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ABSTRACT

During coal mining, when loose water-bearing sand layers are exposed and connected, it is extremely easy to cause water and sand inrush
accidents, threatening the lives and properties in mines. Because of the intricate and tortuous internal structure of the sand layer, the diffusion
pattern of grouting slurry within the loose sand layer has not been accurately characterized. Improving the efficiency of grouting and reducing
the cost of grouting are common difficulties faced by industrial and mining enterprises in the grouting renovation of loose water-bearing
sand layers. This paper innovatively proposes the mechanism of slurry-water displacement effect based on the diffusion characteristics of
grouting slurry within the water-bearing sand layer. It studies the power-law fluid seepage and diffusion mechanism of porous media tortuos-
ity effect and slurry-water displacement effect and derives the spherical diffusion equation of power-law fluid seepage grouting considering
the coupling of porous media tortuosity effect and slurry-water displacement effect. At the same time, an indoor experimental device consid-
ering the slurry-water displacement effect is designed to verify the rationality of the spherical seepage grouting diffusion equation considering
the superimposed effects of the two. Furthermore, relying on the COMSOL Multiphysics platform, a three-dimensional numerical calculation
model of the power-law fluid spherical seepage grouting mechanism considering the porous media tortuosity effect and slurry-water displace-
ment effect is constructed. It analyzes the seepage and diffusion characteristics of power-law grouting slurry in water-bearing sand layers, and
studies the influence of different porosity of loose water-bearing sand layers, spacing between slurry and water holes, grouting pressure, and
slurry viscosity on the volume of loose water-bearing sand layers. The key factors affecting the volume of loose water-bearing sand layers are
grouting pressure > spacing between slurry and water holes > porosity of sand layer > slurry viscosity. Compared with previous grouting
technologies and processes, the slurry-water displacement grouting technology can solve the problems of small grouting diffusion range and
poor grouting effect in high-pressure underwater water-bearing sand layers to a certain extent.
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I. INTRODUCTION

Currently, the shallow-buried coal reserves in the northern region
of Anhui and the western area of Shandong, China, have entered the
late stages of extraction. The future recoverable coal resources in these
regions are characterized by deep burial, thick unconsolidated layers,
and high water pressure. The coal reserves that can be extracted under
these geological conditions exceed 150 x 10° tons (Song ef al, 2018;
Ma et al., 2021). Due to the poor mechanical properties and high water
content of the sand layers, which exhibit favorable flow characteristics,
they are prone to the formation of weak links under construction

disturbance and underground water action. Once these weak links are
disrupted, the development of water-bearing fractures and weak struc-
tural planes may escalate into water inrush and sand burst incidents,
posing a significant threat to underground safety and production (Li
et al., 2020; Kalore and Babu, 2020). With the comprehensive eco-
nomic recovery, the energy industry is at the forefront of the economic
development of various nations. This makes it imperative to urgently
extract the coal resources in the western part of Shandong and the
northern part of Anhui. Addressing the key issue of improving the
mechanical properties of water-containing loose sand layers and
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reducing the probability of water inrush and sand bursts in these layers
is crucial for the future safety of coal mining operations.

Experts and scholars both domestically and internationally have
conducted extensive research on the extraction of coal seams beneath
thick unconsolidated layers and extremely thick unconsolidated layers
(Yu et al., 2020; Zhang et al., 2022). Taking a coal mine in the Lunan
mining area as an example, Liu ef al. (2023) explored the variation pat-
terns of surface deformation parameters during coal seam extraction
under different thickness ratios of unconsolidated layers to bedrock.
Based on field measurements, the study analyzed surface deformation
characteristics and assessed the impact of the loose-to-bedrock ratio
on probability integration method parameters. Peng ef al. (2022) inves-
tigated the mechanism and characteristics of surface subsidence during
coal seam extraction beneath thick unconsolidated layers with an
underlying impermeable bedrock. The analysis of the water-soil cou-
pling stress-deformation mechanism during the consolidation process
revealed that the presence of impermeable consolidation at the bottom
of thick unconsolidated layers led to settlement, increasing the subsi-
dence in the basin, and slowing down the convergence rate at the
basin’s edges, significantly expanding both vertical and horizontal
movements of the surface. Using rheology theory and probability inte-
gration method, Hou et al. (2018) developed a superimposed model
for predicting dynamic settlement in mining areas with thick uncon-
solidated layers. The model’s accuracy was validated by comparing it
with actual deformation data from mines. Li ef al. (2017) studied vari-
ous factors related to water inrush accidents induced by coal seam
extraction beneath thick unconsolidated layers and thin bedrock. The
study concluded that extraction methods, extraction height, bedrock
thickness, and water pressure are the primary factors influencing water
inrush disasters in the roof of unconsolidated layers. Focusing on geo-
logical conditions in the Shendong mining area, particularly shallow
coal seam depth, thin overlying bedrock, and thick unconsolidated
water-bearing layers, Fang et al. (2016) conducted a study on the cut-
ting area of the 12207 working face at the Shangwan coal mine. The
research predicted mine water inflow by studying the height of the cav-
ing zone, water-conducting fractures, and the height of coal and rock
columns for water and sand prevention. Currently, most research
focuses on problems related to water inrush and surface subsidence
caused by thick unconsolidated layers and thin bedrock. There is rela-
tively limited research on prevention and control measures before coal
seam extraction beneath thick unconsolidated layers and thin bedrock.

