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In coal mines, under high in situ stress and strong mining activity, roadway surrounding rock commonly contains large amounts of
larger fractures and microfractures. Along with the large deformation and continuous rheology of the soft rock roadway, the
fractures in the surrounding rock are likely to be compressed and closed, forming undeveloped microfractures, which hinder
conventional grouting support methods. Based on the fluid-solid coupling between slurry seepage and microfracture
deformation, a theoretical model of microfracture grouting seepage is established. A program for the analysis and calculation of
microfracture grouting is developed to quantitatively describe the variation in slurry seepage distance and fracture opening.
Numerical experiments are carried out to study the grouting seepage of microfractures under different grouting pressures and
fracture opening conditions, and the variation rules for the spatial distribution of fracture opening and slurry seepage distance
during grouting pressure are obtained. Fluid-solid coupling has a significant influence on grout seepage characteristics. The
grouting pressure and the fracture opening changes are nonlinearly attenuated along the grout seepage direction.

1. Introduction

With continuously decreasing shallow coal resources, deep
well coal mining is the future of coal mine development [1,
2]. Different from shallow coal mines, deep coal mines exist
in high in situ stress environments with strong mining
action, and deep coal mine roadways are particularly difficult
[3–5]. As a common engineering support technology, grout-
ing support can significantly reinforcement and prevent
seepage in the surrounding rock [6–10]. Slurry is injected
into the fractures in the surrounding rock by grouting pres-
sure, filling the fractures, and cementing the rock mass
together to improve rock mass bearing capacity. Grouting
support plays a vital role in the surrounding rock reinforce-
ment [11].

Under high in situ stress and strong mining stress, sur-
rounding rock masses commonly contain large amounts of
fractures, including large- and medium-sized fractures as
well as microfractures (fracture opening d ≤ 0:1mm) [12–
14]. With large deformation and continuous rheology of
the surrounding rock, fractures in the rock mass are prone

to squeezing and closing. A large number of underdeveloped
and closed low-permeability microfractures exist in the sur-
rounding rock [15–17]. Owing to the small fracture opening,
cement particles cannot enter the microfractures, resulting in
poor grouting and support effects as well as failure to achieve
the expected reinforcement [18]. Subsequently, the roadway
surrounding rock mass is seriously weakened, greatly reduc-
ing the overall stability of the surrounding rock [19–21].

Conventional grouting support is primarily carried out
via lower grouting pressure. Based on infiltration theory,
the grout spreads in the fractures or pores without destroying
the structure of the rock mass [22]. However, due to the low
permeability of microfractured rock masses, the injectability
is poor. By increasing the grouting pressure, high pressure
grouting technology can artificially reopen the originally
closed fractures, improving the low-permeability of micro-
fractured rock masses and achieving the desired support.

The grouting process is a process in which grout seepage
and rock deformation are coupled together. Especially when
the fracture opening is small, the fluid-solid coupling within
the grouting process will be more significant [23, 24]. The
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cement slurry enters the fracture due to grouting pressure,
and the grouting pressure causes fracture to deform, chang-
ing the fracture opening and leading to variations in seepage
characteristics [25, 26]. Most of the existing grouting seepage
simulations are aimed at the characteristics of the law of the
slurry seepage movement and do not take into account the
combined effect of the slurry seepage and rock mass defor-
mation during the slurry seepage process [27]. Especially
under high pressure grouting conditions, microfractures will
deform under the action of grouting pressure, which will
cause changes in the seepage characteristics of the slurry
[28–31]. Existing grouting seepage simulations lack descrip-
tions of fracture deformation and slurry seepage characteris-
tics under high pressure grouting conditions and are not
suitable for the simulation of microfractured high pressure
grouting slurry seepage characteristics [32–34]. Therefore,
studying the seepage characteristics of high pressure grouting
on microfractures considering fluid-solid coupling is of great
significance to the study of grouting in microfractured rock
masses [35].

