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There are a large number of discontinuities in underground rock masses with different geometric properties,
inducing complex grout diffusion processes. Classical discrete models commonly necessitate fine meshes to
explicitly model these discontinuities and result into great computing efforts. In this work, a seepage lattice
element model is proposed, which models the fissure seepage by pore seepage in equivalent pipes. We use the
new model to study the horizontal grouting cases, considering diffusion as well as solidification processes of
Bingham fluid. Some patterns are found: (i) The lattice elements do not need complex discretization which

properly capture the grout diffusions processes; (ii) The diffusion of grout will become steady after reaching
a specific distance from the injection point where the rock domain full of grout is the diffusion range; (iii)
Crack openings, injection pressure and shear strength significantly influence this diffusion range. The proposed
method and revealed rules can assist engineers to control the diffusion range and optimize the designs.

1. Introduction

The scale of fractures in underground mining strata varies greatly,
which is one of the most important factors affecting the safety and
stability of rock mass [1-3]. Horizontal directional grouting [4,5] is
widely used to enhance the stability of fractured rock masses. Nu-
merical simulating the grouting processes can help the researchers to
optimize the grouting design.

Conventionally, continuum type numerical methods such as finite
element method (FEM) [6-9], finite difference method (FDM) [10-
13] were used to study the mass transport processes in porous media,
which is suitable to capture the pore diffusion but have difficulties
to model diffusion in joints and fractures. In recent year, different
element/block based models were proposed to capture the diffusions
in pores as well as fractures such as continuum equivalent model [14—
16], discrete fracture model [17-19] and continuum-discrete hybrid
model [20,21]. Most of these models need alignments of discontinuities
and element boundaries. When there are many joints and fractures with
different scales in the domain, the pre-processing and computing efforts
can be great. On the other hand, lattice models were also considered
by some researchers [22-25]. For lattice models, the diffusions in
pores and fractures are all considered as diffusions in 1D pipes. By
equivalently changing the permeability of these pipes, different sizes of
pores and fractures are taken into account. Besides, these models can
be coupled with spring models to simulate hydro-mechanical processes.
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Spring Element Method (SEM) [26-30] is used to construct a physically
meaningful spatial mass-spring system in a local coordinate system for
representing continuous media systems. It employs a particle-spring
system with a specific configuration to describe the constitutive unit
system of continuous media. Within the local coordinate system, con-
tinuous problems can be effectively addressed. Therefore, porous flow
simulations of porous rocks based on a continuous framework are closer
to physical and practical mechanical issues.

Compared to Newtonian fluids, some experimental observations
have indicated the shear-thinning behavior of Bingham fluids, suggest-
ing their capability to better describe the behavior of mud [31]. The
main characteristics of Bingham fluids are their yield stress and plastic
viscosity: when subjected to sufficient stress, they exhibit behavior
similar to incompressible fluids; when stress is below a threshold, they
display solid-like behavior, demonstrating a phenomenon of solidifica-
tion [32,33]. The flow of Bingham fluids is stabilized by the action
of yield stress, and due to this distinctive nature, Bingham fluids find
widespread application in the field of drilling mud circulation [34].

Some studies have attempted to simulate karst development by cou-
pling continuum models with pipeline networks, resulting in substantial
computational demands [35]. A method is proposed to simulate pref-
erential flow in fracture networks, but due to the relatively simple grid
topology, it is challenging to consider local geometric structures [36,
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37]. The existing pipe-network models capture the transmission pro-
cess through pipes, neglecting mechanical behavior and providing an
unclear explanation of the slurry diffusion mechanism [38].

In this study, we fully leverage the advantages of spring elements,
introducing time and space-related parameters to comprehensively
characterize the entire process of slurry diffusion. Compared to an-
alytical solutions and other theoretical model outcomes, our model
demonstrates higher consistency, along with elevated computational
efficiency and robustness. In order to study the fluid seepage in un-
derground porous media with complex space, and considering the
iterative efficiency and numerical stability in dealing with the seepage
problem, an equivalent seepage lattice element model is proposed.
The constitutive model of grout is developed to describe the flow and
solidification process of Bingham fluid.

» The proposed model establishes an equivalent relationship be-
tween the permeability of fractured elements and pore character-
istics and after verification, the pore seepage results are found
to be consistent with the fracture seepage results, effectively
addressing the grouting diffusion problem.

Using the equivalent seepage lattice element model, the grouting
diffusion behavior of the goaf area and surrounding rock mass
is analyzed. The grout pressure is found to be directly propor-
tional to crack opening and grouting pressure, while inversely
proportional to shear strength.

