk modulus of the discontinuous surface, MPa; G represents
the shear modulus of discontinuous surface, MPa.

To simplify the calculation, it is usually considered that
p and C are constants, then C'=0 and y'=0, as a result, the
matrix expression of D, was solved according to Egs. (5) to
(9) as Egs. (10) and (11):

Regarding the normal and tangential stiffness K, and K at
the contact points of the model joints, the relational expres-
sions were set as follows (Yin 2011):

G

k==

= (14)
K+ ‘3—‘G

K,=— (15)

According to the simultaneous Eqgs. (1), (12), (13), (14),
and (15), Eq. (16) could be obtained:

25 2 Tuxlyz Ty M
k, 0 0 | ks K X kgk, = o
D,=|0k O |- 2 Ty k2 k k22 Ty (16)
ep s 2 (C_M6T)2 s M2 s M2 st g
00k | kbu ”‘S[I_T] Kok, =2 e, S0 20,2
4 0p 2 4 7 4 . where, K, and K| respectively, represent the normal and
(K+36) gff p (K+ zg?Gﬁ (K +;§2_gﬁ tangential stiffness of the material plane model. However,
D, =|K+36G-~ G G ? if the mine lacks corresponding hardware facilities, fol-
(K + %G)G% G? TUA;"Z (;2;7'»2' lowing Eq. (14), Eq. (15) provides suitable estimates.

10)

According to the characteristics of the discontinuous
surface of the material, the stability of the discontinuous
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Fig.8 A unit body model in the rock layer

surface of the joint should be maintained during the initial
assignment of the model, so the matrix must have positive

definiteness, i.e. |Dep| > 0, furthermore, according to

Eq. (16), the characteristic value of the matrix is
determined:

Fig.9 Fracture mechanics model of the unit body

ot Ty, and 7, were required to satisfy X; >0 to ensure the
stability of the material forming such discontinuous surface
joints.

Therefore, Eqgs. (14), (15), and (17) constituted the “cou-
pling chain” relationship for the parameters u, 6, C, Kg, K,
o1, Ty, and 7,,. When undertaking numerical calculations,
whether the parameter settings are correct can be verified
according to the “coupling chain” relationship.

5 Assignment of initial vertical stress o

In the numerical simulation of a coal face, the initial verti-
cal stress o at the top was determined by the burial depth of

X, =1- (17)
2(9M2kn + ks [1 — (C—Mll:T)z ] )
\/ (uzkn +k, [1 - (C‘M"—‘”Z] ) (92u2kn +k [1 — (Gt ] ) - (0;42kn +k, [1 - —(C—A;jﬂz] )
X, = 1+ (18)
2(0m2k, +k [1 - 2] )
X;=1 (19) the coal seam and the distance between it and the top of the

To ensure the stability of the joints of the material discon-
tinuities, the parameters y, 9, C, Ky, K,,, o7, 7,,, and 7,, Were
required to satisfy X, >0, X, >0, and X;> 0 at the same time,
also X, >0 and X;>0 were established as being applicable
at any time, therefore, only the parameters y, 0, C, K, K|,
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model. However, it was difficult to assign an initial vertical
stress o at the top of a fully mechanized mining face in an
inclined coal seam due to the significant variation in burial
depth, so a universally applicable calculation method for
initial vertical stress o at the top of the model was derived
based on the analysis of fracture slip energy extremum.
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As shown in Fig. 7, the upper AOFC region was subjected
to uniform initial vertical stress ¢ (unit: N/m2), and the area
of region was n X L. Then, the element body of the whole
rock layer was taken as the analysis object (Fig. 8). The
cross-sectional area of the element body A was n; X L,, thus,
the stress structure shown in Fig. 9 was established.

Under the action of stress o, the axial displacement was U
(Fig. 9). At the same time, the upper part of the element body
slipped along the direction of the fracture line which was at an
angle f to the horizontal, through distance V (Fig. 10). Thus,
the external potential energy of the element body was:

W, =-UcA (20)

Similarly, the unit body deformed internally under com-
pression, and the accumulated strain energy was:

W, = %%(U—Vsinﬁ)z 1)
Shear dissipation energy of interface shear slip agglomera-

tion occurred thus:

A A% A

W, = ucVA +C,V—+H
3= HoVAcosf 0 cosf cos f 22)

where, u is internal friction coefficient of rock mass; C,
represents the initial cohesion. When the rock mass is an
ideal plastic material, the cohesion of the element remains
unchanged, that is, C=C; H' denotes strengthening modu-
lus of rock mass material. If the material is a deformation
strengthening model, H'> 0. If the material is a deformation
softening model, H'<0.