In order to study the seepage characteristics of high pres-
sure grouting on microfractures, a theoretical high pressure
grouting model is established. In addition, a quantitative
description of slurry seepage and fracture deformation dur-
ing high pressure grouting for microfractures under the
action of fluid-solid coupling is realized by employing the
step-wise algorithm.

2. Methods

2.1. Mathematical Model Establishment.During grouting, the
slurry and fractures are coupled, and slurry seepage and frac-
ture deformation affect each other. The amount of grouting
pressure determines the change in the fracture opening,
and the change in fracture opening also determines the resis-
tance of the slurry seepage [36–39]. During slurry seepage,

the grouting pressure and fracture opening at each position
are attenuated to varying degrees, which affect the slurry
seepage process [40].

The seepage process in microfractures under high pres-
sure grouting is as follows: the cement slurry enters the
microfracture under the action of grouting pressure, and
the grout flows into the fracture and exerts force on the frac-
ture surfaces on both sides [14, 41]. Microfractures are
opened due to the grouting pressure, allowing more cement
slurry to enter the fracture channels. Assuming that there is
a critical pressure, when the force overcomes the critical pres-
sure for fracture deformation, the fracture opens and
deforms perpendicular to the fracture surface, and the open-
ing amount of the fracture is positively related to grouting
pressure. During cement slurry flow, the slurry is subject to
its own viscosity and resistance caused by the fracture sur-
face, such that the grouting pressure and the amount of frac-
ture opening will be attenuated along the seepage direction
during slurry seepage. The schematic diagram of the seepage
process of slurry flow through a microfracture is shown in
Figure 1.

2.2. Basic Assumptions. In this contribution, we make the fol-
lowing assumptions:

(i) The fractures are flat, the fracture openings are uni-
formly distributed, and gravity does not affect grout-
ing seepage

(ii) The rock mass on both sides of the fracture is isotro-
pic and homogeneous, the upper and lower surfaces
of the fracture meet the nonslip boundary condition,
and the slurry flow velocity on the surface of the
fracture is zero

(iii) The influence of the flow of cement slurry in the
direction perpendicular to the fracture surface on

Grouting entrance
Fracture channel

Figure 1: Schematic diagram of the slurry seepage process through a microfracture.
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the spatial distribution of grouting pressure in the
slurry seepage direction is ignored

(iv) Only elastic deformation occurs in the rock mass on
both sides of the fracture

(v) Cement slurry seepage only occurs within the frac-
ture, and the reduction of the slurry caused by the
rock mass penetrating both sides of the fracture is
ignored

2.3. Slurry Seepage Control Equation. The constitutive model
for a Bingham fluid is shown in formula (1):

τ = τ0 + μ
dν
dr

: ð1Þ

In the formula, τ is the shear stress, Pa·s, τ0 is the initial
yield stress, Pa·s, μ is the plastic viscosity Pa·s, υ is the flow
velocity, m/s, and r is the microbody half height, m.

We establish a rectangular coordinate system, in which
the x direction is the direction of the fracture centerline,
and the y direction is perpendicular to the fracture direction.
The seepage model is shown in Figure 2. According to the
force analysis of the microelement body, the shear stress dis-
tribution along the x direction can be obtained as

τ = −r
dp
dx

: ð2Þ

The nucleus area of a Bingham fluid in the fracture cen-
terline is

r0 = −τ0
dx
dp

� �
: ð3Þ

The range of the nuclear-retaining area needs to satisfy
r0 ≤ b/2. Substituting it into formula (3), the starting pressure
gradient of the slurry movement can be obtained:

dp
dx

= 2τ0
b

: ð4Þ

Combining equations (1) and (2) gives the differential
equation for the slurry velocity in the y direction:

dν
dr

= r
μ

dp
dx

+ τ0
μ
: ð5Þ

When substituting the boundary condition r = ±b, υ = 0,
considering ∣r ∣ ≤r0, υ = υðr = r0Þ, the velocity of the slurry
distribution along the fracture width is obtained:

