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Cement slurry is widely used in grouting reinforcement of coal mine floor.
Under the action of water-force coupling, the floor of abandoned roadway
reinforced by cement slurry is prone to damage. The failure characteristics of
grouting concretion body under water-force coupling were studied by using
RFPA software considering the heterogeneity of rock mass. The numerical
simulation results show that the acoustic emission (AE) of numerical samples of
the same strength with different lower boundary pressure decreases with the
increase of lower boundary pressure, and the acoustic emission of numerical
samples of the same lower boundary pressure with different strength increases
with the increase of compressive strength. The lower the water pressure at the
lower boundary is, the lower the softening degree of the sample is, and the
sample is more prone to brittle fracture under external load. The numerical
simulation results have important guiding significance for the grouting
concretion body protection of coal mine floor in the future.
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Introduction

Due to the long geological evolution process and chamber excavation, the supporting
pressure of surrounding rock exceeds its peak strength, and there must be a large number
of weak planes (such as joints, fractures) in the rock mass (Hyett et al., 1992; Nikbakhtan
and Osanloo, 2009; Xiujun et al, 2012). In underground engineering construction,
grouting method is often used to strengthen and control, so as to improve the
bearing capacity and waterproof performance of surrounding rock and ensure the
safety of engineering construction (Tuerkmen and Oezguezel, 2003; He et al., 2005;
Zhang et al., 2015a). When the coal mining face is completed, the floor of the abandoned
roadway will receive the action of external force and water pressure. Under the action of
water-force coupling, grouting concretion body in coal mine floor is prone to cracking and
crushing (Meng et al., 2013; Xie et al., 2015).
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Axial displacement loading increment 0.005 mm

FIGURE 1
Numerical model.

The stability control of weak and broken surrounding rock has
always been one of the major problems puzzling the safety and
efficient production of coal mines (Zhao et al,, 2017; Liu et al., 2018;
Wang et al,, 2018; Wang et al,, 2019; Zhou et al,, 2020). Under the
influence of high stress, fault fracture zone and weak cementation, the
broken degree of surrounding rock is high, and the phenomena of
roof fall and floor heave occur frequently (Gao et al., 2004; Pan et al,,
2020). The strength and frequency of roadway repair are increased,
and grouting reinforcement can improve self-bearing capacity of
surrounding rock in situ. Grouting reinforcement technology is an
efficient roadway support method in the process of coal mining, it is
mainly through the injection of a certain slurry material into the
surrounding rock to effectively support the roadway. However,
groundwater can affect the strength of the grouting concretion
body, and even cause roadway damage (Zhang et al, 2015b; Niu
et al,, 2017; Fan and Ma, 2018; Cai, 2020).

As early as the 1980s, P. D. Evdokimov et al. studied the
influence of grouting on shear properties of fractured rock mass
(Evdokimov et al.,, 1970). In the 1990s, Zhou et al. (1993)
strengthened and grouted the weakly weathered rock mass
near the base surface during the construction of Ertan Arch
Dam, and theoretically analyzed the mechanism of rock mass
mechanical changes by fracture-damage mechanics method.
Zong et al. (2013) carried out the confined grouting
reinforcement of cracked rock samples and tested the
mechanical properties of grouting reinforced samples by using
self-made grouting system. Han et al. (2011) revealed the essence
and mechanisms of grouting reinforcement, measured the
roughness of structural plane in cracked rock mass, and
analyzed the influence of grouting on strength, joint
roughness coefficient and stiffness of structural plane through
the shear test of structural plane of rupture rock sample around
grouting reinforcement. Wang et al. (2007) carried out
experimental research on the mechanical properties of post-
peak grouting reinforcement samples, and found that the
higher the strength of the reinforced solid itself, the higher
the strength of the grouting reinforced solid, and the higher
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TABLE 1 Physical and mechanical parameters of grouting concretion
body.