The large porosity of the goaf leads to a maximum diffusion ve-
locity of the grout towards the goaf. The pressure at the injection
point is the primary factor affecting lateral diffusion, while shear
strength is the primary factor affecting vertical diffusion.

The paper is organized as follows: In Section 2, including the seep-
age spring element algorithm and the fracture-pore equivalent model.
In Section 3, the model is verified. In Section 4, the simulation results
are presented and discussed, revealing the mechanistic phenomenon
of grout diffusion and the main factors affecting the diffusion. Finally,
concluding remarks are given in Section 5.

2. Numerical method
2.1. Seepage lattice element

The lattice element method is widely used in the solution of solid
mechanics, which can efficiently calculate and flexibly deal with non-
linear and anisotropic large-scale problems [27,29]. We propose to
apply the lattice element method to the seepage problem, a linear trian-
gular finite element of any shape as shown in Fig. 1(a), the coordinates
of the three nodes are 1(0,0), 2(a,0) and 3(b,c). When calculating the
seepage problem, take point 3 as an example, the fluid at point 3 flows
to point 1 and point 2, as shown in Fig. 1(b). Set the difference point
4(b, 0), which point 4 is the interpolation point of 1 and 2, the numbers
of the three edges are n;, n, and ns.

The total pressure corresponding to the three nodes is set in the local
coordinate system as p;, p, and p; respectively, as shown in Fig. 1(c).
Based on Green’s formula, the pressure gradient in the x direction of
the unit can be expressed as:

oap 1 dp I -

-~ = —d.d,=—= ) p,4y,.
ox S//dxxy Sg;p"y"
where, S is the area of the triangle unit, j, is the average pressure on
the nth edge, and the calculation formula is:

(€8]

p1=(p; +p)/2,
Py = (P, +p3)/2,
p3 =(p3 +p1)/2,

(2)
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Ay, is the difference between the y coordinates of two nodes on the
nth edge.

A4y, =0,
Ay, =c, 3)
Ay; = —c,
Substituting Egs. (2) to (3)into Eq. (1), we can get:
op
= =, - 4
o (P —p1)/a 4
Similarly, the pressure gradient in the y direction is:
dp
Fr (p3—p4) /e ()

b b
In Eq. (5), py = [(l - —> P+ —p2:| , by is the pressure obtained by
a a

interpolation at the foot point.
According to Darcy’s law, the flow velocity in two directions of each
node of the triangular element is:

{

where, k is the permeability corresponding to Darcy’s law expressed by
pressure in pore seepage, which is calculated by dividing the perme-
ability coefficient by the dynamic viscosity. The flow of each node is:

ve=k(p,=p1)/a.

6
Uy=k(173—1’4)/c» ©

q = (b—aw, —cv,) /2,
4 = (cv, — bvy) /2,
43 = (auy) /2,

Fig. 1(c) illustrates the direction of pipeline Q,, in the x-axis, which
runs from node 1 to node 2. In addition, pipeline Q3, flows in the y-
axis from node 3 towards the interpolation node 4. The flow rate of
the interpolation node 4 is then distributed to node 1 and node 2 in
accordance with the proportional coefficient. By substituting Eq. (6)
into Eq. (7), it is possible to obtain an expression that is consistent
with the solid spring element. This expression provides the relationship
between pipe flow and pressure difference.

{

where, q;,, g3, represent the flow rate of pipeline 1 to 2, 3 to 4, 4p;,,
Aps, represent the pressure difference of pipelinel to 2, 3 to 4. In the
actual calculation, since point 4 is an interpolation point, g3, needs to
be assigned to nodes 1 and 2 according to the weight coefficient.

When multiple elements are calculated, it is necessary to superim-
pose the calculation of the traffic of the common node:

N,
oF = Z 4q;
j=1

where, QF represents the total flow of pore element nodes, and N,
represents the total number of elements connected to the current node.

)

qio = —ckApy, /2a,

q34 = —akAps,/2c, ®

9

2.2. Equivalent fracture-pore model for grout diffusion

Due to the large scale difference of the rock mass in the goaf, the
traditional plate flow assumption based on the fracture is not suitable
for studying the grout diffusion behavior. Therefore, in order to study
the grouting diffusion behavior of the goaf and its surrounding rock
mass, it is necessary to develop a numerical calculation method for
grouting diffusion based on pore seepage is shown in Fig. 2.

