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Abstract: Polymers as a new chemical grouting material have been widely used in fractured rock
mass; however, the understanding of polymer diffusion characteristics still needs to be further
improved. In order to study the diffusion mechanism of foamed polymer slurry in rock fissures, the
radial diffusion model of polymer single crack grouting is derived in consideration of the factors
such as grouting volume, crack width and expansion rate. The influence of different factors on
slurry diffusion radius, diffusion pressure and flow rate is analyzed, The diffusion model is verified
by finite element numerical simulation. The findings show that (1) The results of slurry diffusion
radius, pressure and velocity distribution at different times under different working conditions in
the present model are in good agreement with the analytical solution; (2) The diffusion pressure is
directly proportional to the grouting volume and expansion multiple, and inversely proportional to
the crack width. In addition, diffusion pressure decreases with the increase of diffusion distance, and
the pressure at the corresponding distance increases slowly with time, and finally tends to be stable;
(3) For the same section, the radial velocity decreases slowly with the increase of time; for different
sections, the flow velocity increases sharply with the increase of the distance between the section and
the central axis of the grouting hole.

Keywords: polymer; diffusion model; crack; expansion ratio; grouting amount

1. Introduction

In underground construction, grouting is one of the effective technical means to
improve rock mechanical properties and block groundwater [1-6]. Grouting refers to
injecting the slurry with cementitious capacity into the cracks, voids or cavities in the
rock layer (or soil layer) through grouting drilling holes or grouting pipes, which can
drive away the water and air in the cracks, voids or cavities, cement the original loose soil
particles or cracks into a whole, and form a “stone body” with new structure, high strength
and strong waterproof and impermeability, so as to improve the performance of the rock
(soil) layer [7]. In recent years, many new grouting materials and equipment have been
come into use, which greatly improves the effectiveness of grouting plugging. With the
advantages of safety and environmental protection, fast response, high expansion rate,
impermeability and durability, polymer materials have become grouting materials with
excellent comprehensive performance [8], and are widely used in foundation reinforcement,
dam seepage prevention, road maintenance, etc.

The diffusion mechanism of slurry in rock and soil fractures has always been the focus
of research. Many scholars have studied the migration law of slurry in fractured rock mass.
Generally, the fractured rock mass is simplified as a parallel plate model [9-12]. According
to different slurry constitutive equations, the diffusion of slurry in rock fractures is studied
by the analytical method, and the slurry flow and pressure distribution equations are estab-
lished to explore the flow law of slurry in fractured rock mass. Some scholars regard the
slurry as Newtonian fluid and deduce the fracture grouting diffusion model. For instance,
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Zhang et al. [13] established a two-dimensional slurry flow model in fractures considering
fracture roughness and groundwater viscous resistance, and Li et al. [14] deduced an ideal
self-expanding slurry single fracture diffusion model; Furthermore, other scholars regard
the slurry as Bingham fluid and deduce the crack grouting diffusion model. For example,
Gustafson et al. [15] proposed the analytical model for calculating the penetration length
of silica sol grouting. Liu et al. [16] proposed the grouting numerical model of water-rich
broken sandstone for ordinary portland cement 42.5 (PO. 42.5), aluminum sulfate cement
42.5 (sac. 42.5) and self-developed cement-based composite grouting material (CGM). And
a crack grouting diffusion model considering the time-varying viscosity of cement slurry
has been proposed [17].

In the diffusion of one-dimensional flow model, Amadei and Savage [18] proposed a
one-dimensional flow model of Bingham slurry in the channel between parallel walls, and
analyzed the influence of pressure gradients on slurry flow characteristics; Luo et al. [19]
deduced the flow equation of Bingham slurry in one-dimensional inclined single frac-
ture, and analyzed the effects of fracture inclination, viscosity and other factors on the
velocity of slurry. In the two-dimensional radial diffusion model, Tani et al. [9] studied
the radial diffusion law of cement slurry diffusing in the cracks between parallel plates;
while Zhan et al. [20,21] established a hydrodynamic grouting diffusion model of single
fracture and analyzed the influence of water flow velocity on the slurry diffusion range.
Zhang et al. [22] proposed a theoretical model of horizontal fracture grouting diffusion
considering the temporal and spatial variation of slurry viscosity under the condition of a
constant grouting rate.