Compared to other rock layers, loose water-bearing sand layers
have a higher porosity, making them amenable to modification
through permeation grouting (Fraccica ef al., 2022; Mollamahmutoglu
and Yilmaz, 2011; and Zhang et al., 2022). The theoretical and techni-
cal methods for permeation grouting are currently quite abundant.
The spherical diffusion theory and cylindrical diffusion theory, estab-
lished based on Darcy’s law, have become the foundation for many
scholars researching permeation grouting theory (Ye ef al, 2020;
2019). To address the short diffusion distance issue in on-site grouting,
Huang et al. (2018) proposed the vacuum grouting method. By cor-
recting the boundary conditions of the Maag spherical diffusion model
using the distribution pattern of vacuum pressure, a corrected model
for vacuum grouting was derived. Wang ef al. (2023) studied the diffu-
sion law of Newtonian fluid during the process of grouting with a tube.
Based on fractal theory and considering the effects of porous media
tortuosity and the variable viscosity of the slurry, a two-level
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cylindrical-hemispherical diffusion model for Newtonian fluids was
derived. The study analyzed the impact of constant flow grouting on
grout pressure and diffusion radius, considering the influences of
grouting flow rate, slurry viscosity, and tortuosity on grouting pressure
and diffusion radius under constant flow grouting. Using the capillary
laminar flow model, Xie ef al. (2022) derived the equation for the per-
colation movement of power-law fluids. By considering the effects of
tortuosity and the variable viscosity of the slurry in porous media, a
grouting method that considers both tortuosity and the variable viscos-
ity of the slurry was established and validated through existing experi-
ments. Guo ef al (2021), in considering the variable viscosity of
power-law slurry, and Yang ef al. (2021), in studying the mechanism
of cylindrical permeation grouting considering tortuosity, both devel-
oped three-dimensional permeation grouting spherical diffusion
numerical models based on the COMSOL numerical simulation plat-
form. By comparing the numerical simulation results with and without
considering diffusion paths, the necessity of considering diffusion
paths was demonstrated. Currently, there is abundant research on the
reinforcement of surface-buried sand layers using permeation grouting
theory in fields such as tunnel excavation and coastal infrastructure.
However, there is still limited research on the permeation grouting
mechanism of power-law fluids in loose water-bearing layers under-
ground, and there is no method for determining the direction of grout-
ing, which makes it challenging to guide current engineering practices.

This study based on the geological conditions of a mine in the
Heze mining area with thick loose water-bearing sand layers, proposes
a slurry-water replacement mechanism that ensures safety while maxi-
mizing coal recovery. Using Darcy’s law and the law of mass conserva-
tion, we establish a power-law fluid permeation grouting spherical
diffusion mechanism considering the tortuosity effect of loose water-
bearing sand layers and the slurry-water replacement effect. We use
self-developed laboratory equipment to validate theoretical equations.
Through the coupling of theoretical equations in the COMSOL
numerical simulation software, we develop a three-dimensional
numerical model for power-law fluid grouting spherical diffusion that
considers the tortuosity effect and slurry-water replacement effect. The
study analyzes the impact of loose water-bearing sand layer properties
and slurry properties on the volume of the loose water-bearing sand
layer and identifies key factors affecting slurry diffusion. Compared to
previous grouting technologies and processes, slurry-water replace-
ment grouting technology can, to a certain extent, address issues such
as small grouting diffusion range and poor grouting effects in water-
bearing layers under high-pressure conditions.

Il. SLURRY-WATER REPLACEMENT MECHANISMS IN
LOOSE WATER-BEARING SAND LAYERS

The inherent properties of the sandy soil layer determine the fea-
sibility of slurry permeation grouting, while factors such as the maxi-
mum particle size, self-stability, and fluidity of the slurry determine its
injectability and applicability. The slurry can only be injectable when
the particle size in the slurry is smaller than the minimum pore size of
the sandy soil layer (Han ef al., 2022).

Loose water-bearing sand layers act as porous media where water
plays a role in filling voids and sharing the seepage pressure (Zhang
et al., 2024a; 2023b). Simply installing grouting pipes in the loose
water-bearing sand layer causes the slurry, under grouting pressure, to
enter the sand layer, compressing the sand around the grouting pipe,
making the sand layer’s pores compact, and limiting the diffusion
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range of the slurry. This results in a small reinforcement area, increases
the borehole rate for the target layer, raises production costs, and,
given the good fluidity of loose water-bearing sand layers, can lead to
widespread collapse holes and hazards like water inrush and sand
bursts (Wang ef al., 2023). Therefore, it is advisable to consider instal-
ling drainage holes at certain intervals while grouting. Creating a pres-
sure difference between the grouting area and drainage holes induces a
flow path from the grouting hole to the drainage hole due to the inher-
ent fluidity of water in the aquifer. This allows water to flow out, slurry
to fill the voids in the sand layer, and the consolidation of the sand
layer. This displacement process transforms the loose water-bearing
sand layer, reducing the probability of water inrush and sand bursts
Dong et al., 2022).

During the consolidation process of permeation grouting in
loose water-bearing sand layers, grouting holes and drainage holes
are alternately arranged. Applying drainage pressure during grout-
ing creates a pressure difference within the water-bearing sand
layer. The slurry, in fluid form, flows from high-pressure areas to
low-pressure areas. Continuous drainage pressure induces the flow
of slurry toward the drainage holes, facilitating extensive diffusion
and permeation of the slurry within the internal sand body. This
achieves the transformation of the target layer, as illustrated in
Fig. 1.

I1l. POWER-LAW FLUID SPHERICAL INFILTRATION
GROUTING THEORY CONSIDERING TORTUOSITY
EFFECT AND SLURRY-WATER REPLACEMENT IN
POROUS MEDIA

A. Basic assumptions

(1) The water-rich sand layer is homogeneous and isotropic, expe-
riencing no deformation during the grouting process.