Assuming that the internal pores of the unit are all spherical in
shape, the equivalent method diagram of fracture-pore is shown in
Fig. 3.
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Fig. 1. Spring element method: (a) Triangle element in local coordinate system, (b) Seepage lattice element pipe.
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The pores inside the rock mass are equivalently regarded as uniform
spheres with equal radius, and the following formula is obtained from
the equal pore volume in the space:

4

Ezrr3N =nV, (10)

where, r is the equivalent radius of the pores, n is the porosity, V is the
domain volume, and N is the number of pores. Solve the above formula
to get equivalent radius:

po 3 3nV
V 4zN°

(€8]
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Link the crack opening w with the equivalent radius r of the pore,
that is:

3nV
2r =24/ ,
d 4z N

As a typical Bingham fluid, the grout begins to flow only when it
reaches a critical value of the minimum shear stress [39,40]. Below this
critical value, the Bingham fluid behaves as an ordinary elastic body.
Since the Bingham fluid has higher flow resistance than the Newtonian
fluid, the Bingham fluid needs a higher grouting pressure to achieve
the same diffusion distance for the two slurries [41].
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As shown in Fig. 4, the Bingham fluid only flows laminarly in Table 1

parallel fractures along the horizontal direction. At any microelement, Seepage main parameters.
the force balance equation of the microelement body can be expressed Material properties Value
as: Pressure P (kPa) 500

Crack opening w (m) 1.5 x 1074
2t,Ar + hdp =0, (13) Permeability k (m>/(Pa s)) 1.67 x 1077
where, 7, is the shear strength, between the pipe wall and the grout, it
can be expressed as:

Table 2
. =— h4p 14 Parameters for verification simulation.
s )
24r Parameters Value
Based on the equivalent crack opening, the average fluid veloc- Pressure P (kPa) 30

ity [31] can be expressed as: Crack opening w (m) 5x 1073

Grout density p (kg/m?) 1400

2 3
= _@ w_ [] — Z +4 (Z) ] (15) Initial grout viscosity u (Pa s) 0.04
ox 12u w w Yield stress 7, (Pa) 1

where, u is the dynamic viscosity, w is the crack opening, x is the
coordinate component, and the expression of Z is:

dp w? 3Z A%
i=———|1——=+4 —> 16
! 0x 12;4[ w * (w (16)
-1
dap w
7= = = 17
T.y<0x> <7 a7

3. Numerical verification
3.1. Verification of fracture-pore equivalent model

Fig. 5(a) and (b) illustrate the results of the verification test where
a constant pressure was applied on the left side of the model and the
seepage parameters are shown in Table 1. After obtaining the stable
calculation, Fig. 5(a) shows the pressure distribution of fracture seepage
and pore seepage are same. Further analysis and stabilization resulted
in the pressure values of the two methods in different spaces, which
were plotted as curves, as shown in Fig. 5(b). The curves show that
the pressure of the two calculation methods is zero at x = 4 m, and
the overall pressure value curves are in good agreement, albeit with
slight differences. These differences may be attributed to the random
distribution of pores assumed in the pore units in this project, leading
to nonlinearity of the pressure gradient caused by the uncertainty of
pore positions. Nonetheless, the results indicate that the proposed pore
seepage method is reliable and can effectively deal with the grouting
diffusion problem in underground porous media with complex space.

3.2. Verifying the grouting models

Validate this model with the proposed Bingham fluid analytical
solution by Gustafson [42], and the grout parameters are obtained
from the literature, as shown in Table 2. The relationship between
penetration diffusion distance and penetration time is as follows:

210

I:ID'Imax’
t=tp-ty,
Ip=V62+40-0,
- 64p - u

0 _Tg , (18)
Apw
Imax: 2_1_0’

- p

2(0.6+1p)

where 1, and I, are relative penetration time and relative penetration
length, respectively, 1, is the characteristic grouting time, I,,,, is the
maximum grout penetration, and 6 is a ratio influenced by 7.

As shown in Fig. 6, when comparing the simulation results of this
model with those of the Unified Pipe-Network Method (UPM) and the
analytical solution, it is observed that the diffusion distance along the
pore over time is in good agreement. This validates the effectiveness of
the injection model proposed in this study.

Zhou et al. [43] established a theoretical model for grouting in
saturated homogeneous rock fractures to investigate the variation in
the diffusion distance of the grout. In this study, the grout is treated
as a Bingham fluid, and the grout parameters are obtained from the
literature, as shown in Table 3.

The comparison between numerical results and literature data is
shown in Fig. 7. The trend of results from the early to later stages
of grouting is quite consistent. It is observed that with a constant
grouting pressure, the diffusion distance gradually stabilizes during the
later stages of grouting. This indicates that the proposed model can
accurately describe the grouting process.
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Fig. 5. Verification of fracture-pore equivalent model: (a) The pressure distribution of fracture and pore seepage. (b) Fracture-pore pressure correlation.
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Fig. 6. Comparison of the simulation results of this model with those of the Unified
Pipe-Network Method (UPM) and the analytical solution.