ν =
−
b2 − 4r2

8μ
dp
dx −

τ0
μ

b
2 − rj j
� �

−
b2 − 4r2

8μ
dp
dx −

τ0
μ

b
2 − r0
� �

8>>>><
>>>>:

r0 ≤ rj j ≤ b
2

� �
rj j ≤ r0

:

ð6Þ

Integrating the slurry flow velocity in the y direction and
taking the average slurry velocity gives

�ν = b2

12μ −
dp
dx

− 3 τ0
b

+ 4τ03
b3 dp/dxð Þ2

" #

= −b2
12μ

dp
dx

1 + 3 τ0
b
dx
dp

−
4τ03

b3 dp/dxð Þ3
 !

:

ð7Þ

Substituting into equation (3) and ignoring the influence
of higher order terms on the slurry, the average slurry flow
velocity is

�ν = −b2

12μ
dp
dx

1 + 3 r0
b
−
4τ03
b3

� �
: ð8Þ

In formula (8), we make

A = 1 + 3 r0
b
−
4τ03
b3

: ð9Þ

Then, obtain the slurry flow control equation:

dp
dx

= −12μ�ν
Ab2

: ð10Þ

2.4. Fracture Deformation Control Equation. For microfrac-
tured rock masses, fracture surfaces are held in contact due
to the in situ stress, which causes the force between the frac-
ture surfaces to affect the fracture deformation [21]. During
grouting, the cement slurry flows in the fractures and pro-
duces stress opposite to the in situ stress on the fracture sur-
faces. Assuming that there is a critical grouting pressure,
when the grouting pressure is less than the critical pressure,
the fracture opening does not change. When the grouting
pressure is greater than the critical pressure, the grouting
pressure causes the fracture to open, and the fracture opening
degree increases with increasing grouting pressure. In this
contribution, a constant pressure grouting method is
adopted, meaning that the grouting pressure at the grouting
port remains constant. During slurry seepage, the grouting
pressure gradually decreases with increasing seepage dis-
tance. When the grouting pressure is less than the critical
pressure, the fracture opening remains unchanged. When
the grouting pressure is greater than the critical pressure,
the fracture opening near the grouting port changes. As the
seepage distance of the slurry increases, grouting pressure
decreases. When grouting pressure decreases to the critical

b/2

–b/2

0

𝜈

p p+dp
𝜏

y

x

dl
2r0

Figure 2: Bingham fluid seepage model.
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pressure, the fracture stops opening and stays the same. The
curve of the fracture opening degree and grouting pressure is
shown in Figure 3.

The governing equation of fracture opening during
grouting can be obtained as [21]

b =
b0

b0 + kn p − p1ð Þ

(
p < p1ð Þ
p > p1ð Þ

: ð11Þ

In the formula, b is the fracture opening, m, b0 is the ini-
tial fracture opening, m, p is the grouting pressure, MPa, p1 is
the critical grouting pressure, MPa, kn is the normal elastic
coefficient, kn =D/E, D is the grouting influence range, m,
and E is the rock mass elastic modulus, Pa.

2.5. Step-Wise Algorithm for Microfracture High Pressure
Grouting Seepage Process. Based on the step-wise algorithm,
a microfracture high pressure grouting process analysis and
calculation program is developed using the MATLAB soft-
ware platform. The slurry seepage area is discrete using the
same time interval Δt, and the slurry seepage area is divided
into n finite elements. Combined with the fracture opening
control equation, the recursive method is used to determine
the time-step iterative solution according to the law of con-
servation of energy, which describes the grout seepage dis-
tance and fracture opening changes throughout the
grouting process. The schematic diagram of the step-wise
algorithm is shown in Figure 4.