(2) Fill-pressure densification grouting is employed, with the slurry
injected only from the bottom of the grouting pipe.

(3) The interior of the water-rich sand layer is a closed space,
uniformly distributed, and does not consider gas-liquid
displacement.

(4) Flow-solid coupling effects are not considered, and chemical
reactions of the slurry are omitted.

(5) The slurry is a power-law fluid, exhibiting spherical diffusion in
the geological formation, and the seepage diffusion process is
laminar.
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FIG. 1. Schematic diagram of slurry-water replacement effect in water-rich sand
layer.
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B. Power-law fluid osmotic diffusion mechanism
considering porous medium tortuosity effect and
slurry-water displacement effect

1. Rheological equations for power-law fluids

The rheological equation (Pantokratoras, 2016) for a power-law
fluid is

T=¢", (1)
dv
V= _57 (2)

where 7 is the shear stress, MPa; n is the power law index; ¢ is the
power law coefficient; y is the shear rate, m/s; v is the seepage velocity
of the power law fluid in the porous medium, m/s; and r is the diffu-
sion radius of the power law fluid in the porous medium.

2. Power-law fluid seepage motion equation
considering porous media tortuosity and slurry-water
replacement effect

The actual flow of fluid in the sand layer does not follow the theo-
retical calculated diffusion; instead, it exhibits a convoluted and tortu-
ous diffusion based on the pore conditions within the sand layer,
showcasing typical tortuosity effects (Civan, 2010), as illustrated in
Fig. 2.

Currently, based on the research findings of domestic and inter-
national experts and scholars, tortuosity is commonly employed to
reflect the actual extent of fluid diffusion in porous media. Kong
(1999) conducted a study on tortuosity in porous media and found
that the distribution of tortuosity in porous media typically falls within
the range of 2.00-2.50. The formula for tortuosity is as follows:

2
¢ = (Lf) . 3)

In the equation, L, represents the actual flow path length of the
fluid in porous media, L is the theoretical length of fluid in porous
media, and { denotes the tortuosity of the porous media.

In the initial grouting state of porous media, the pore water pres-
sure in the sand layer around the grouting hole is approximately equal.
If drainage holes are arranged at intervals around the grouting hole
and drainage pressure is applied simultaneously, creating a negative

pore water

=

Theoretical
path

fluid tortuous

FIG. 2. Schematic diagram of the actual diffusion of a power-law fluid in a porous
medium.
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FIG. 3. Pressure field distribution of grouted seepage in porous media with slurry-
water replacement effect.

pressure zone between the grouting hole and the drainage hole, the
pressure difference will cause the slurry to transfer toward the drainage
hole area, as illustrated in Fig. 3. The seepage pressure between the
grouting hole and the drainage hole is composed of the grouting pres-
sure and drainage pressure.

In Fig. 3, the actual diffusion of the power-law fluid due to the
tortuosity effect is illustrated. We select a micro-flow unit for analysis,
as shown in Fig. 4. The left side has a pressure of grouting pressure P,
P,, is the groundwater pressure, and r; is the radius of the drainage
hole. The right side has a pressure of P+ dP+ P,— P,,.

For a saturated and pressurized water-bearing sand layer sub-
jected to drainage pressure, water flows toward the drainage hole in a
spherical and centripetal manner. The seepage motion of water in the
sand layer follows Darcy’s law, where K is the permeability coefficient
of water in the sand layer, and g is the viscosity of water. Therefore

P B9 @)
T K 2mr?
where 7, is the distance from the drain hole to any point in the flow
field sphere. Integrating the above equation yields

Qs (11

= — = 5

Ps pW+2nKs re 1w/’ )
T
ry

p P+dP+P-P,
—,— — —————— e —— — _

dL

T

FIG. 4. Flow in porous media with power-law slurry units based on slurry-water
replacement.
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Qs (11
— Py = ). 6
P =Pw 2nKg \rs 1y ©
Since in practice r,, is much larger than r,
Qst
—p, = . 7
L @)

Under the condition of considering only the grouting pressure
and seepage pressure, the force relationship of this microfluidic unit
column in the pore space of the porous medium is

nr?(dp + Py — P,) + 2nrtdL = 0. (8)
From this, it follows

r dp+P;—P,
ey a ©)
At the initial boundary where r=r;, and v= 0, by combining Eqs.
(1), (7), and (9) and employing the method of separation of variables,
the seepage equation for power-law fluid in porous media can be

obtained,

n 1dp+PS—PW)5(M _)
_ L ). 10
v n+1( 2¢ dL o r (10)

The unit flow rate Q, of a power-law fluid in a porous medium is
given by

Qs = J 2mrvdr. (11)
0
Substituting Eq. (10) into Eq. (11) and integrating give

n 1dp+pSPW)'l‘ EES|
_ _ 2P T T 12
Qi 3n+1< 2% dL i (12)

Therefore, the average flow rate of a power-law fluid in a porous
medium is

v=Q

n 1dp+p5—Pw)% s}
- N o 13
3n+1< 2% dL o (13)

Based on the study by Yang et al. (2005), by combining Egs. (5),
(7), and (11), the diffusion equation for seepage of power-law fluid in
porous media considering tortuosity and slurry-water replacement
effects can be derived,

_ o L\ (BUK\T (dp QY
V_3n+1(2\/fc) (gp) ( dL  2nKrdL) " (14)

3. Spherical diffusion mechanism of power-law fluid
considering tortuosity and slurry-water replacement
effects in porous media

Building upon the aforementioned assumptions and considering
the tortuosity and slurry-water replacement effects in porous media,
the spherical seepage diffusion mechanism of power-law fluid in
porous media is depicted in Fig. 5. Here, r, represents the radius of the
grouting hole, and r, is the final diffusion radius after time ¢.
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FIG. 5. Theoretical model of spherical diffusion of power-law fluid.

