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Abstract: The porosity of porous media is a key factor affecting cement slurry diffusion. In this paper,
a theoretical model of cement slurry diffusion in porous media considering the variation of porosity is
proposed. The model is validated through comparison with the experimental results in the literature.
The influence of injection parameters (i.e., the water–cement ratio and the pore fractal dimension) on
the porosity and strength of porous media is analyzed. The results indicate that: under the same pore
fractal dimension, the porosity of the specimen increases gradually with the increase in diffusion
distance, and the rate increases rapidly in the later stage. However, when the fractal dimension of
porosity increases to 2.1, the porosity of the consolidated body after grouting does not change with
the diffusion distance. The water–cement ratio also affects the porosity of the sample. At a distance
below 1.0 m, the sample porosity is larger at a larger water–cement ratio of 1.5. When the distance is
more than 1.0 m, the smaller the porosity decreases with increasing water–cement ratios. With the
increase in distance, the compressive strength of the specimen first decreases slowly, and then rapidly
from 90 kPa to 0 kPa. This is further verified by the pore variation law obtained by SEM. The model
is applied to selecting grouting parameter design in road maintenance. The pavement deflection after
grouting is effectively reduced, verifying the theoretical model’s applicability.

Keywords: percolation effect; cement slurry; porous medium; permeability; fractal dimension

1. Introduction

Under the action of long-term load and environment, loosening is more likely to
occur at the semi-rigid base of the pavement, leading to insufficient bearing capacity and
decreased service life [1,2]. Conventional restoration methods require excavation and
re-placement of highways, which causes resource waste and impacts the environment.
Although the micro-surface and thin cladding can extend pavement service life [3], it is
difficult to cure deep semi-rigid base defects. Grouting is a convenient road maintenance
method [4,5]. In the process of underground excavation, grouting can also reinforce the soil
to prevent collapse. Cement and chemical slurry are two kinds of grouting materials that
are widely used [6–8]. Cement-based grouting materials have the characteristics of low
cost and less impact on the environment, thus facilitating more extensive use [9–11]. The
hydration and microcosmic properties of cement-based materials have been extensively
studied [12–14]. However, the percolation effect on cement in the grouting process has not
been fully considered, which will lead cement particles to be blocked in the pores of grouted
media during diffusion. Then, the cement particles will gather near the grouting mouth.
Consequently, the porosity of the injected medium near the grouting mouth is reduced,
blocking the pore channel of the injected medium. Thus, it is difficult for cement particles
to continue to diffuse, affecting the repair effect of grouting [15,16]. More importantly, the
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performance of the consolidated body after grouting is closely related to the concentration
of injected cement and the diffusion characteristics of cement particles in the medium. The
strength of the consolidated body increases with the cement particles, indicating that the
filtration effect will affect the repair effect of grouting [17,18].

The influence of the filtration effect on the diffusion distance and grouting pressure of
different types of cement grout and porous media has been studied. Li [15] established a
one-dimensional slurry percolation diffusion numerical model by including the percola-
tion effect and revealed the influence mechanism of the percolation effect on the grouting
effect. Their findings provided a theoretical basis for improving the grouting method. Ben-
nacer [16] found that the uneven precipitation of suspended particles in water-saturated
porous media was affected by the size and distribution of cement particles. Li [19] devel-
oped a grouting diffusion model considering the temporal variation in viscosity and the
percolation effect and used the difference method to solve the theoretical model. Yoon [20]
established a bentonite-slurry diffusion distance calculation model considering the slurry
percolation effect. Axelsson [21] conducted experiments to determine the mechanism
responsible for the termination of penetration and diffusion of cement grout. Du [22]
established diffusion models of single-hole grouting and multi-hole grouting considering
the percolation effect. It was found that the percolation effect can cause the cement particles
to gather at shorter distances. However, there are almost no cement particles at the edge
of the diffusion distance. Ye [23] established a grout diffusion model for grouting behind
shield tunnel walls considering the percolation effect, and the results showed that the
percolation effect significantly affects the grouting pressure. Then, the cylindrical and
spherical infiltration diffusion model of power-law fluid grouts was developed by Ye [24].
Du [25] verified that the percolation effect would reduce the diffusion distance of slurry
through experiments. Meanwhile, the percolation effect can also restrict the diffusion of ce-
ment, affecting the distribution of cement particles in the pores of the medium. Zheng [26]
proposed a numerical model for grouting penetration in porous media considering the
filtration effect in order to study the grouting motion law. However, during grouting,
the porosity of the injected medium changes dynamically. If the porosity is regarded as
constant, the error of diffusion distance and diffusion effect will be affected. Nevertheless,
the above research does not fully consider real-time porosity changes.