The iterative calculation process for grout seepage and
fracture deformation is as follows: for m iterations, the frac-
ture opening bmi of each element node and the slurry seepage
distance Lmi of each element are obtained, and the grouting
pressure pmj at each element node is determined using the
recursion method. The obtained grouting pressure pmj is then

used to recalculate the new fracture opening bm+1
i and slurry

seepage distance Lm+1
i , as well as judge whether the slurry

seepage distance Lm+1
i at this time meets the convergence

condition. If the convergence requirement is met, the current
time step ends, and the next time step is calculated. If the
convergence requirement is not met, the iteration continues
until the convergence requirement is met.

The relative error between any two iteration results is

ε = ∑n
i=1L

m
i − ∑n

i=1L
m−1
i

∑n
i=1L

m
i

����
����: ð12Þ

∑n
i=1L

m
i is the slurry seepage distance calculated after the

nth iteration. When the error is less than 0.1%, the conver-
gence condition is satisfied. When the convergence condi-
tions are met, the seepage distance of each unit, the
grouting pressure of each unit node, and the fracture opening
are output.

The step-wise algorithm calculation flow chart written by
MATLAB is shown in Figure 5.

3. Results and Discussion

3.1. Seepage Characteristic Analysis. The grouting cement is
composed of a 1000 mesh ultrafine cement slurry, the
water-cement ratio is 1.2, and the slurry flow pattern is that
of a Bingham fluid, the measured slurry viscosity μ = 0:02
Pa:s, the slurry yield stress τ0 = 3:3 Pa, and the original frac-
ture opening b = 100 μm. When the grouting pressure is
3MPa, grouting time is 100 s, and the fracture opening is
100μm (Figures 6 and 7). The spatial distribution curves of
the grouting pressure and the fracture opening are obtained,
respectively, with or without considering fluid-solid
coupling.

 

Fracture open section

Y

X

p0

b1

A
b0

Fracture invariant section

Slurry seepage direction

Figure 3: Curve of fracture opening and grouting pressure.
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When fluid-solid coupling is not considered, the grouting
pressure decays linearly from the entrance along the slurry
seepage direction, the fracture opening remains unchanged
at 100μm, and the slurry seepage distance is 5m. When
fluid-solid coupling is considered, the grouting pressure
and fracture opening both decrease nonlinearly from the
entrance in the slurry seepage direction. The maximum frac-
ture opening at the grouting entrance is 180μm, 1.8 times the
original fracture opening, and the slurry seepage distance is
6.4m. 4.78m away from the grouting entrance, the grouting
pressure decays to the critical pressure. At this time, the frac-
ture opening is reduced to the original fracture opening of
100μm, and the fracture opening remains unchanged with
increasing distance from the entrance. When grouting pres-
sure is reduced to the critical grouting pressure, the grouting
pressure changes from the original nonlinear decrease to a
linear decrease. After grouting pressure is reduced to the
extent that the fracture opening cannot be changed, the frac-
ture opening remains the original value. When fluid-solid
coupling is considered under the same grouting conditions,
the grout seepage distance is larger than that without consid-
ering the fluid-solid coupling..

In order to examine the variation in fracture opening
with grouting time at different positions (1m, 2m, 3m,
4m, and 5m) from the grouting entrance, the variation curve
of fracture opening vs. grouting time was obtained. The
slurry pressure change curves are shown in Figures 8 and 9,
respectively.

When the grouting time is 10 s, the fracture opening at
1m away from the grouting inlet increases to 130μm, while
the fracture opening at 2m, 3m, 4m, and 5m away from
the grouting entrance remained at 100μm, without any
change in fracture opening (Figure 8). When the grouting
time is 20 s, the fracture opening at 1m and 2m away from
the grouting entrance increases to 150μm and 108μmmm,
respectively. The fracture opening at 3m, 4m, and 5m away
from the grouting entrance remained at 100μm without any
change in fracture opening. With increasing grouting time,