Table 3

Parameters for verification simulation.
Parameters Value
Pressure P (kPa) 100
Crack opening w (m) 1x 1073
Grout density p (kg/m?) 1500
Initial grout viscosity u (Pa s) 0.01
Yield stress 7, (Pa) 2

4. Numerical result

Grout pressure, grouting time, shear strength, and crack opening
are all crucial factors in guiding grouting design and field engineering
practices. They have a significant impact on the diffusion behavior of
grout in underground rock formations. By analyzing the grout diffusion
behavior using an equivalent fracture-pore seepage model, we can
gain valuable insights into how these various parameters influence the
process.

4.1. Numerical model of grout diffusion

To investigate the diffusion law of grouting in underground goaf,
directional grouting of horizontal holes was used to explore changes
within the range of mined-out areas [44], as shown in Fig. 8.he simula-
tion was carried out on an 80 m x 80 m model, divided into four layers
of strata: the bottom plate, collapse zone, fissure zone, and curved
sinking zone, as shown in Fig. 9(a). To improve accuracy, we employed
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Table 4
Grout parameters.

Fluid density Bulk modulus Crack opening Shear strength Injection pressure

(kg m—3) (MPa) (mm) (Pa) (MPa)
0.15 5 1.25
0.175 7 1.5

1810 1 0.2 9 2
0.25 11 2.5

a refined mesh in the central region of the model and established the
grout parameters listed in Table 4. The injection point was positioned at
the center of the model with coordinates (40, 45), while the monitoring
point was placed below the injection point at coordinates (40, 60), as
shown in Fig. 9(b). In order to accurately simulate the underground
grouting environment, we considered porosity as a significant influenc-
ing factor, which was set to increase gradually from the goaf, as shown
in Fig. 9(c).

4.2. Grout diffusion form

The variation in grout pressure diffusion over time is shown in
Fig. 10(a). The grout pressure decreases towards the center. At the
initial stage of grouting, the presence of goaf porosity causes the grout
velocity to gradually decrease from the injection point downwards, as
shown in Fig. 10(b). The upper part of the injection point exhibits a
slower average grout velocity compared to the lower part, resulting in
a significant increase in downward diffusion of the grout. Over time,
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Fig. 10. Grout characteristics at different times: (a) Grout pressure, (b) Maximum speed.

the grout velocity gradually decreases towards the surrounding areas,
leading to an expansion of the grout’s diffusion range before eventually
reaching a stable state.

The static water plane diffusion pattern of the grout in a fixed
porosity is shown in Fig. 11. Saturation refers to the volume fraction
of grout injected into the pores of the rock mass. To clarify the pa-
rameters influenced by slurry diffusion, boundary values are selected
for analysis. And as shown in Fig. 11(a), the contour map clearly
demonstrates the significant impact of the injection point pressure on
the diffusion range of the grout. Specifically, a higher pressure at the
injection point results in a greater amount of grout diffusing through
the pore channels.

While keeping other parameters constant, we can observe the effect
of shear strength, as shown in Fig. 11(b). The diffusion pattern of the
grout in the lower part resembles droplets, and an increase in shear

212

strength leads to higher frictional resistance, consequently reducing
both horizontal and vertical diffusion distances.

Likewise, with other parameters maintained at constant levels, we
analyzed the grout diffusion cloud map under various crack openings,
as shown in Fig. 11(c), found that larger crack openings result in a
larger amount of diffusion. The change of grout diffusion shape affected
by crack opening is similar to that affected by grouting pressure.

4.3. Pressure distribution law

The pressure applied at the injection point acts as the driving force
for grout diffusion in the borehole. By maintaining other parameters
at constant values and adjusting the pressure at the injection point,
we can observe the corresponding changes, as shown in Fig. 12(a).
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Fig. 12. Grout pressure time-history curves with different parameters: (a) Injection point pressure, (b) Shear strength, (c) Crack opening.

Increasing the pressure at the injection point leads to an elevation in
grout pressure at the monitoring point. For example, when the pressure
at the injection point is 1.25 MPa, the resulting stable grout diffusion
pressure is 0.19 MPa. Similarly, when the injection point pressure is
raised to 2.5 MPa, the stable grout diffusion pressure reaches 0.28
MPa. Consequently, under high-pressure conditions, the grout pressure
experienced along the pathway is notably higher.