Since Mandelbrot published his famous paper on fractal geometry1967, the fractal
theory has been applied in various fields [27]. For example, it can be applied to the
vulnerability assessment of water network disasters, damage diagnosis for offshore wind
turbine foundations [28,29], prediction of the permeability and strength of multi-scale pores
and fractures in different media [30,31], evaluation of the landform, surface roughness, and
pore and fractal structure characteristics of porous media [32–42]. Therefore, fractal theory
can be used to characterize the distribution law of pore channel diameter and a zigzag
degree in porous media [43,44]. However, considering the influence of the percolation
effect, there are few studies on applying fractal theory to characterize the dynamic variation
in porosity when grout diffuses in the medium [45]. Moreover, the percolation effect will
cause the slurry to spread to a certain area of the porous medium. However, due to the low
concentration of the slurry, the strength of the area cannot reach the design strength. This is
because the diffusion range of cement particles will affect the porosity of the medium after
injection, thus changing the medium strength. Bohloli [46] studied the percolation stability
and strength of cement slurries at various temperatures. Du [25] studied the changing law of
the compressive strength of grout at different diffusion distances and found that the strength
of the consolidated body decreased with the increase in grouting distance. Wang [47]
analyzed the mechanical properties of the consolidated body at different distances from the
grouting pipe through model tests and found that the mechanical properties of the samples
obtained at different locations of the consolidated body were different. Nevertheless, the
influence of the percolation effect on the strength of the medium after grouting has not
been quantitatively studied.
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During grouting construction, the diffusion effect of grout in the medium and the
distribution characteristics of particles are the key factors that affect the effect of grouting
reinforcement. Consequently, understanding the spatial distribution of cement slurry
injected into porous media is beneficial to reveal the repair and reinforcement effect of
cement grouting. Therefore, considering the influence of the percolation effect, the fractal
theory is introduced into the diffusion model of cement grouting. This paper focuses
on the porosity variation in the sand medium during grouting and develops a porosity
variation model for the injected porous medium. Experimental results in the literature
were selected to verify the influence of injection parameters such as cement content, pore
characteristics and spatial distribution characteristics of cement strength on the grouting
effect in the theoretical model. The findings of this study can provide a guide for the design
of injection parameters of cement grouting and help to overcome the shortcomings of
empirical grouting parameter selection.

2. Porosity Analysis of Injected Porous Media

Cement-based materials are usually treated as Bingham fluids, and their flow rate
through a single pore channel is

q(λ) = − πλ3 + DT

128µLDt−1DT

dp
dL

− τ0πλ3

32µ
(1)

where τ0 is yield stress, µ is the viscosity, Df is the fractal dimension of the channel, and Dt
is the tortuous fractal dimension of the channel.

Then, the flow rate per unit cross-section can be expressed as,

Q(λ) = −
∫ λmax

λmin
q(λ)dN(λ)

=
∫ λmax

λmin

(
− πλ3+DT

128µLDT−1DT

dp
dL − τ0πλ3

32µ

)
×D f λ

D f
maxλ−(D f +1)dλ

= − πλ3+Dr
max D f dp

128µLDτ−1DT(3+DT−D f )dL

[
1 −

(
λmin
λmax

)3+DT−D f
]

=
πτ0D f

32µ(3−D f )
λ3

max

[
1 −

(
λmin
λmax

)3−D f
]

(2)

where the diameters of this series of pore channels are (λmin, λmax).
The number of tortuous channels in a porous medium can be expressed as in [43,44]:

− dN(λ) = D f λ
D f
maxλ−D f +1dλ, (3)

The actual length Lt of the curved channel can be expressed as

dLt = λ1−DT LDT−1DTdL, (4)

where λ is the diameter of the curved channel, and Lt and L0 are the actual and representa-
tive lengths of the channel, respectively.