Finally, the total energy of broken shear slip of unit body
was obtained by combing Eqgs. (20), (21), and (22):

AN -
/10' - Q\a:\(e\\/ e /’{
W o
7 s B C
- -
-— —
S S S S

- / . Y
Fixed end

Fig. 11 Mechanical analysis of rupture and slip of the overall model

1 EA

— =4 _ ; 2
= UGA+2H(U Vsin f) 23)
A » A
+ puoVAcos f+ C)V—— + HIV
cos f cos f

According to the extremum theorem of total energy of
shear slip for element body, W, is the partial derivative of U
and V respectively:

aw,
()Ut =—Ac + %(U —Vsinp) =0 24)
ow
0_Vt =— %(U — Vsin ff) cos f + ucAcos f§
+CA tomvA_—o
cos f cos f (25)

The expression for ¢ is obtained by solving Egs. (24) and
(25):

Cy+2H'V

°= cos3f — ucos?p (26)

In summary, through the establishment of a mechanical
analysis model for the compression-shear slip of the unit
body, a quantitative solution for the initial vertical stress ¢
was obtained according to the total energy extreme value
theorem, which involves the initial cohesive force C of the
rock mass, the fracture line angle f, strengthening modulus
H', slip distance V, and internal friction coefficient of rock
mass y.

6 Minimum solution of model size

According to the fracture mechanics model of the unit body
(Fig. 9), unit body sliding along the cutting-plane line is
shown in Fig. 10. In the picture, the top stress parameter of
the model is o, and the equivalent uniform load on the side
is Ao, where A is the lateral pressure coefficient.

@ Springer
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Referring to the basic theory of fracture mechanics, the
model in Fig. 11 is equivalent to the stress intensity fac-
tor caused by the initial vertical uniform load ¢ and the
horizontal.

lateral pressure Ao in the numerical simulation. The fol-
lowing is a step-by-step solution thereto:

@ Stress intensity factors K, K;,, and dimensionless
parameters F,(a/h) and F ,(a/h) were caused by horizon-
tal pressure Ao under shear (Chen et al. 2007; Lazzarin

According to the conditions for determination of rock
mass compression-shear fracture (Yang et al. 2016; Chen
et al. 2007; Yu et al. 1991):
BY K +[2K| > Ke (33)
where B refers to the pressure-shear ratio and K is fracture
toughness coefficient of rock.

Simultaneous Eqgs. (27) to (32) were incorporated into
Eq. (33) to give:

(34)

nL > — -
c 20Fy(a/h)sin f cos

N N Kq+\/ma — BinacF, (a/h) sin® g — AomaF ,,(a/h)sin f cos

and Zambardi 2001; Yang et al. 2016; Yu et al. 1991), as
shown in Egs. (27) to (30):

K,,, = Ac\/naF,,(a/h)sin® p 27)
K,,, = Ac\/maF ,(a/h)sin fcos f (28)
F,,(a/h) =1.12 — 0.231(a/h) + 10.55(a/h)* 2
—21.72(a/h)* + 30.39(a/h)* %)

Fo*(a/h) =[1.122 — 0.561(a/h)
1 6o

+0.085(a/h)* + 0.81(a/h’|

\V1—-a/h

In the formula: a is the vertical component length of
the broken line along the gravity line in the model, m;
h demotes the vertical height of the model or the actual
thickness of the model, m.

@ Stress intensity factor caused by uniformly distrib-
uted vertical load o compression shear.

The horizontal section of the overall model measured
nX L, the vertical pressure on the upper part of the model
was nLo and the supporting force on the bottom supported
by the lower coal strata was N (Li et al. 2020; Ning et al.
2020). These forces only cause type-II stress, and the solu-
tion is as follows:

2(nLo — N)Fy(a/h)sin f cos f
Ja

Dimensionless parameter Fy(a/h) is given by Eq. (30)
( Chen et al. 2007;):

Ky = (31)

Fy(a/h) = [1.3 = 0.65(a/h) + 0.37(a/h)* + 0.28(a/h)’| —
1

@ Springer

Through the analysis of fracture mechanics strength fac-
tors, the minimum size of the model (34) was obtained,
which was also the minimum size of the model consider-
ing boundary influences. Further, the final model size was
determined by the reality of the prevailing mining situation
at the coal seam working face.