In general, great progress has been made in the research on crack grouting mechanism
at home and abroad; however, the existing models take constant density slurry such as
sodium silicate, cement slurry and ordinary chemical slurry as the objects, and there is no
research on the crack grouting diffusion model of foamed polymer slurry. Two compo-
nent foamed polyurethane generally has faster reaction speeds and larger expansion rates.
According to the added foaming dose, it can expand 10-30 times in 6-30 s [8]. Due to the ex-
pansibility of polymer slurry and the void structure characteristics of injected medium, the
diffusion characteristics of polymers are more complex, which also brings great difficulties
to the selection of polymer grouting parameters in engineering practice [23].

In this paper, based on the foaming expansion characteristics of polymer slurry and
the theory of viscous hydrodynamics, the radial diffusion model of foaming polymer
in single crack considering the self-expansion characteristics of polymer is theoretically
deduced. In addition, the numerical simulation of grouting diffusion in parallel plate cracks
is established by using finite element software (Comsol Multiphysics), which verifies the
accuracy of the present analysis model. The diffusion model can fully consider the influence
of grouting volume, crack opening, radial distance, time, expansion ratio and other factors
on diffusion characteristics of slurry, and has a certain reference value for the theoretical
research of foam polymer slurry crack grouting.

2. Grout Diffusion Model
2.1. Density Model

Here, three kinds of polymer grouting materials (10 times expansion rate, 20 times
expansion rate and 30 times expansion rate) are taken as the research object. First, the ex-
factory expansion rate of the polymer is calibrated and verified. A self-made reaction vessel
for measuring the expansion rate of polymers was made according to the requirement
of the test (Figure 1), which is mainly composed of a plexiglass cylinder with a bottom.
Meanwhile, in order to observe the change of expansion volume, a scale is pasted on the
reaction cylinder, and a high-definition camera(HD) is used to capture the expansion rise
height of the polymer at different times. The two-component polymer grouting materials
are mixed according to the requirements of the same quality and poured into the reaction
vessel for reaction expansion at room temperature.
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Figure 1. Polymer consolidation after reaction.

Figures 1 and 2, respectively, show the morphology photos of the consolidated body
of three polymers in the reaction cylinder and the comparison diagram of slurry height
before and after the reaction. It can be seen from the figure that the three polymer grouting
materials have expanded to a certain extent after reaction. In particular, it can be clearly
seen from Figure 2 that the three polymers have expanded from the original height of
2.5cm to 11.5 cm, 21 cm and 31.5 cm, respectively. In addition, the heights of consolidated
polymers with 20 and 30 times the expansion ratio are 1.83 and 2.74 times, respectively. It
can be proved that the ex-factory expansion ratio of the three polymers is reliable within
the allowable range of test error.

35

B Before expansion

30 .
W After expansion

Expansion height/cm

10 times expansion ratio 20 times expansion ratio 30 times expansion ratio

Expansion multiple

Figure 2. Comparison of slurry height before and after reaction.

The density integrity relationship is obtained by the nonlinear fitting of the experi-
mental results.
p= Ae P+ C 1)

where A =1087.297, 1115.818, 1144.339, B=1/4.87,1/5.48,1/5.92, C = 85.563, 57.042, 20.521
represent polymer grouting materials with 10, 20 and 30 times expansion rate respectively,
tis the time (s), p is a slurry density (kg/ m?) for a certain hour.

2.2. Basic Hypothesis

Based on the existing derivation method of fracture diffusion model, the following
assumptions were made [24,25]: (1) the slurry is a homogeneous isotropic fluid; (2) There is
no slip boundary at the upper and lower surfaces of the crack, that is, the slurry velocity at
the contact with the wall is 0; (3) The slurry is in a laminar flow during the diffusion process;
(4) The slurry is a Newtonian fluid, and its viscosity and flow pattern remain unchanged in
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the grouting process; (5) The fracture wall is rigid, and there is no deformation under the
pressure of the slurry; (6) The groutability of the slurry is good, and there is no blockage,
and the movement of the slurry in the fracture model is a full plane radiation; (7) The
crack wall has no adsorption effect on the slurry, and there is no precipitation during the
movement of the slurry.