the fracture opening at 1m away from the grouting entrance
increases from 130μm at 10 s to 150μm, an increase of
20μm. When the grouting time is 40 s, the fracture openings
at 1m, 2m, and 3m away from the grouting entrance
increases to 160μm, 134μm, and 101μm, respectively. The
fracture opening at 4m and 5m away from the grouting
entrance remained at 100μm, without any change in fracture
opening. When the grouting time is 80 s, the fracture open-
ings at 1m, 2m, 3m, and 4m away from the grouting
entrance increases to 167μm, 150μm, 131μm, and 108μm,
respectively. The fracture opening at 5m away from the
grouting entrance remained at 100μm without any change
in fracture opening. When the grouting time is 120 s, the
fracture openings at 1m, 2m, 3m, 4m, and 5m away from
the grouting entrance increases to 170μm, 157μm, 142μm,
125μm, and 106μm, respectively. The fracture opening at
different positions gradually increases with increasing grout-
ing time. The farther from the grouting entrance is, the later
the change in fracture opening is, and the smaller the change
in the fracture opening is. With continuously increasing
grouting time, the coupling effect between fracture opening
and slurry pressure continues, and the fracture opening con-
tinues to change; however, the influence degree gradually
decreases.

When the grouting time is 10 s, the grouting pressure at
1m and 2m away from the grouting entrance is 1.84MPa
and 0.04MPa, respectively (Figure 9). When the grouting
time increases to 40 s, the grouting pressure at 1m, 2m,
3m, and 4m away from the grouting entrance is 2.47MPa,
1.84MPa, 1.02MPa, and 0.04MPa, respectively. When the
grouting time increases to 80 s, the grouting pressure at
1m, 2m, 3m, 4m, and 5m away from the grouting inlet is
2.64MPa, 2.22MPa, 1.75MPa, 1.19MPa, and 0.49MPa,
respectively. With continuously increasing grouting time,
the grouting pressure gradually decreases compared to the
initial grouting stage, and with increasing grouting time, the
scope of influence will increase, and the degree of influence
will relatively decrease.

p0

Grouting
entrance

p1 p2 p3 pj pn-1 pn

L1 L2 L3 Li Ln-1

Δt

Ln

Figure 4: Schematic diagram of the step-wise algorithm. Li represents the grout seepage distance of each grouting time unit (i = 1 ~ n), and pj
represents the grouting pressure of the node after each grouting time unit (j = 1 ~ n).
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3.2. Influence of Fracture Opening. When the grouting pres-
sure is 3MPa, and grouting time is 100 s, the relationship
between slurry seepage distance and grouting time under
varying fracture opening conditions (20μm, 50μm, 100μm,
200μm, and 300μm) was calculated, and the influence of
fracture opening on slurry seepage characteristics was ana-
lyzed (Figures 10 and 11).

Without considering fluid-solid coupling, when the frac-
ture opening is 20μm, the slurry seepage distance increases
from 0.31m at a grouting time of 10 s to 0.89m at a grouting
time of 80 s, an increase of 0.58m (Figures 10 and 11). When
the fracture opening is 100μm, the slurry seepage distance
increases from 1.58m at a grouting time of 10 s to 4.47m at
a grouting time of 80 s. When the fracture opening is
300μm, the slurry seepage distance increases from 4.74m

at 10 s to 13.41m at 80 s. Considering the effect of fluid-
solid coupling, when the fracture opening is 20μm, the slurry
seepage distance increases from 0.78m at 10 s to 2.2m at 80 s.
When the fracture opening is 100μm, the slurry seepage dis-
tance increases from 2.02m at 10 s to 5.72m at 80 s. When
the fracture opening is 300μm, the slurry seepage distance
increases from 5.17m at 10 s to 14.62m at 80 s. Fracture
opening has a significant influence on the slurry seepage dis-
tance. With increasing grouting time, the slurry seepage dis-
tance also increases. With increasing fracture opening at the
same grouting time, the slurry seepage distance also
increases. In the early stage of grouting seepage, the slurry
seepage rate is relatively fast. As grouting continues, the
slurry seepage rate gradually decreases. The larger the frac-
ture opening is, the larger the grouting seepage rate will be.
As fracture opening gradually decreases, the seepage rate of
the grout will decrease accordingly.