Keeping other parameters constant, we can investigate the influ-
ence of shear strength, as shown in Fig. 12(b). The results indicate a
positive correlation between pressure loss and slurry shear strength.
This implies that higher shear strength leads to lower slurry diffusion
pressure. In the initial stages, when the rock mass exhibits relatively
high porosity, the slurry has not completely filled the voids. Increasing
shear strength delays the onset of slurry pressure generation. As grout-
ing continues, due to the delayed slurry pressure generation caused
by higher shear strength, a positive correlation between shear strength
and slurry pressure is observed during the pressure attenuation process.
During stable grouting, when shear strength surpasses a certain thresh-
old, a negative correlation between shear strength and slurry pressure
emerges.

Maintaining other parameters constant, we can investigate the effect
of crack aperture on slurry diffusion within the porous medium. The
temporal variation of slurry pressure under different crack opening
conditions is depicted in Fig. 12(c). In the initial stages of grouting,
when the slurry has not fully filled the pores, the differences in slurry
pressure among various crack apertures are relatively small. During the
pressure attenuation phase, the slurry pressure with a 0.15 mm aperture
exhibits more significant deviation, indicating that with smaller aper-
tures, the phenomenon of slurry pressure decay is more pronounced.
When grouting stabilizes, the cracks are filled with water, exerting
compression on the rock mass. Larger crack apertures accommodate
more slurry, resulting in higher slurry pressure.
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4.4. Grout diffusion range

Horizontal monitoring points were placed at y = 35 m and y =
60 m in the x direction. Fig. 13(a)-(c) illustrates the grout pressure
distribution under steady-state conditions at various locations. The
grout pressure showed a symmetrical distribution with the injection
point as the center. Fig. 13(a) displays the changes in grout pressure
resulting from modifications in the injection point pressure, while other
grout parameters remain constant. Notably, decreasing the injection
point pressure leads to a reduction in the transverse diffusion distance
of the slurry.

Fig. 13(b) shows the changes in grout pressure when the shear
strength is altered while keeping the other parameters constant. In-
creasing the shear strength leads to a decrease in grout pressure.
Moreover, as the vertical coordinate y increases, the grout pressure
gradually diminishes until it reaches a stable state.

Fig. 13(c) illustrates the changes in grout pressure when the crack
opening is modified, while keeping other parameters constant. It is
evident that an increase in crack opening leads to a corresponding
increase in grout pressure, accompanied by an expansion of the grout
diffusion distance. Notably, the impact of crack opening on the grout
diffusion range is more pronounced in the upper part of the injection
point. However, at y = 35 m, the crack opening has no significant
effect on the peak grout pressure. The Fig. 13(a)-(c) show that as the
power source of grout diffusion, the grouting pressure is the main factor
affecting the lateral diffusion distance.

When comparing the diffusion pressures at y = 35 m and y = 60 m, it
is generally observed that the upper part of the grouting point generally
has lower diffusion pressure than the lower part, and the grout diffusion
tends to achieve stability more easily. Furthermore, analyzing the
vertical diffusion distance of the grout involves examining the grout
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Fig. 13. Mud grout pressure curves with different parameters: (a) Injection point pressure, (b) Shear strength, (¢) Crack opening.

pressure at different heights. It can be seen that the attenuation of the
vertical grout pressure is most affected by the shear strength. Due to the
large porosity of the goaf, the grout gradually flows downward. The
distance from the injection point gradually increases during the flow
along the path, which is mainly affected by the shear strength along
the path.

5. Conclusion

In this paper, an equivalent seepage lattice element model is pro-
posed, and a grout constitutive model to effectively characterize the
flow and solidification process of Bingham fluid. The main aim is
to address the issue of large-scale variations in underground rock
mass engineering. Parametric analysis is conducted on the problem of
horizontal hole grouting, allowing for a comprehensive evaluation of
grouting diffusion behavior in the goaf and the surrounding rock mass.
The findings from our study lead to the following conclusions:

» The equivalent seepage lattice element model establishes an
equivalent relationship between fracture unit permeability and
pore characteristics. The pore seepage outcomes align well with
the fracture seepage pressure diffusion results, effectively dealing
with the grouting diffusion problem.

Due to the high porosity of the goaf, the grout exhibits its max-
imum diffusion velocity towards the goaf, resulting in a droplet-
shaped distribution under the injection point due to the influence
of gravity. The grout pressure follows a symmetrical distribution
and is directly influenced by the crack opening and grouting
pressure, while inversely affected by the shear strength.

The diffusion pattern of the grout exhibits a symmetrical distribu-
tion centered around the grouting point. The transverse diffusion
distance is mainly determined by the grouting pressure, and the
vertical diffusion distance is mainly affected by the shear strength
along the channel.
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