During the grouting process, the grouting volume is always satis-
fied according to the mass conservation equation,

Q= VAt, (15)

where A is any spherical surface of the slurry at moment ¢, which can
be expressed as

A = 4nr. (16)

This can be obtained by combining Egs. (14)-(16) and solving

dp__m.(w> .(s_py.ﬂnﬂ_%, a”

Antepn SuK 21Kt

The solution of Eq. (17) can be obtained by using the separated
variable integration method according to the boundary conditions of
the spherical diffusion theory model in Fig. 5,

" LN 120 1-2n
Ap__mc(M) (_> i

Amtepn 8uK 1—2n
— % . (18)
21K
When the time is ¢, the grouting volume Q is
4
Q= gnr3tsp. (19)

The power-law fluid spherical infiltration grouting diffusion
equation based on the porous medium tortuosity effect and slurry-
water displacement effect is derived by bringing in Eq. (18),

2 m+1\" 2
Ap— Ve '<n+ ) .<8p>z (rlmn gl

T 1-2n 3n

e

. 20
21Kt (20)
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C. Scope of application

The power-law fluid spherical permeation diffusion and grouting dif-
fusion equation [Eq. (20)], considering the tortuosity and slurry-water
replacement effects in porous media, is derived based on the assumption of
laminar flow. Therefore, it is not applicable under turbulent flow conditions.

According to the research findings of Zeng (1981), the stability coef-
ficient Z is commonly used to determine whether the permeation and
diffusion process of power-law fluid in porous media is in a laminar or
turbulent state. The Z value is derived from the theory of laminar stabil-
ity, suggesting that the transition from laminar to turbulent flow does not
occur simultaneously across the entire cross section of the pipe but ini-
tially starts in the layer with the maximum turbulence. When Z > 808,
the permeation and diffusion process of power-law fluid in porous media
is in a turbulent state, while when Z < 808, it is in a laminar state.

The value of the stability factor Z is calculated using the following

formula:
nt2 2—n n
1\ B3n+ 1\ " d
Zf—n " v p, (21)
2" \n+2 n c

where v is the average seepage velocity of power-law fluid in porous
media, p is the density of slurry; and d is the pore scale of slurry per-
meation diffusion in porous media.

D. Verification analysis

To validate the accuracy of the spherical grouting diffusion equa-
tion for power-law fluid considering tortuosity and slurry-water replace-
ment effects, this study will use a self-developed saturated water-bearing
sand layer grouting simulation test device for verification.

1. Experimental setup

The grouting test device consists of four parts: pressure supply
device, slurry storage tank, test box, and pumping device. The sche-
matic diagram is shown in Fig. 6. The pressure supply device adopts a
commonly used pressurized nitrogen cylinder on the market to pro-
vide pressure for grouting. At the same time, it can precisely control
the pressure increase and decrease and the grouting time by adjusting
the controller on the upper end of the nitrogen cylinder. The slurry
storage tank is a device used to hold power-law fluids. By calculating
the initial mass of the power-law fluid before and after grouting and
the value of the flow meter during the grouting time, the mass of the
power-law slurry injected into the porous medium can be obtained.
The saturated water-bearing sand layer box is a cubic box composed of
transparent acrylic plates, which is a device for completing the grout-
ing test. The pumping device realizes slurry-water displacement by
arranging drainage pipes in the saturated water-bearing sand layer and
using a pump to drain the water in the saturated water-bearing sand
layer while grouting starts, so that the pore water in the water-bearing
sand layer is replaced by slurry. The physical diagram of the compo-
nents of the test system is shown in Fig. 7.

2. Experimental materials

Based on the sampling results from the loose water-bearing sand
layer on-site, without considering the repeatability and simplicity of
the experimental process, saturated water-bearing sand layers were
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FIG. 6. Schematic diagram of the experimental setup for power-law fluid injection and diffusion experiment.

FIG. 7. Physical drawing of grouting test equipment: (a) Pressure supply unit; (b)
slurry storage tank; (c) saturated water-bearing sand layer; and (d) suction pumps.

created using river sand. The particle size distribution includes 30% for
particles in the range of 0-0.25 mm, 55% for particles in the range of
0.25-0.5 mm, and 15% for particles in the range of 0.5-2 mm, as shown
in Fig. 8. The porosity and permeability of the injected medium were
determined separately through the “Soil Testing Methods Standard” and
constant head permeability tests (GB/T50123, 2019). The permeability
coefficient of the sand layer was measured to be 3.2 cm/s, with a porosity
of 43%. To simulate the slurry-water replacement displacement effect in
the saturated water-bearing sand layer under pressure, water needed to
be injected into the model box before grouting to saturate the sand layer.
The slurry used was a self-developed green grouting material (Zhu ef al.,
2023), with a water-cement ratio of 0.7.

3. Control parameters

Constant-pressure grouting was adopted with design grouting
pressures of 0.2, 0.4, and 0.6 MPa, drainage pressure of 0.2 MPa, static

FIG. 8. Slurry injection of a crystalline body in a saturated sand layer: (a) Without
considering slurry replacement and (b) considering slurry replacement.

water pressure of 0.01 MPa, and grouting time controlled at 10 min. The
spacing between grouting holes and drainage holes was set at 0.5 m.