In order to examine the influence of fracture opening on
the spatial distribution characteristics of grouting pressure
for a grouting pressure of 3MPa and grouting time of 100 s,
the conditions of different fracture openings (20μm, 50μm,
100μm, 200μm, and 300μm) in the grouting simulation
are analyzed. The spatial distribution curve of grouting pres-
sure is shown in Figure 12.

For a fracture opening of 20μm, the grouting pressure
decays rapidly in the slurry seepage direction and decreases
to 0 at 2.64m from the grouting entrance (Figure 12). When
the fracture opening is small, the slurry seepage resistance is
very large, which rapidly reduces the grouting pressure inside
the fracture and affects the slurry seepage. When the fracture
opening is 50μm, the grouting pressure decreases rapidly in
the slurry seepage direction and decreases to 0 at 3.92m from
the grouting entrance; however, the reduced rate is smaller
than that when the fracture opening is 20μm. With increas-
ing fracture opening, when the fracture opening is 300μm,
the grouting pressure decreases to 0 at 16.4m from the grout-
ing entrance. Results show that the smaller the fracture open-
ing, the greater the decay grouting pressure rate and the
shorter the seepage distance. With increasing fracture open-
ing, grouting pressure decay rate decreases, and the slurry
seepage distance increases.

3.3. Influence of Grouting Pressure. In order to examine the
influence of grouting pressure on the grout seepage distance,
calculate whether the grout diffusion distance with fluid-solid
coupling under different grouting pressures (1MPa, 2MPa,
3MPa, 5MPa, and 8MPa) and choose the fracture opening,
the relationship between grouting pressure, and grout seep-
age distance of the grout when the grouting time is 100μm
and grouting time of 100 s is analyzed. The simulation results
are shown in Figure 13.

Under a grouting pressure of 1MPa, the slurry seepage
distance is 2.38m when fluid-solid coupling is not consid-
ered, and the slurry seepage distance is 2.88m when fluid-
solid coupling is considered. When considering fluid-solid
coupling, the slurry seepage distance is slightly larger than
that without considering fluid-solid coupling; however, there
is little difference between them. When grouting pressure
increases to 3MPa, the slurry seepage distance is 5m without

Update the fracture opening bi, j at 
different nodes

Start

j=1

Li =

Pj =

L𝜀 <0.1%
N

Y

Determine the control =dp 12 𝜇𝜈–
dxequation of slurry flow: Ab2

Input parameters: fracture opening b, 
grouting pressure p, grouting time T and

grouting parameters (𝜇, 𝜏), dividing grouting
time T into equal time steps dt

Iterative initial assignment: fracture opening 
b and grouting pressure p

Calculate the slurry Ab
2 (Pj –Pj+1) dt

b
3
j–1 Pj–1

b
3
j–1 b

3
j

Lj–1

Lj–1

Lj

Lj

b
3
j Pj+1

6 𝜇diffusion distance:

Calculate the
grouting pressure
at different nodes:

Output slurry seepage distance Li, j , spatial pressure
distribution pi, j, fracture opening bi, j 

+

+

Figure 5: Flow chart of the step-wise algorithm.
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considering fluid-solid coupling, and the slurry seepage dis-
tance increases by 2.62m. Considering fluid-solid coupling,
the slurry seepage distance is 6.41m, and the slurry seepage
distance increases by 3.53m. When grouting pressure
increases to 8MPa, the slurry seepage distance is 8.16m with-
out considering fluid-solid coupling and 18.81m when con-
sidering fluid-solid coupling. With increasing grouting
pressure, the slurry seepage distance only increases from
2.38m to 8.16m without considering fluid-solid coupling;
while when considering fluid-solid coupling, the slurry seep-
age distance increases from 2.88m at the beginning to 18.8m.
When fluid-solid coupling is not considered, the resistance to

slurry seepage is greater due to the constant fracture opening,
and the slurry seepage distance is much smaller than that
under fluid-solid coupling. When considering fluid-solid
coupling, with increasing grouting pressure, the fracture
opening also increases, the resistance of slurry seepage
decreases, and the slurry seepage distance increases.