2.3. Diffusion Model Derived

The schematic diagram of single crack grouting [14] is shown in Figure 3, and its
opening of crack is h, and the radius of grouting hole is Ry. It is assumed that the polymer
slurry will flow radially around the grouting hole between the upper and lower crack
surfaces; and ignoring the grouting pressure in the grouting hole, the slurry will flow in
the crack completely by virtue of the volume expansion mechanism.

A

Interface between slurry and air z Upper surface of crack

Slurry filler

Atmospheric pressure p, Lower surface of crack

Figure 3. Schematic diagram of self-expanded slurry diffusion in flat single fracture.

Taking any fluid unit from the basin (see Figure 4), the external force on the fluid
element are a normal stress p and the shear stresst, and there is no shear resistance between
the radial planes perpendicular to the crack plane. If the influence of velocity change is
not considered, the sum of the respective force along the direction of the center radial axial
axis of the single element should be equal to zero [26].

drt 2r + Ar)A©
i )( 7 ) Ar=0 (2)
P+ dp | Ar
dr b
“a
dp . Az
dz

Figure 4. Determination of slurry unit.
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High-order trace elements are omitted, it can be expressed by

dp dt
T a0 ®)

According to Newton’s law of frictional resistance, the shear force can be expressed by

du
T= Tla 4
Integrating from Equations (3) and (4):
Jur _dp
ﬂg*g(z‘kcl) ®)

By substituting the boundary condition % 0= 0 into the above formula, the

following is obtained: -

Jdur _ dp
1137 T o’ (6)
Then we integrate Z and substitute the boundary conditions % 0= 0 into the
above formula: 5 N
_ 9 (2
ue=5 5 (z +C2) @)
Substituting the boundary conditions uy|,__ » = 0 into the above formula, it is
-2
rewritten as [17]:
_ 9 [, ¥
Ur = 2n0r (Z 4 ®
where: u, is slurry viscosity.
Then the average flow velocity on the cross section of slurry crack is:
1B h? dp
ur—h/gurdz—_lznar (9)

Let the diffusion radius of slurry at time t be Rt. For any slurry within the range of
R <Ry, let the increment of filling range after volume expansion within Atbe AR. Due to
the low of conservation of mass, it can be expressed by [14]:

nr?hp(t) = (r + Ar)*hp(t + At) (10)
where: p(t) = Ae Bt 4 C
After sorting:
(r+Ar)®  AePtyC a5
r2 © Ae B(t+AY) +C
Further, it can be obtained that:
Ar A(1 —e—BAY)
= \/1 T he B (12
A(1—eBA
when At — 0, Ae(*Tmer — 0.
__o—BAt
Ordering x = :e(_%@, V/1+ x Taylor expansion is made for /1 + x when xq =0,

the first two terms are v1 +x ~ 1+ %X
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A(1 — e BAt A(1 — e BAt
1+ EBAt : )B ~1+ ( ) (13)
Ae + Cqebt ) (Ae*BAt + CeBt)

Substituting Equation (13) into Equation (12), it can be obtained,

Ar A(1—eBAY)

— = (14)
r 2 (AefBAt + CeBt)
_ —BAt _ —BAt Ar _ ABAt
when At -+ 0,1—e —0,and 1—e — BAt, then 5F = 2(Ae BALCPY"
1—e BA L BAt (15)
After sorting:
A AB
o= - (16)
At 2 (Ae—BAt + CeBt)
when At — 0, Ar — 0, Equation (16) can be rewritten into differential form:
d AB
r__ mb 17)

dt 2<A+CeBt)
If the radial average velocity is equal to the change rate of radius with time, we have

w=To P (18)

dt Z(A + CeBt>

Combining Equations (9) and (18), we have

d7p _ 6rnAB (19)
dr o p?(A+4Ce®)
Substituting Equation (19) into Equation (8), we have
2 2
m__iﬁNB(z_l) 20)
h?(A+CePt) \h* 4
Integrating equation (19) with R, we have
2
po—— AP ¢ (21)
h? (A +Ce®)

Assuming that the radius of the initially injected slurry is Ry, since the total mass of
the slurry remains unchanged during the slurry diffusion process, it can be expressed at
the time t,

nRGhpy = nR?hp(t) (22)