Parameter Grouting concretion body
Homogeneity index 3

Young’s modulus (GPa) 5.08

Poisson’s ratio 0.2

Density (kg/m®) 2,450

Friction angle (*) 45

0

FIGURE 2
Elastic-brittle constitutive relationship of grouting concretion
body.

the bond strength of the slurry, the higher the strength after
grouting. Lei et al. (2015) defined the material parameters of
irregular concretion, and analyzed the characteristics of stress
and deformation under loads after grouting. Wael et al. (2021)
discussed the influence of five different sizes of sand on the
ultimate stress (MPa) of hand-mixed cement-grouted sands
modified with polymer. Liu et al. (2021) analyzed influences
on the performance of cement-based grout used to reform the
upper Middle Ordovician limestone in Hanxing mining area.
Zhang and Barry (2019) used the finite element method to
examine the relative influence of a number of key factors
controlling the stability and surface deformations of shallow,
horizontal coal mine goafs overlain by sedimentary rock and
grouting concretion body. Zhang et al. (2019) compared the
microscopic properties of a new borehole sealing material with
ordinary cement grout. From the above analysis, it can see that
the effect of different water pressures on the fracture
characteristics of grouting concretion body has not been studied.

In 1995, Professor Tang proposed the real failure process
analysis method, namely the RFPA (Realistic Failure Process
Analysis) method (Chen et al., 2021a). This method is based on
the basic theory of finite element and fully considers the
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FIGURE 3

Failure modes of water pressure samples with the same strength and different lower boundaries.

characteristics of non-linearity, inhomogeneity and anisotropy
that accompany the rock fracture process (Tang et al., 2000;
Tang, 2003; Chen et al., 2021b). RFPA is a real fracture process
analysis system that uses elastic mechanics as a stress analysis
tool and elastic damage theory as a medium deformation analysis
module (Chen et al,, 2022; Yang, 2004).

In this paper, based on the above research, the failure
characteristics of grouting concretion body under water-force
coupling are studied by using RFPA software considering the
heterogeneity characteristics of rock mass.

Introduction to RFPA-Flow

A brief introduction to the basic principles
of RFPA-Flow

1) The seepage process in the rock satisfles the Biot
consolidation theory (Tang, 2003; Yang, 2004).

30,
aal +pX; =0 (hj=1,23) (1)
i

Equilibrium equation:
Xi

. . 1
Geometric equation: siji (u,; it j) e, =ententes  (2)

Constitutive equation: o;; = 0;; — apd;; = Agj;e, + 2Ge;;  (3)
10p Oe
Seepage equation: KV?*p = — —= — q— 4
page eq p Q o o (4)
where p is the density, ojj is the stress tensor, ¢, is the volume
strain, ¢ is the Kronecker constant, G is the shear modulus, A is
the Lame coefficient, V2 is the Laplace operator.

2) The relationship between permeability and stress-strain
function is satisfied in the elastic state of microscopic unit,
and the permeability Kyincreases after the element is damaged
and ruptured, the Ky can be written as:

K; =Ko (5)
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3) The rock structure is non-uniform, and the damage
parameters of the unit bodies composing the rock satisfy a
certain probability distribution.

Element permeability-damage coupling
equation

When the stress state of the meso-element meets a given
damage threshold, the element begins to be damaged, and the
elastic modulus of the damaged element is:

E = (1-D)E, (6)

where D is the damage variable, E and E are the elastic modulus
of damaged and undamaged elements respectively.

For the element subjected to uniaxial compression, the failure
criterion of the element adopts the Mohr-Coulomb criterion,
namely:

1+si
F=(71 — 03 Sln¢>fc (7)

1-sin¢
where ¢ is the internal friction angle; f. is the uniaxial
compressive strength.

When the shear stress reaches the Mohr-Coulomb damage
threshold, the damage variable D is expressed as follows:

0 e<ey
D= (8)
1—f" g0 <€
EQS

where f, is the uniaxial compressive residual strength, & is the
maximum compressive strain, ¢ is the residual strain. It can be
seen from the test that the damage will cause the permeability
coefficient of the rock mass to increase sharply, and the change of
the unit permeability coefficient can be described by the
following formula:

1= {}tea‘/’(““a") D=0 ©)

£,07(22) D>
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CS7
FIGURE 4

Failure modes of samples with different strength under water pressure at the same lower boundary.

c-

Cs12 ‘ CS17
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D 29-8 E
FIGURE 5

Fracture process of WP5 (CS5) sample. Loading step 29-8, Loading step 29-11, Loading step 29-13, Loading step 29-15, Loading step 29-17,
Loading step 29-18.