7 Numerical simulation results and analysis
7.1 Numerical simulation calculation scheme

To prove the rationality of the mathematical model size,
joint stiffness parameter selection, and the calculation for-
mula for initial vertical stress ¢ at the top of the model,
literature with sufficient coal and rock sample parameters
and difficult initial vertical stress parameter assignment
was selected as examples (Xie 2016), and the working face
was set at 70 m for analysis of three model parameters: ©®
According to Eq. (34), the size of the calculated model
was compared with that of the numerical model in the
literature, and a rational calculation model was selected. @
Layout of measuring points for mining at the working face.
® Taking 70 m of working face mining as an example,
simulation according to the parameters of coal and rock
samples in the literature was conducted. @ Considering
the size effect, the parameters of coal and rock samples
in the literature were processed according to the method
provided in Sect. 3 and introduced to the model. ® Stiff-
ness parameters of joints were obtained according to Eqs.
(14) and (15), and the size effects of all numerical cal-
culation parameters were calculated (Sect. 3). The initial
vertical stress parameter ¢ in Eq. (26) was derived, and
numerical calculation was then performed. ® In the case
of the same model size and the same number of mining
steps on the mining face, the changes in vertical stress in
the Y-direction named as SYY, the displacement along
the Y-direction named as Ydisp, horizontal stress in the
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Table 1 Physical properties of the rock mass (Xie 2016)

Lithology Density Bulk Shear Poisson’s ratio Cohesion Friction angle Tensile
(kg/m3) (GPa) (GPa) (MPa) ©) strength
(MPa)
Medium-to fine-grained sandstone 2700 14.4 10.8 0.2 2.6 37 2.9
Medium-grained sandstone 2680 20.3 16.5 0.18 33 35 4.0
Siltstone 2690 13.1 9.0 0.22 1.26 33 1.47
No. 2 coal seam 1400 8.3 3.8 0.3 0.2 25 0.3

Table 2 Mechanical parameters of joints (Xie 2016)

Lithology Normal stiffness Shear stiffness Friction angle Cohension Tensile strength
(MPa) (MPa) ©) (MPa) (MPa)

Medium-to fine-grained sandstone 2700 2200 24 1.6 0.07

Medium-grained sandstone 2500 2300 21 1.4 0.05

Siltstone 2200 1700 19 1.3 0.06

No. 2 coal seam 2000 1900 18 1.1 0.03

Table 3 Physical properties of the rock mass (Cai et al. 2013; Chen et al. 2015; Le et al. 2016; Xie 2016)

Lithology Density Bulk Shear Poisson's ratio Cohension Friction angle Tensile
(kg/m3) (GPa) (GPa) (MPa) ©) strength
(MPa)
Medium-to fine-grained sandstone 2700 3.16 1.81 0.26 0.46 37 0.51
Medium-grained sandstone 2680 4.28 2.77 0.234 0.58 35 0.7
Siltstone 2690 3.0 1.5 0.286 0.22 33 0.26
No. 2 coal seam 1400 2.65 0.63 0.39 0.04 25 0.05

Table 4 Mechanical parameters of joints (Cai et al. 2013; Chen et al. 2015; Le et al. 2016; Mohammad et al. 1997; Xie 2016)

Lithology Normal stiffness Shear stiffness Friction angle Cohension Tensile strength
(MPa) (MPa) ©) (MPa) (MPa)

Medium-to fine-grained sandstone 1270 1030 24 0.28 0.012

Medium-grained sandstone 1170 1080 21 0.25 0.009

Siltstone 1030 800 19 0.23 0.011

No. 2 coal seam 940 890 18 0.19 0.005

Table 5 Physical properties of the rock mass (Cai et al. 2013; Chen et al. 2015; Le et al. 2016; Xie 2016)

Lithology Density Bulk Shear Poisson's ratio Cohension Friction angle Tensile
(kg/m3) (GPa) (GPa) (MPa) @) strength
(MPa)
Medium-to fine-grained sandstone 2700 3.16 1.81 0.26 0.46 37 0.51
Medium-grained sandstone 2680 4.28 2.77 0.234 0.58 35 0.7
Siltstone 2690 3.0 1.5 0.286 0.22 33 0.26
No. 2 coal seam 1400 2.65 0.63 0.39 0.04 25 0.05
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Tal?lg 6 Me.chanical parameters Lithology Density Bulk Shear Poisson's ratio Cohension
of joints(Cai et al. 2013; Che.n (kg/m’) (GPa) (GPa) (MPa)
et al. 2015; Le et al. 2016; Xie
2016; Yin 2011) Medium-to fine-grained sandstone 422 137 24 0.28 0.012

Medium-grained sandstone 1504 808 21 0.25 0.009
Siltstone 628 100 19 0.23 0.011
No. 2 coal seam 513 93 18 0.19 0.005

Incorporating the parameters in Tables 5 and 6 into Eq. (17) gives: X; =0.426> 0, which showed that the
parameter setting could ensure the stability of the material plane

G
R
s 24 -
» @
» e
» e
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» ©
»> «

Fixed in X direction

Fig. 12 Numerical calculation model

Y-direction named as SXX, the displacement along the
X-direction named as Xdisp, and the normal stress in a
plane named as Nstress at the same point in steps ® to ®
were compared and analyzed.