The diffusion radius of slurry at time t can be written as

A+C

Re=Ry| 2=
T Ae B L C

(23)
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Substituting Equation (23) into Equation (18), it can be obtained that the average
velocity at the interface between slurry and air at time t,

—_dr_ RoAB A+C
TTdt 2(A+CieB) | Ae Bty C

(24)

when t = 0 s, the slurry pressure is the same as the atmospheric pressure Py at the interface
between slurry and air. According to Formula (21), we have

3RZnAB
Po=-%7 o T C (25)
h (A + CeBx )
3nR2AB 3nR2AB
where, C = p + hz(AO—i-C) =Pot h2(A0+C)
Substituting it into Equation (21), we have
3r’nAB 3nR3AB

Py )
h2(A+CeBt) * n}(A+CQ)

where 0 < r <R;.

3. Numerical Simulation of Polymer Slurry Diffusion in Parallel Plate Cracks
3.1. Governing Equations

In order to verify the correctness of the numerical method, the numerical simulation
of polymer slurry parallel plate crack grouting diffusion was carried out. Under the
assumption of ideal mixing and rapid reaction, the polymer is regarded as a continuum
with the characteristics of compressible Newtonian fluid. The growth of bubbles causes the
dependence of polymer density on time. The diffusion and flow of polymers in the crack
follow the mass conservation equation and momentum conservation equation. Ignoring
the tension of the surface, the diffusion velocity and pressure can be expressed as:

dp

sV (p0) =0 (27)

9pU 1
S+ V- (pUU) = —Vp +nV2U + ZnV(V - U) + pgb (28)

where p is the mixing density; U is the velocity vector; t is the time; P is the pressure; 1 is
shear viscosity; G is the acceleration of gravity.

3.2. Level Set Method

The level set method tracks the interface position by solving the transport equation of
the level set function, that is, by tracking the level set function ¢ to determine the interface
of fluid. For convective transport, the velocity vector can be calculated by the Navier
Stokes equation.

0o =V (Vo o - o)) (29)
where y and ¢ is a reinitialization parameter. In this paper ¢ is taken as the maximum
element size in the domain. vy is equal to 1.

Within a given value range of level set function, the fluid characteristics transition
smoothly from liquid to gas. The level set function changes between 0 and 1, and it is
expressed as 0 or 1 in the two fluids. Specifically, it is 0 in the liquid phase and 1 in the gas
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phase. On the interface between liquid and gas, the corresponding level set function value
@ = 0.5. The density can be expressed by the level set function

p=p1+@(p2—p1) (30)

The dynamic viscosity can be expressed by

=1+ —m) (31)

where p; = density of polymer; p, = density of air; p; = viscosity of polymer; and
1o = viscosity of air.

3.3. Numerical Realization (Boundary and Initial Conditions)

The self-expansion of polymer in a single crack with a radius of 1.3 m and a crack
opening of 6mm is analyzed using a parallel plate model, as shown in Figure 5. It is
assumed that the static pressure grouting stage has been completed, so some parts of
the crack at t = 0 s will initially be filled with unexpanded polymer grouting. Taking the
circle with radius ry as the initial shape of diffusion and assuming that the static pressure
grouting stage has been completed, the grouting amount is the quality required to diffuse
to the corresponding radius ry, and Ry is calculated by

_[a
Ro= 1/ oo (32)

Wall L=2.6m

< >

e » -
1l

[t
=
=

Figure 5. Schematic diagram of numerical model of polymer grouting in crack.

In this paper, 3 types of polymer material are selected, and the grouting amount is
125 g, 250 g and 370 g. The initial density of slurry py is 1172.86 kg/m?3. The initial radius
Ry calculated by Formula (32) is 0.11 m, 0.15 m and 0.18 m, respectively.

The UDFs function (user-defined functions) is used to edit the user-defined function
of the attribute change of slurry fluid, so as to realize the real-time adjustment of density
parameters in the process of slurry expansion.