where A is the initial permeability coefficient, p is the pore pressure, grouting concretion body under the action of water-force
&, 0, 3 are the increase rate of the permeability coefficient, the pore coupling is simplified into a plane strain problem in RFPA
pressure coefficient and the coupling coefficient, respectively. software for research (see Figure 1). The physical and

mechanical parameters of grouting concretion body are
shown in Table 1. The displacement loading method is
Numerical model adopted, and the displacement increment of each step is
0.005 mm/step. As the grouting concretion body belongs to

The size of the grouting concretion body is 70.7 mm x brittle material, which is compressive but not tensile, the
70.7 mm, and the numerical model is composed of 202 x constitutive relationship of grouting concretion body in
202 mesoscopic units. The mechanical parameters of the unit numerical simulation is simplified to elastic brittleness, as
obey the Weibull distribution. The mechanical model of the shown in Figure 2.
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FIGURE 6

Variation trend of AE quantity of water pressure samples with
the same strength and different lower boundary.

TABLE 2 AE values of different lower boundaries water pressure
samples with the same strength.

Numerical model WP3 WP5 WP7
Maximum AE quantity (Time) 134 123 101
Cumulative AE quantity (Time) 913 867 725
Maximum AE energy(J) 0.15 0.1 0.06
Cumulative AE energy(J) 0.59 0.44 0.29
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FIGURE 7
AE energy variation trend of water pressure samples with the
same strength and different lower boundaries.

In order to study the influence of different water pressure on the

failure characteristics of grouting concretion body, the compressive
strength of grouting concretion body is 12.55 MPa, the upper
boundary water pressure P, is 1 MPa, and the lower boundary
water pressure P, is 3 MPa, 5 MPa and 7 MPa respectively. Each
sample is marked as WP3, WP5 and WP7 respectively. In order to
study the failure characteristics of grouting concretion bodies with
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FIGURE 8

Variation trend of AE quantity of samples with different
strength under the same lower boundary water pressure.

different compressive strengths under the action of water-force
coupling, the upper boundary water pressure and the lower
boundary water pressure of the numerical model are taken as
1 MPa and 5 MPa respectively, and the compressive strengths of
the grouting concretion bodies are 7.55MPa, 12.55 MPa and
17.55 MPa respectively. Each sample is marked as CS7, CS12
(WP5) and CS17 respectively. Note: In two different comparative
tests, WP5 sample and CS12 sample are the same sample.

Numerical simulation results and
analysis

Comparative analysis of specimen fracture
morphology

Figure 3 shows the failure modes of water pressure samples
with the same strength and different lower boundaries. It can be
seen from Figure 3 that when the lower boundary water pressure
is 3 MPa, the fracture morphology of the sample is the most
serious, and a serious fracture zone appears on the right side of
the sample. When the water pressure at the lower boundary is
7 MPa, the fracture morphology of the sample is relatively light,
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FIGURE 9

Variation trend of AE energy of samples with different
strength under the same lower boundary water pressure.

and only a macroscopic crack appears in the lower left corner of
the sample. When the water pressure at the lower boundary is
5 MPa, the fracture severity of the sample is between the lower
boundary water pressure of 3 MPa and 7 MPa, and a serious
fracture zone appears in the lower right corner of the sample. The
above numerical test phenomenon shows that the smaller the
lower boundary water pressure the specimen bears, the more
serious the fracture morphology of the specimen. The reason for
the above test phenomenon is that the lower the water pressure at
the lower boundary is, the lower the softening degree of the
sample is, and the sample is more prone to brittle fracture under
external load. The greater the water pressure at the lower
boundary, the higher the softening degree of the sample, and
the sample is more likely to crack in a certain local area under the
action of external load.

Figure 4 shows the failure modes of samples with different
strength under water pressure at the same lower boundary. As can
be seen from Figure 4, when the compressive strength of the sample
is 17.55 MPa, the fracture morphology of the sample is the most
serious, and multiple macroscopic penetrating fracture zones appear
on the right side of the sample. When the compressive strength of
the sample is 7.55 MPa, the fracture morphology of the sample is
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TABLE 3 AE values of samples with different strength under the same
lower boundary water pressure.