4. Theoretical and experimental comparative analysis

To verify the correctness of the power-law slurry spherical per-
meation grouting diffusion equation considering tortuosity and slurry-
water replacement effects, considering the time-variable viscosity of
the slurry, the maximum diffusion radius [Eq. (20)] was compared
with the experimental measured values under conditions of not con-
sidering tortuosity and slurry-water replacement effects, considering
only tortuosity, considering only slurry-water replacement effects, and
simultaneously considering tortuosity and slurry-water replacement
effects. The theoretical values and measured values for each condition
are presented in Table I, where L1, L2, L3, and L4 represent the theo-
retical values under conditions of not considering tortuosity and

TABLE I. Comparison of theoretical and measured values of slurry diffusion radius considering different influencing effects/mm.

Grouting pressure/MPa T1 L1 Error (%) L2 Error (%) T2 L3 Error (%) L4 Error (%)
0.2 86.4 1524 43.31 1164 25.77 127.8 187.6 26.55 154.6 10.87
0.4 161.3 234.8 31.30 183.9 12.29 214.6 268.4 20.04 233.3 8.02
0.6 208.9 286.4 27.06 2234 6.49 289.3 384.5 18.39 312.6 7.45
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slurry-water replacement effects, considering only tortuosity, consider-
ing only slurry-water replacement effects, and simultaneously consid-
ering tortuosity and slurry-water replacement effects, respectively. T'1
represents the experimental process without considering slurry-water
replacement effects, and T2 represents the experimental process con-
sidering slurry-water replacement effects.

From Fig. 9 and Table I, it can be concluded that for the same
operating conditions, to enhance the maximum diffusion radius of the
slurry in the saturated water-bearing sand layer, as the theoretical
model is improved, the error between theoretical values and experi-
mental values gradually decreases. When not considering the effects of
porosity curvature and slurry-water displacement, the theoretical
errors are the largest for each grouting pressure. When considering
only the effect of porosity curvature, the relative error between the
maximum slurry diffusion radius and the measured value decreases,
indicating that the slurry’s diffusion range in the porous medium is
slowed down due to its viscosity and the porosity curvature effect.
When considering only the slurry-water displacement effect, the pro-
motion of drainage pressure creates a negative pressure zone within
the range of grouting and drainage holes, enlarging the slurry diffusion
range. However, without considering the curvature effect of the slurry
in the porous medium, significant errors are still present. When simul-
taneously considering both the porosity curvature effect and the
slurry-water displacement effect, the theoretical values, and experi-
mental measurements for three grouting pressures are all within 20%,
confirming the rationality of considering both porosity curvature and
the variable viscosity of the slurry.

IV. NUMERICAL SIMULATIONS

The grouting process in the saturated confined aquifer sand layer
is relatively concealed, and the diffusion mode of the slurry in this layer
is mainly permeation. Currently, Darcy’s law serves as the primary the-
oretical basis for addressing the seepage movement of slurry and water
during the grouting process. Due to the complexity and high cost of
the experimental process, the COMSOL Multiphysics numerical

FIG. 9. Comparison of results between theoretical and experimental values.
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simulation software is utilized, based on computer programing techni-
ques, to obtain a three-dimensional numerical simulation program
through secondary development, which considers the tortuosity effect
of the porous medium and the slurry-water displacement effect of the
power-law fluid spherical permeation grouting mechanism [formula
(20)]. This simulation program can not only achieve the numerical
simulation of the spherical permeation and diffusion process of
power-law fluid in porous media, but also ensure that the simulated
permeation and diffusion process conforms to the theoretical basis of
laminar flow state.

A. Control equations

Building upon the assumptions made earlier, the fluid two-phase
seepage theory is employed to describe the slurry diffusion process
under static and dynamic water conditions. The control equations
incorporate the time-variable viscosity function of the slurry and the
actual curvature effects of the porous medium. Additionally, injection
holes and drainage holes are introduced to facilitate the slurry-water
displacement effect. The solution is obtained through the use of the
two-phase Darcy law physical fields within the porous media and
groundwater flow modules in COMSOL Multiphysics (Zhang et al,
2023). The control equations employed are as follows:

Constant equation of continuity for water

8(povox) 8(puvﬂ}’) a(povﬂz) _ a(¢posﬂ)
[ ox Ay R oo (22)
Constant equation of continuity of the slurry
AP V) 3(pwva) AP, Vuz) _ A(bp,Sw)
- { x oy o | T 0 P
Controlled equations
So+ Sy = L, (24)

where p, is the density of the slurry; p,, is the density of water; ¢ is
the porosity of the underlying sandstone; S, is the volume fraction
of the slurry in the pore space; S,, is the volume fraction of water
in the pore space; and v is the seepage field velocity.

B. Parameter selection and model establishment

Based on the geological conditions of loose aquifer sand layers in
Heze, China, referring to the physical test parameters of loose aquifer
sand layers described by Zhang (2017), as well as the parameter mea-
surement of power-law slurry by Zhu ef al. (2023) in the earlier stage,
as shown in Table T, the time-varying function of slurry viscosity is
presented in Table IT1. A three-dimensional diffusion model for grout-
ing in loose aquifer sand layers is established, considering the tortuosity

TABLE Il. Analog parameter settings.

Slurry Slurry Water Water
density/kg-m > viscosity/Pa-s  density/kg-m >  viscosity/Pa-s

1600 0.012 1000 0.001
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TABLE lll. Time-varying functions of slurry viscosity.