3.4. Numerical Verification of Diffusion Model

The reliability of the grouting model is verified by comparing the numerical solution
with the analytical solution. Figure 6 shows the theoretical curve and simulation curve
of diffusion radius with time under different grouting quantities. It can be seen from the
figure that the curve obtained by the present model is consistent with that obtained by
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numerical simulation., and the diffusion range of slurry gradually increases with time and
tends to be stable at 30 s. In addition, it is observed that the time-consuming of slurry
expansion and the diffusion stage is not related to the grouting quantity. When the grouting
quantity is 125 g, 250 g and 170 g, the slurry stops diffusion at about 30 s. At this time, the
slurry stops expanding and reaches the maximum diffusion range, which is the effective
diffusion area of the slurry. It can also be seen from the figure that the effective diffusion
area of the slurry is directly proportional to the grouting volume.

1.2
analytical result (Q=370g)
A numerical result (Q=370g)
1 analytical result (Q=250g)
A numerical result (Q=250g)
analytical result (Q=125g)
0.8 A numerical result (Q=1202) , | s 400 attrtriiininieiededrdrdrrdrdrdrdrdrdnd .l
o .
(&)
ZF A aaaaaaaa iy
2 Arbch
3
0.6
3
=
S Lk a4 ddeddbchebebedededdededediviviiddededededrdviviied
3
£ 04
A
0.2
0
0 10 20 30 40 50 60 70

time (s)
Figure 6. Variation curve of diffusion radius with time under different grouting amounts.

Figure 7 shows the simulation results of the change of slurry volume fraction with
time. It can be seen from the figure that the slurry diffusion form of single crack grouting
is circular, and gradually diffuses outward in concentric circular form with time, finally
reaching the effective diffusion area of slurry, which is consistent with the diffusion form
assumed by the present theoretical model.

Table 1 shows the simulation results and analytical results of the pressure distribution
with time at 2 cm away from the grouting hole when the grouting amount is 250 g. It can be
seen from the Table 1 that the diffusion pressure gradually increases with time and finally
tends to be stable. The maximum relative error between the numerical solution and the
analytical solution is 0.9%, and the average relative error is 0.28%.

Table 1. Simulation results and analytical results of pressure distribution at different times.

Diffusion Pressure (KPa)

Position r (cm) Time t (s) Relative Error
Numerical Solution Theoretical Solution
0 0.3554 0.3589 0.9%
10 0.3591 0.3604 0.4%
20 0.3634 0.3636 0.1%
r=2 30 0.3652 0.3650 0.1%
40 0.36581 0.3653 0.1%
50 0.3662 0.3653 0.2%

60 0.3662 0.3653 0.2%
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t=10s

1 0 -1 0

7

m 0
1
Xz 1 0 1 0.02 X2 02 x-% 1 0 -1 002
y" m y m y m
[=45s
-1
m 0
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X—2 1 0 -1 0.02 X—Z 1 0 1 002 x-—z 1 0 1 0.02
o y m y m

Figure 7. Simulation results of slurry volume fraction varying with time at different times.

Table 2 shows the simulation results and analytical results of pressure radial distribu-
tion with distance when the grouting amount is 250 g and the time is 30 s. It can be seen in
Table 2 that the diffusion pressure gradually decreases with the increase of radial distance.
The maximum relative error between the numerical solution and the analytical solution is
1.4%, and the average relative error is 1%. It can be seen that the theoretical solutions in
Tables 1 and 2 are in good agreement with the numerical solutions.

Table 2. Simulation results and analytical results of radial pressure distribution at different positions.

Diffusion Pressure (KPa)

Time t (s) Position r (cm) Relative Error
Numerical Solution Theoretical Solution
2 0.3630 0.3651 0.5%
4 0.3592 0.3643 0.5%
6 0.3579 0.3629 1.3%
t=30 8 0.3560 0.3610 1.0%
10 0.3535 0.3585 1.3%
12 0.3506 0.3556 1.0%
14 0.3470 0.3520 1.4%

4. Analysis of Slurry Diffusion Characteristics
4.1. Analysis of Slurry Pressure Field

Figures 8 and 9 show the temporal and spatial distribution characteristics of the slurry
pressure field. Figure 8 shows the variation curve of pressure with diffusion distance at
different times. It can be seen from the figure that the farther away from the grouting hole,
the smaller the diffusion pressure. Figure 9 shows the variation curve of pressure with time
at different distances. It can be seen from the figure that the pressure at different positions
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increases slowly with time and finally ends up being stable, and the pressure values at
different positions are basically the same.