Numerical model CS7 CS12 (WP5) CS17
Maximum AE quantity (Time) 115 123 132
Cumulative AE quantity (Time) 633 867 960
Maximum AE energy(]) 0.04 0.1 0.23
Cumulative AE energy(]) 0.09 0.44 1.15
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FIGURE 10

AE Comparison Curve of samples with the same compressive
strength and different lower boundaries water pressure.

relatively light, and only a macroscopic crack appears in the lower
right corner of the sample. When the compressive strength of the
sample is 12.55 MPa, the fracture severity of the sample is between
the compressive strength of 7.55MPa and 17.55MPa. A
macroscopic crack also appears in the lower right corner of the
sample, and there is a macroscopic penetrating crack in the upper
left side of this macroscopic crack. The above numerical test
phenomenon shows that the greater the compressive strength of
the sample, the more serious the fracture morphology of the sample.

Figure 5 shows the fracture process of WP5 sample (with
compressive strength of 12.55 MPa and lower boundary water
pressure of 5 MPa). Under the influence of inhomogeneity, the
unit with weak strength in the sample first breaks, as shown in
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FIGURE 11

AE Comparison Curve of samples with the same lower
boundaries water pressure and different compressive strength.

Figure 5A,B. Continue to load. Since the water pressure at the
lower part of the sample is higher than that at the upper part, the
lower part of the sample also breaks, as shown in Figure 5C.
Under the combined action of external force and water pressure,
the cracks inside the sample and the cracks at the lower boundary
of the sample slowly penetrate, as shown in Figure 5D,E. When
the external force further increases and exceeds the compressive
strength of the rock mass, the crack already penetrated in the
lower right corner of the sample further increases and finally
forms a macroscopic crack, as shown in Figure 5F.

Comparative analysis of AE parameters

As shown in Figures 6, 7, when the water pressure at the lower
boundary is 3 MPa, the AE quantity reaches the maximum of 134 at
step 26 (see Table 2), and the AE energy reaches the maximum of
0.15 J at step 27. When the water pressure at the lower boundary is
5 MPa, the AE quantity and energy have two peaks. The AE quantity
reached the maximum of 123 at step 25, and the AE energy also
reached the maximum of 0.1] at step 25. At the beginning of the
force, the AE quantity shows a sudden rise and fall phenomenon at
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the third step. Moreover, the quantity and energy of AE also appear
the first peak at step 23. When the quantity and energy of AE reach
the peak for the second time, the sample is completely destroyed.
The appearance of the first peak can be used as an early warning,
indicating that the sample is about to be completely destroyed.
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TABLE 4 Maximum force of lower boundary water pressure samples
with the same strength.

Numerical model WP3 WP5 WP7
Maximum force in x direction (N) 13.89 20.94 28.13
Maximum force in y direction (N) 626.06 565.11 510.37

When the water pressure at the lower boundary is 7 MPa, the AE
quantity reaches the maximum value of 101 at step 22, and the AE
energy reaches the maximum value of 0.06] at step 22. At the
beginning of the force, the quantity of AE shows a sudden rise and
fall phenomenon at the third step. No matter what kind of water
pressure the sample is subjected to, the AE cumulative quantity
curve and the AE cumulative energy curve are relatively smooth, and
there is no obvious jump phenomenon. It can be seen from the
above analysis that with the increase of water pressure at the lower
boundary, the times when the maximum value of AE quantity and
energy occurs are earlier.

As shown in Figures 8, 9, when the compressive strength of the
sample is 7.55 MPa, the AE quantity of the sample reaches the
maximum of 115 at step 13 (see Table 3), and the AE quantity shows
a sudden rise and fall phenomenon at step 3. The AE energy of the
sample appears in step 10. Continue loading, and the AE energy
reaches the maximum value of 0.04] in step 14. When the
compressive strength of the sample is 17.55 MPa, the AE
quantity of the sample reaches the maximum of 132 in step 36,
and the AE energy also reaches the maximum of 0.23 ] in step 36.
Since CS12 and WP5 are the same sample, the variation trend of AE
quantity and energy of CS12 sample is shown in sample WP5. It can
be seen from the above analysis that with the increase of the
compressive strength of the sample, the time when the
maximum value of AE quantity and energy occurs is later. This
experimental phenomenon shows that the greater the compressive
strength of the sample, the stronger the failure resistance of the
sample. Under the same external conditions, increasing the water
cement ratio of the sample can improve the service time of the
sample.