In order to study the influence of grouting pressure on
fracture opening, the law between fracture opening change
and grouting pressure under different grouting pressures
(1MPa, 2MPa, 3MPa, 5MPa, and 8MPa) was calculated,
and various grouting pressures were obtained. The grouting
pressure change curve and the fracture opening change curve
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at different positions from the grouting inlet under pressure
are shown in Figures 14 and 15, respectively.

As shown in Figures 14 and 15, when the grouting pres-
sure is 1MPa, grouting pressure decreases linearly along the
slurry seepage direction and decreases to 0 at 2.86m from
the grouting entrance. The fracture opening remains
unchanged at 100μm. The grouting pressure is less than
the critical pressure; therefore, the fracture opening does
not change. When the grouting pressure increases to
2MPa, the grouting pressure shows nonlinear attenuation
along the slurry seepage direction, and when the grouting
pressure is less than the critical pressure, the grouting pres-
sure curve shows linear attenuation until it decreases to 0 at

4.51m from the grouting entrance. The fracture opening at
the fracture entrance is the most affected. The original frac-
ture opening increases from 100μm to 180μm and shows
nonlinear attenuation along the slurry seepage direction.
With decreasing grouting pressure to the critical pressure,
the fracture opening remains unchanged. When grouting
pressure increases to 5MPa, the grouting pressure also shows
nonlinear attenuation along the grouting seepage direction.
When the grouting pressure in the fracture channel attenu-
ates to less than the critical pressure, the grouting pressure
curve shows linear attenuation, until it decreases to 0 at
18.8m from the grouting entrance. The fracture opening
value at the entrance of the grouting increases to 380μm,
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Figure 14: Curve of grouting pressure vs. distance for different grouting pressures.
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and it also decays nonlinearly along the grout seepage direc-
tion until the fracture opening remains unchanged. At the
same position from the grouting entrance, as grouting pres-
sure increases, the increase in the fracture opening also
increases. The increase in fracture opening at the entrance
of grouting is the largest, and it gradually decreases along
the slurry seepage direction.

Overall, the change in grouting pressure and fracture
opening shows a nonlinear attenuation trend during fracture
seepage. As grouting pressure decreases nonlinearly along
the slurry seepage direction, the fracture opening also
decreases nonlinearly. When grouting pressure decreases to
the critical pressure, the fracture opening decreases to the orig-
inal fracture opening and remains unchanged until the slurry
stops flowing. With increasing grouting pressure, the increase
in fracture opening also increases, from 80μm when the
grouting pressure is 2MPa to 280μmwhen the grouting pres-
sure is 8MPa. Correspondingly, the affected fracture opening
range also increases, from 2.5m at 2MPa to 17.96m at
8MPa, which is significantly affected by the grouting pressure.

4. Conclusions

(i) A step-wise algorithm in MATLAB was used to con-
duct numerical experiment on grouting slurry seep-
age in microfractures. The slurry seepage area is
divided into multiple finite elements at the same
time interval. According to the law of conservation
of energy and the recursion method, a time-step iter-
ative solution is used to quantitatively describe the
change in grout seepage distance and fracture open-
ing during grouting

(ii) Fluid-solid coupling has a significant influence on
slurry seepage characteristics. At the same grouting
time, the slurry seepage distance increases with
increasing fracture opening. In the early stage of
grout seepage, the slurry seepage rate is faster. With
increasing grouting time, the slurry seepage rate
gradually decreases, and the greater the fracture
opening, the greater the slurry seepage rate

(iii) The grouting pressure and fracture opening are larg-
est at the grouting entrance. Along the slurry seepage
direction, the change in grouting pressure and frac-
ture opening shows nonlinear attenuation trend.
When grouting pressure decreases to the critical
pressure, the fracture opening is linearly attenuated,
and the fracture opening remains unchanged until
the slurry stops flowing
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