Water-cement ratio Aqueous form Units
0.5 70.2 x 10 xexp (0.008 74 x t) Pa-s
0.6 36.53 x 10> xexp (0.0151 x t)
0.7 19.67 x 10 >xexp (0.0178 x t)

effect of porous media and slurry-water displacement effect. The model
dimensions are 4m x 2m X 2m, with the grouting pipe and drainage
pipe horizontally arranged in the middle, 1 m away from the left bound-
ary, and the drainage pipe 1 m away from the right boundary. The dis-
tance between the two is 2 m. Both pipes have a length of 0.8 m and a
radius of 0.05 m. The model is a closed space, and the outer walls are set
as impermeable zero-pressure boundaries. The sand layer is initially set
as a water storage model with an initial pore water pressure of 0.1 MPa
and a constant pumping pressure of 2 MPa. The initial porosity of the
sand layer is set to 0.43, and the permeability is 3.2 x 10 °m’. As the
model is set in a closed space with minimal sand particle migration
space, this paper does not consider the migration of sand particles car-
ried by slurry, only focusing on the diffusion of slurry. The fluid diffu-
sion coefficient model selects the Millington Quirk model embedded in
COMSOL, and the fluid diffusion coefficient is set to 1 x 10> m*/s. The
initial grouting pressure is set to 4 MPa. The grid is divided into tetrahe-
dral elements, including 187 009 domain elements, 11 330 boundary ele-
ments, and 764 edge elements. The model establishment and grid
division are shown in Fig. 10.

C. Numerical simulation analysis

1. Characteristics of grout penetration and diffusion in
water-bearing sand layer

Taking an example with an injection time of 1500s, water-
cement ratio of 0.5, and a spacing of 2 m between injection holes, and

ARTICLE pubs.aip.org/aip/pof

(@)

FIG. 10. Numerical modeling and meshing: (a) Establishment of three-dimensional
numerical models and (b) mesh delineation.

an injection pressure of 4 MPa, typical water-bearing sand layers were
simulated. The above parameters were used to analyze the diffusion
pattern of the slurry in the water-bearing sand layer, as shown in Figs.
11and 12.

The numerical simulation results based on the above parameters
are shown in Figs. 11 and 12. The diffusion range with slurry satura-
tion of 0.5 and above is considered effective grouting. Therefore, the
diffusion range with slurry saturation of 0.5-1.0 is taken as the effective
range of permeation grouting, representing the effective volume range
for reinforcing the sand layer. From the figures, it can be observed that
the slurry undergoes spherical diffusion in the water-bearing sand
layer, with or without slurry-water displacement effects, consistent
with the theoretical derivation of the power-law fluid permeation
grouting in loose water-bearing sand layers. Furthermore, when a
drainage pipe is set to provide pumping pressure, the maximum diffu-
sion radius of the slurry is 1.15 m. Without setting pumping pressure,
the maximum diffusion radius is 0.75m. The maximum diffusion
radius of the slurry is increased by approximately 53.3% compared to
the case without pumping pressure. The slurry diffuses along the
negative-pressure zone toward the drainage hole area, exhibiting direc-
tional guidance. This displacement replaces the pore water in the target
area, filling the pores in the sand layer, thereby reinforcing the target
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(@)

(b)

layer and enhancing the stability of the sand layer. This achieves the
purpose of transforming the water-bearing sand layer.

2. Horizontal spacing

Considering the slurry-water replacement effect, the model was
established according to the above parameters, the grouting time was
controlled at 1500 s, the water-cement ratio was set at 0.5, the grouting
pressure was constant at 4 MPa, the pumping pressure was constant at
2MPa, and only the interval between the grouting holes and the
pumping holes was changed, to analyze the effect of the horizontal dis-
tance between the grouting holes and the drainage holes on the volume
of the sand layer, and the results are shown in Figs. 13 and 14.

0.95
0.9
(b)
0.85
0.8
0.75

0.7

()

0.65
0.6
0.55

0.5

(e)

FIG. 13. Slurry diffusion pattern considering slurry-water displacement effect under
different horizontal spacing: (a) Horizontal spacing 0.5m (234 s, no convergence);
(b) horizontal spacing 1.0m; (c) horizontal spacing 1.5m; (d) horizontal spacing
2.0m; and (e) horizontal spacing of 2.5 m.
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From Figs. 13 and 14, it can be observed that the spacing between
drainage holes and grouting holes affects the grouting effectiveness. As
the horizontal spacing between them increases, the maximum diffu-
sion radius of the slurry enlarges, affecting the volume of the sand
layer, showing a positive correlation. When the horizontal spacing is
0.5m, the short distance between the two holes causes the slurry to
quickly diffuse from the grouting hole to the drainage hole. The slurry
saturation rapidly rises to the set range within a very short time.
However, due to the spacing between the grouting hole and the drain-
age hole, as well as the drainage pressure, the slurry only diffuses
around the drainage hole. In the numerical simulation process, refin-
ing the mesh around the two holes leads to excessive computation iter-
ations, resulting in non-convergence situations. This also indicates that
a too-small spacing may cause a smaller grouting diffusion range, a
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FIG. 14. Changes in volume and diffusion radius of impacted water-bearing sands
with different horizontal spacing.
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smaller volume of reinforced sand layer, increased grouting costs, and
mining production costs. Moreover, during the drilling process, a too-
small spacing may affect the integrity of adjacent holes, easily causing
hole collapse and forming poorly sealed boreholes.