As shown in Figure 10, when the water pressure at the lower
boundary is 3 MPa, the maximum AE quantity, cumulative AE
quantity, maximum AE energy, and cumulative AE energy are all
the largest. When the water pressure at the lower boundary is 7 MPa,
the maximum AE quantity, cumulative AE quantity, maximum AE
energy and cumulative AE energy are all the minimum. This
numerical simulation phenomenon shows that the AE decreases
gradually with the increase of the water pressure at the lower
boundary. Moreover, the maximum AE energy and the
accumulated AE energy obviously decrease linearly.

As shown in Figure 11, when the compressive strength is
7.55 MPa, the maximum AE quantity, cumulative AE quantity,
maximum AE energy, and cumulative AE energy are all minimum.
When the water pressure at the lower boundary is 17.55 MPa, the
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Force variation trend of samples with different strength under
the same lower boundary water pressure.
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Force comparison curves of the samples with different
strengths under the same lower boundary water pressure.

maximum AE quantity, the cumulative AE quantity, the maximum
AE energy and the cumulative AE energy are all the largest. This
numerical simulation phenomenon shows that the AE increases
gradually with the increase of compressive strength. Moreover, the
maximum AE energy and the accumulated AE energy show a
significant increase.
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TABLE 5 Maximum force values of samples with different strength
under the same lower boundary water pressure.

Numerical model CS7 CS12 (WP5) CS17
Maximum force in x direction (N) 21.02 20.94 20.95
Maximum force in y direction (N) 287.59 565.11 864.54

Comparative analysis of force

The force curves in the X direction of the three samples with the
same compressive strength and different lower boundary water
pressure basically do not change with the increase of external
force, and the slope of the force curves in the Y direction of the
growth stage is basically the same (see Figure 12). The maximum
forces on the X direction of the three samples from large to small are
WP3, WP5 and WP7 (see Figure 13), and their values are 13.89 N,
20.94 N and 28.13 N respectively (see Table 4). The maximum forces
on the Y direction of the three samples from large to small are WP7,
WP5 and WP3, and their values are 626.06 N, 565.11 N and
510.37 N respectively. Regardless of the water pressure at the
lower boundary, the force in the Y direction is far greater than
that in the X direction. The maximum force in X direction increases
linearly with the increase of water pressure, while the maximum
force in Y direction decreases linearly with the increase of water
pressure.

The force curve in the X direction of the three samples
with the same compressive strength and different lower
boundary water pressure basically does not change with the
increase of external force, and the slope of the force curve in
the Y direction of the growth stage is basically the same (see
Figure 14). The maximum forces in the X direction of the three
samples are basically the same (see Figure 15), and their values
are 21.02 N, 20.94 N and 20.95 N respectively (see Table 5).
The maximum force values of the three samples in Y direction
from small to large are CS7, CS12 and CS17, whose values are
287.59 N, 565.11 N and 864.54 N, respectively. Regardless of
the compressive strength of the sample, the force in Y
direction is much larger than that in X direction. The
maximum force in the X direction has no obvious
relationship with the compressive strength of the sample,
while the maximum force in the Y direction increases
linearly with the increase of compressive strength, and the
increase amplitude is very large.

Conclusion

Different lower boundary water pressure and different
compressive strength lead to different fracture forms of the
samples. However, the force curves in the X direction all show
elastic-plastic, and the force curves in the Y direction all show elastic-
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brittle. The greater the lower boundary water pressure is, the higher
the softening degree of the sample is, and the sample is more likely to
crack in a certain local area under the action of external load.

Under the same external conditions, increasing the
compressive strength of the sample, that is, increasing the
water-cement ratio of the sample, can improve the service life
of the sample. However, the brittleness of the samples increases
with the increase of the compressive strength, and the brittle
fracture morphology of the samples becomes more serious.

The AE values and the maximum force in X direction of the
samples with different lower boundary water pressure of the same
compressive strength decrease inversely with the lower boundary
water pressure. The maximum force in Y direction increases in
direct proportion to the lower boundary water pressure.

The AE quantity and the maximum force in Y direction of the
samples with different strength under the same lower boundary
water pressure increase in positive proportion to the compressive
strength of the samples. The maximum force in X direction has no
correlation with the compressive strength of the sample, and the
maximum force in X direction of the three samples is basically
the same.
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