0.4
A analytical result (t=10s)
0.35 ‘
A A analytical result (t=20s)
AA AA
0.3 A A A analytical result (t=30s)
A A
—~ A
S025 s
\% A A
g 02 A
[} A A
£ 0.15 "
A A
A
0.1 A N
A A‘A
0.05 A A
A A
A
0 A A AA
0 0.2 0.4 0.6 0.8

Distance (m)

Figure 8. Variation curve of pressure with diffusion distance at different times.

0.37

0.36

0.35

0.34

0.33

Pressure (KPa)

0.32

0.31

0.3
0 10 20 30 40 50 60 70

Time (s)
Figure 9. Pressure versus time curves at different distances.

Figure 10 shows the variation curve of pressure with time under different grouting
quantities at the radius r = 2 cm. It can be seen from the figure that the pressure increases
slowly with time, and finally the pressure tends to be stable. Figure 11 shows the rela-
tionship curve between the maximum pressure and the grouting amount. It can be seen
from Figures 10 and 11 that the diffusion pressure is directly proportional to the grouting
amount. Figure 12 shows the change of pressure with time under different crack opening,
and Figure 13 shows the relationship curve between the maximum pressure and crack
opening. It can be seen from Figures 12 and 13 that the diffusion pressure is inversely
proportional to the grouting volume, and the diffusion pressure is very sensitive to the
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change in the crack opening. When the crack decreases from 4 mm to 2 mm, the pressure
increases rapidly, the crack opening decreases from 8 mm to 2 mm, and the maximum
pressure value increases by a factor of 20. Figure 14 shows the change curve of pressure
with time under different expansion ratios, and Figure 15 shows the relationship curve
between the maximum pressure and expansion ratio. It can be seen from Figures 14 and 15
that the diffusion pressure is directly proportional to the grouting amount. In general, the
grouting volume, the crack opening and the expansion ratio are three key factors affecting
the slurry pressure field.

0.55

<
W

*Q=125¢g
°Q=250¢g
* Q=250g

<o
~
)

N
~

e
L
w O

Pressure (KPa)

S
N

<
o G

=
—_
(9]

o

0 10 20 30 40 50 60 70
Time (s)

Figure 10. Variation curve of pressure with time under different grouting amount.

0.55

resure(KPa)
< 9 < N o
[98) i BN (9] W

Maximun Pressure

e
[\e}
oy

0.2

0 100 200 300 400
Grouting amount Q (g)

Figure 11. Relation curve between maximum pressure and grouting volume.

4.2. Analysis of Slurry Diffusion Flow Field

Table 3 shows the flow velocity values at different positions on the fracture section
when t = 20 s, which can be described as an intuitive three-dimensional distribution of
flow velocity, as shown in Figure 16. It can be seen from Table 3 and Figure 16 that the
farther the fracture section is from the grouting hole and the fracture wall, the greater
the diffusion pressure is. Figures 17 and 18 show the velocity on temporal and spatial
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distribution characteristics of slurry. Figure 17 shows the velocity variation of slurry
with radial distance at different times. It can be seen from the Figure 17 that the slurry
velocity increases along the radial direction, and the velocity reaches the maximum at the
interface between slurry and air. Figure 18 shows the velocity variation curve of slurry
along the z-axis direction at different times. It can be seen from Figure 18 that the slurry
velocity presents a parabolic distribution in the z-axis direction, and the velocity reaches
the maximum at the midpoint of the fracture (z = 0) and reaches the minimum at the
fracture wall, and the velocity is zero. It can also be seen from Figures 17 and 18 that the
slurry flow rate gradually decreases with time and finally becomes zero. Figures 19 and 20
are the time-varying curves of flow velocity at the interface between slurry and air under
different grouting amounts and expansion ratios. It can be seen from Figures 19 and 20 that
the greater the grouting amount and expansion ratio, the greater the interface flow velocity;
the grouting amount and expansion ratio are the key factors affecting the flow velocity.

3.5
s AAMMAMMAAAAAMAAAAAAMAAAAAMAAAAAMAAAA
3 Ah=2 mm
Ah=4 mm
A h=6mm
2.5
~
<
a
M 2
N
()
$—
2
»l.5
()
S
~

0.5
AMAAMAMAMAMAMAMAMAMAMAMAMAMAMAMAAMAAMAAAAAAA
0
0 10 20 30 40 50 60 70
Time (s)

Figure 12. Variation curve of pressure with time under different fracture opening.