7.2 Model size parameter setting

Solving the stress parameter ¢ according to Eq. (26),
where the variables: f=41° (Xie 2016), u =0.466 (Xie
2016), H'=0, C;=0.035 MPa (Xie 2016; Zhang et al.
2021), giving 6 =0.200 MPa.

Solving (nL),;, according to Eq. (34), where the
variables: a/h=0.366 (Xie 2016), F (a/h) =0.083,
F y(a/h)=1.185, Fy(a/h) =1.415, K.=1.84 MPa m'”?
(Chen et al. 2007; Li et al. 2020; Zhang et al. 2000),
N=10.3 MN (Li et al. 2020), 1=0.6 (Li et al. 2012) and
B=1(Li et al. 2020; Yang et al. 2016), the solution is:
(nL) i = 67.81 m%. When the calculation model is a two-
dimensional plane, L=1morn=1 m.

According to the literature, the size of the plane calcula-
tion model was 160 mx 215 m (Xie 2016), which met the
requirements of Eq. (14) in the case of a mining face with
a length of 70 m.
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Fig. 14 Comparison curves of Nstress. Notes: Nstress means the nor-
mal stress in a plane

7.3 Mechanical parameter setting
Selection of three model parameters proceeded as follows:

(1) Parameter 1: physical parameters of rock strata and
mechanical parameters of joints were obtained accord-
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Fig. 15 Comparison curves of SYY. Notes:SYY means the changes
in vertical stress in the Y-direction
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Fig. 16 Comparison curves of Ydis. Notes:Ydis means the displace-
ment along the Y-direction

ing to the parameters of coal and rock samples (Xie
2016), as shown in Tables 1 and 2.

(2) Parameter 2: considering the influence of size effect for
model parameter selection (Cai et al. 2013; Mohammad
et al. 1997; Chen et al. 2015; Le et al. 2016), the initial
vertical stress 6=2.01 MPa (Xie 2016), as shown in
Tables 3 and 4.

(3) Parameter 3: according to Egs. (14), (15), and (17), the
joint parameters were solved and the size effect was
considered (Cai et al. 2 013; Mohammad et al. 1997,
Chen et al. 2015; Le et al. 2016), and the initial vertical

-0.006 —#&— Xdis of parameter 1
—— Xdis of parameter 2

—4A— Xdis of parameter 3

-0.008

/

-0.010

-0.012

-0.014

Xdis(m)

-0.016

-0.018 -

-0.020

-0.022

Mining distance (m)

Fig. 17 Comparison curves of Xdis. Notes:Xdis means the displace-
ment along the X-direction

stress parameter 6 =0.2 MPa was found from Eq. (26)
(Tables 5 and 6).

Incorporating the parameters in Tables 5 and 6 into
Eq. (17): X, =0.426, proving that the parameters (as thus
set) could ensure stability of the material plane.

7.4 Numerical model establishment and calculation

The size of the numerical model was set to 160m X215 m,
and the No. 2 coal seam grid was generated (Fig. 12). Measur-
ing points were arranged at a distance of 5 m from the main
roof to the coal seam, and the distance between measuring
points was 20 m. At the same time, from bottom to top, meas-
uring points 1 to 8 were arranged (Fig. 13). In addition, choos-
ing measuring point 2, Nstress Xdis distributions from the
three different parametric models were compared; measuring
point 4 was employed to compare Ydis, and measuring point
8 was used to compare SYY (Figs. 14, 15, 16 and 17).
Through this comparison, the following results could be
obtained: (1) The trend of curves obtained by three differ-
ent parameters was similar, which could explain the trend
in stress and displacement during mining of the working
face; (2) The curves of stress and displacement obtained by
numerical simulation using coal and rock sample parame-
ters were less than the results of considering the size effect.
(3) Considering the size effect, the proposed joint param-
eter calculation model matched the numerical simulation
results of coal and rock samples considering the size effect,
which further verified the correctness of the model.
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8 Conclusions

(1) A relatively simple and feasible method for parameter
selection of discrete element numerical simulation con-
sidering the size effect was proposed, especially in the
case of missing joint parameters, including model size
parameter calculation, stress parameter o, joint param-
eter calculation, and subjective engineering judgement

(2) To ensure the logicality of lithologic parameters in
numerical simulation, the “coupling chain” relation-
ships of parameters p, 0, C, Kg, K, o1, 7, and 7,, Were
formed by means of the constitutive theory of non-
correlated plastic materials at discontinuity surfaces.

(3) For a given model size and consistent mesh division,
the same number of mining steps could be guaranteed
to obtain the feasibility and rationality of the proposed
parametric mathematical model.
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