Over the same time period, with an increase in horizontal spac-
ing, the diffusion distance of the slurry and its impact on the sand layer
volume do not exhibit linear growth. When the horizontal spacing is 2
and 2.5 m, the growth rate continually slows down. It can be observed
that with a larger horizontal interval, influenced by the tortuosity effect
of the porous medium and the viscosity of the slurry, the resistance to
slurry diffusion increases. Consequently, the diffusion range and the
degree of displacement with pore water also slow down. Therefore, for
the water-bearing sand layer and grouting slurry considered in this
study, with a horizontal spacing of 2 m, the maximum diffusion radius
is 1.92 m, impacting the sand layer volume by 1.88 m>. When the hori-
zontal spacing is 2.5m, the maximum diffusion radius is 2.01m,
impacting the sand layer volume by 2.04 m®. With an increase in hori-
zontal spacing of 0.5 m, the diffusion radius only grows by 4.5%, and
the impact on the sand layer volume only increases by 7.8%. Hence,
considering the studied water-bearing sand layer and slurry, a horizon-
tal spacing of 2m between the two holes is more appropriate. Other
geological conditions and slurry characteristics can be determined
based on the research content.

3. Grouting pressure

Considering the pulp-water replacement effect, the model was
established according to the above parameters, the grouting time was
controlled at 1500 s, the water-cement ratio was set at 0.5, the interval
between the grouting holes and the drainage holes was 2 m, the pump-
ing pressure was constant at 2 MPa, and only the grouting pressure
was changed, to analyze the effect of different grouting pressures on
the maximum radius of spread of the slurry and the influence on the
volume of the water-bearing sand layer, and the results were shown in
Figs. 15 and 16.

From Fig. 15, it can be observed that under constant drainage
pressure, the slurry diffusion radius is positively correlated with the
grouting pressure. As the grouting pressure increases, the slurry con-
tinuously expands outward in a spherical shape, and the maximum
diffusion radius gradually increases, expanding the solidification range
volume of the surrounding loose sand layer. This is because the
increased grouting pressure leads to a continuous expansion of the
internal pressure difference within the porous medium. The influence
range of the negative pressure zone increases, and with the constant
drainage pressure, the volume of pore water steadily decreases,
expanding the range of slurry filling into the pores of the sand layer.

From Fig. 16, it can be seen that the maximum slurry diffusion
radius and the range affecting the sand layer exhibit non-linear growth
with the linear increase in grouting pressure. The maximum diffusion
radius shows varying degrees of attenuation. Within a certain range,
higher grouting pressure leads to greater attenuation, and the impact
on the sand layer volume slows to different extents. This is because in
the loose water-bearing sand layer, the slurry encounters diffusion
resistance due to the tortuosity effect of the sand layer and the viscosity
of the slurry. This resistance slows down the extent of diffusion
growth. Internal solid particles in the slurry adhere to the fine particles
in the sand layer. Additionally, due to the gravity effect of the slurry,
there is a certain degree of downward diffusion, resulting in a

ARTICLE pubs.aip.org/aip/pof

slowdown in the impact of the slurry on the volume of the water-
bearing sand layer.

According to a study (Liu ef al,, 2022), when the grouting pres-
sure is too high, the slurry may create split cracks along the sand layer,
leading to a limited extent of diffusion and easy accumulation of the
slurry. Therefore, it is necessary to adjust the grouting pressure based
on the geological conditions of the water-bearing sand layer on-site
and the properties of the slurry.

4. Slurry viscosity

Considering the slurry-water replacement effect, the model was
established according to the above parameters, the grouting time was
controlled at 600, the interval between the grouting holes and the
drainage holes was 2 m, the pumping pressure was constant at 2 MPa,
and the grouting pressure was 4 MPa, and the water-cement ratio of
the slurry was changed corresponding to the viscosity, and the effect of
the time-variation of the slurry viscosity on the volume of the sand
layer was analyzed, and the results were shown in Fig. 17.

From Fig. 17, it can be observed that, under the influence of vis-
cosity over time, different viscosity power-law fluids exhibit spherical
diffusion in the sand layer. The viscosity of the slurry affects its diffu-
sion pattern in the sand layer. As the water-cement ratio of the slurry
increases, resulting in lower viscosity, the inherent fluidity of the slurry
increases, leading to a continuous expansion of the slurry’s diffusion
range in the sand layer and a sustained impact on the volume of the
sand layer. When the water-cement ratio increases, the water content
in the slurry rises, enhancing the inherent fluidity of the slurry. This
decrease in dynamic viscosity allows the slurry to penetrate the pores
of the sand layer more effectively, adhere to sand particles, and fill and
reinforce the sand layer.

When considering the variable viscosity, the slurry diffusion
changes over time. With increasing time, the viscosity also rises. In a
limited time frame, taking a water-cement ratio of 0.7 as an example,
the maximum diffusion radius of the slurry under effective grouting
conditions is 0.63 m. However, when the slurry maintains a fixed vis-
cosity unaffected by time, the maximum diffusion radius under effec-
tive grouting conditions is 0.98 m. Ignoring the time-dependent
viscosity, the diffusion radius without considering viscosity variation is
1.55 times that of the maximum radius considering viscosity variation.
As the grouting time continues to extend, the error will become
increasingly significant. Therefore, the time-dependent nature of slurry
viscosity is a crucial factor influencing slurry diffusion.