3.65

Maximun Pressure(KPa)
N
W

1.15
0.65
0.15
1 3 5 7 9
Crack width h (mm)

Figure 13. Relation curve between maximum pressure and fracture opening.
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Figure 14. Pressure versus time curves at different expansion ratios.
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Figure 15. Relation curve between maximum pressure and expansion ratio.

Table 3. Velocity values at different positions on the fracture section.

Position(x)/m z/m
—0.0030 —0.0020 —0.0010 0.0000 0.0010 0.0020 0.0030
0.1653 0 0.0158 0.0253 0.0285 0.0253 0.0158 0
0.1820 0 0.0192 0.0307 0.0345 0.0307 0.0192 0
0.2000 0 0.0232 0.0370 0.0417 0.0370 0.0232 0
0.2195 0 0.0279 0.0446 0.0502 0.0446 0.0279 0
0.2404 0 0.0334 0.0535 0.0602 0.0535 0.0334 0
0.2627 0 0.0399 0.0639 0.0719 0.0639 0.0399 0
0.2862 0 0.0474 0.0759 0.0854 0.0759 0.0474 0
0.3110 0 0.0560 0.0896 0.1008 0.0896 0.0560 0
0.3367 0 0.0656 0.1050 0.1181 0.1050 0.0656 0
0.3631 0 0.0763 0.1221 0.1373 0.1221 0.0763 0
0.3899 0 0.0880 0.1408 0.1584 0.1408 0.0880 0
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Table 3. Cont.
z/m
Position(x)/m
—0.0030 —0.0020 —0.0010 0.0000 0.0010 0.0020 0.0030
0.4167 0 0.1005 0.1608 0.1809 0.1608 0.1005 0
0.4432 0 0.1137 0.1819 0.2046 0.1819 0.1137 0
0.4689 0 0.1273 0.2037 0.2291 0.2037 0.1273 0
0.4936 0 0.1410 0.2256 0.2538 0.2256 0.1410 0
0.5168 0 0.1546 0.2474 0.2783 0.2474 0.1546 0
0.5384 0 0.1678 0.2684 0.3020 0.2684 0.1678 0
0.5581 0 0.1803 0.2884 0.3245 0.2884 0.1803 0
0.5758 0 0.1919 0.3071 0.3455 0.3071 0.1919 0
0.5916 0 0.2026 0.3241 0.3646 0.3241 0.2026 0

Velocity (m/s)
o o
gegegaBxs

Distance (m)

Figure 16. Three -dimensional velocity distribution.
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Figure 17. Variation curve of slurry velocity with radial distance at different time.
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Figure 18. Variation curve of slurry velocity along z-axis at different times.
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Figure 19. Variation curve of velocity at the interface between slurry and air with time under different
grouting amount.

1.2
—3( times expansion rate
1 =20 times expansion rate
—— 10 times expansion rate

o
0

<
~

Average velocity(m/s)
=)
=N

time (s)

Figure 20. Variation curve of velocity at the interface between slurry and air with time under different
expansion ratios.



Mathematics 2021, 9, 2907

17 of 18

References

5. Conclusions

(1) In this paper, the effects of grouting volume, crack opening, radial distance, time,
expansion ratio and other factors were fully considered. The radial diffusion model of
polymer grouting in a single crack was theoretically deduced, and the theoretical model
was verified by the numerical simulation of slurry in parallel plate cracks. The variation
laws of slurry diffusion radius and pressure at different times are basically consistent with
the analytical solution,

(2) The amount of grouting, the expansion ratio and the crack opening have a great
influence on the diffusion law of polymer crack grouting. The diffusion pressure is directly
proportional to the grouting amount and expansion ratio, and inversely proportional to
the crack opening. In addition, the greater the grouting amount and expansion ratio, the
greater the interfacial velocity.

(3) The diffusion pressure is directly proportional to the grouting volume and expan-
sion multiple, and inversely proportional to the crack width. In addition, diffusion pressure
decreases with the increase of diffusion distance, and the pressure at the corresponding
distance increases slowly with time, eventually reaching stability.
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