5. Porosity of aquifer sands

The porosity of the water-bearing sand layer corresponds to dif-
ferent deep-buried strata, and the porosity of the sand layer influences
grouting efficiency. Considering the slurry-water displacement effect
and based on the parameters mentioned above, a model is established.
The grouting time is controlled at 1500 s, water-cement ratio is 0.7, the
spacing between grouting holes and drainage holes is 2 m, constant
pumping pressure is 2 MPa, and grouting pressure is 4 MPa. By vary-
ing the porosity of the sand layer, the impact of sand layer porosity on
the maximum diffusion radius of the slurry and its influence on the
volume of the water-bearing sand layer are analyzed. The results are
shown in Figs. 18 and 19.
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According to Figs. 18 and 19, it can be observed that the porosity
of the sand layer affects grouting efficiency. With the increase in sand
layer porosity, the maximum diffusion radius of the slurry shows
nearly linear growth. This is because the increased inter-particle voids
in the sand layer result in reduced losses due to the tortuosity effect of
the sand layer. As a result, the spreading degree of the slurry increases,
and the diffusion range also enlarges. The efficiency of slurry displac-
ing pore water improves. However, as the porosity of the sand layer
continues to increase, the slurry can continuously inject into the sand
layer within the porosity range of 0.36-0.43, leading to an increase in
the volume of the reinforced sand layer. When the porosity increases
to 0.5, although the increase in the maximum diffusion radius of the
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slurry is substantial, the rate at which the slurry affects the volume of
the sand layer decreases. This is because in the early stages of slurry
injection, the rapid diffusion rate is promoted by the increased poros-
ity of the sand layer, driven by the grouting pressure and drainage
pressure. The slurry-water displacement is more comprehensive.
However, in the mid-to-late stages of grouting, due to the increasing
resistance for the slurry to enter the pores of the sand layer caused by
the slurry’s viscosity and the bonding of slurry to sand particles dur-
ing the early grouting process, the porosity decreases. This results in
an increased resistance for the slurry to enter the pores of the sand
layer, slowing down the increase in the volume of the reinforced sand
layer.
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The study of slurry diffusion and reinforcement mechanisms in
water-bearing sand layers during coal mining, which are prone to
water inrush and sand collapse, is of great significance for mine safety
production. This research not only provides valuable insights into the
diffusion patterns of slurry in porous media, but also serves as a guide-
line for underground reconstruction of water-bearing loose sand
layers. The conclusions drawn are as follows:

(1) This study first proposed the concept of slurry-water displace-
ment, considering the tortuosity effect of porous media. Based
on Darcy’s law and the mass conservation equation, a power-
law fluid penetration grouting spherical diffusion mechanism
that takes into account the tortuosity effect and slurry-water
displacement effect in loose water-bearing sand layers was
established, and the applicable range of the formula was given.

2

~

A grouting diffusion test platform for water-bearing sand layers

was set up to analyze the differences between theoretical results
and laboratory test results with or without slurry-water
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FIG. 17. Effect of time-varying slurry vis-
cosity on diffusion range for different
water-cement ratios: (a) Water-cement
ratio of 0.5; (b) water-cement ratio of 0.6;
(c) water-cement ratio of 0.7; and (d) with-
out considering the time-varying viscosity
of the slurry.

FIG. 18. Slurry diffusion pattern under
consideration of slurry-water displacement
effect in different sand layer porosity: (a)
Porosity of 0.36; (b) porosity of 0.43; and
(c) porosity of 0.5.
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FIG. 19. Changes in volume and diffusion radius of impacted water-bearing sands
with different sand porosities.

displacement, with or without the tortuosity effect of porous
media, and the superposition of both effects. The verification
shows that the tortuosity effect of porous media affects the dif-
fusion of slurry, and the spherical diffusion equation of slurry
considering the tortuosity effect of porous media and slurry-
water displacement effect has an error range of less than 20%
compared with field tests, indicating the rationality of the theo-
retical model.

(3) Utilizing the secondary development of COMSOL numerical
simulation software, a three-dimensional numerical model of
power-law fluid grouting spherical diffusion considering the
tortuosity effect of porous media and slurry-water displacement
effect was established. It initially demonstrates that the slurry
diffusion effect under the consideration of slurry-water dis-
placement is good and has a guiding nature, which can more
effectively reinforce the water-bearing sand layer.

(4) Through numerical simulation, the influence of slurry-water
hole horizontal spacing, slurry viscosity, grouting pressure, and
sand layer porosity on the slurry diffusion radius and reinforced
sand layer volume was analyzed. It was concluded that the
slurry-water hole horizontal spacing and grouting pressure need
to be controlled within a reasonable range and should not be
blindly increased, determined according to actual geological
conditions. Compared with previous grouting techniques and
processes, slurry-water displacement grouting technology can
solve problems such as small grouting diffusion range and poor
grouting effect in high-pressure water-bearing sand layers to a
certain extent, providing safety guarantees for coal production.

The focus of this study is on the diffusion mechanism of slurry in
water-bearing sand layers, without considering the mutual influence of
slurry on sand particles. Future research can focus on the following
aspects: (1) the critical point of slurry-sand migration, including the
interaction of slurry-sand migration under different particle size grada-
tions; (2) the effect inspection of slurry-sand mixtures after grouting,
including the bearing strength and resistance to hydrodynamic erosion
of the mortar mixture; (3) the layout of drainage pipes, considering

ARTICLE pubs.aip.org/aip/pof

not only the same horizontal level, but also different aperture sizes and
different strata, which also affect the efficiency of slurry-water displace-
ment. (4) Currently, only numerical simulation methods are used for
analysis, and further verification of the research’s rationality through
field tests is still needed.

Based on the current research foundation, the above issues can be
further explored to improve the theory and technical system of grout-
ing reconstruction of water-bearing sand layers, providing guidance
value for practical applications in the field.
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