In an element, the pore area AP of all pore channels on a certain cross-section can be
expressed as

AP = −
∫ λmax

λmin
1
4 πλ2dN(λ)

=
∫ λmax

λmin
1
4 πλ2D f λ

D f
maxλ−D f +1dλ

=
πD f

4(2−D f )
λ2

max

[
1 −

(
λmin
λmax

)2−D f
] (5)
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Assuming that the dynamic porosity of the injected medium is ϕ, then the total area A
of a certain cross-section in the unit can be expressed as

A =
AP
ϕ

(6)

The average flow rate of slurry in porous medium is,

v = Q(λ)
A

= − λ
1+DT
max φ(2−D f )dp

32µL
D f −1

DT(3+DT−D f )dL

×
[

1 −
(

λmin
λmax

)3+DT−D f
]

/

[
1 −

(
λmin
λmax

)2−D f
]

− λmaxτ0φ(2−D f )
8µ(3−D f )

[
1 −

(
λmin
λmax

)3−D f
]

/
[

1 −
(

λmin
λmax

)2−D f
]

(7)

From Equation (6), the initial porosity of injected media can be expressed as,

ϕ0 =
AP0

A
=

πD f

4
(

2 − D f

)λ2
max

[
1 −

(
λmin

λmax

)2−D f
]

/A (8)

Considering the percolation effect of cement slurry, the dynamic porosity of the
injected medium can be expressed as,

ϕ =
Apt

A
=

πD f

4(2 − D f )
(λmax − ∆λ)2

[
1 −

(
λmin

λmax − ∆λ

)2−D f
]

/A (9)

where Ap0 and Apt are the pore area of the injected medium on a certain cross-section before
and after percolation, respectively; ∆λ is the reduction in the diameter of the pore channels.

Dividing Equation (9) by Equation (8), the real-time porosity of porous media can be
further expressed as

ϕ =

(
1 − ∆λ

λmax

)2
[

1 −
(

λmin

λmax − ∆λ

)2−D f
]

/

[
1 −

(
λmin

λmax

)2−D f
]
· ϕ0 (10)

According to the references [48,49], Equation (10) can be obtained as,

∆λ = λmax − λmax

√
1 − βσ

ϕ0

(
0 ≤ σ <

ϕ0

β

)
(11)

where β is the expansion coefficient of cement slurry particles, generally ranging be-
tween 2–3; σ is the volume of cement slurry particles remaining in the porous medium in
a unit volume.

Therefore,

σ(L, t) = kc0 ·
r2

0

exp
[
−k
υ0

r0

]
·
(

λ
1−DT
max LDT

)2

· exp
[
−k
υ0

λ
1−DT
max LDT

]
·
(

t − λ
1−DT
max LDT

υ0

)(
0 ≤ σ < β

ϕ0

) (12)

where k is the ratio of the volume of cement particles to the total volume of cement slurry;
r0 is the radius of the injection hole; v0 is the initial diffusion velocity of slurry, and c0 is the
initial cement content.
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From Equations (10)–(13), the dynamic porosity of the injected medium can be further
expressed as

ϕ =


ϕ0 (σ = 0)[

1− βσ
ϕ0

−
(

λmin
λmax

)2−D f ·
(

1− βσ
ϕ0

)0.5D f
]

[
1−
(

λmin
λmax

)2−D f
]
·ϕ0

(
0 < σ < β

ϕ0

) (13)

The model derived in this paper is only applicable to the use of cement-based materials
in the field of grouting in porous media. Because only when the cement particles are
diffused in the porous media of different apertures, the cement particles will be captured by
the pores of the media and blocked, thus the percolation effect will occur, further leading to
changes in the porosity of the media. The model derived in this paper cannot be applied
in the field of rock fissure sealing, water gushing during tunnel excavation, and dam
leakage channels.

3. Numerical Analysis

This study aims to reveal the spatiotemporal variation in the porosity of porous media
from a microscopic perspective. Therefore, the model derived in this paper was numerically
analyzed. The influence of grouting parameters (Table 1), such as the water–cement ratio
and the fractal dimension of particle mass on the temporal and spatial variation mechanism
of grout diffusion in porous media, was studied under the constant pressure condition. In
order to verify the applicability of the theoretical model, the design of test parameters and
results was based on the study by Du [45]. Therefore, the numerical analysis results were
compared with the experimental results in the reference.

Table 1. Selection of model parameters.

Parameters Water–Cement Ratio of
Cement Slurry (w:c)

Fractal Dimensions of
the Pore/Dm

Other Parameters

Value
1.0 1.5

T = 20 ◦C1.5 2.1

Figure 1 depicts the relationship between porous media porosity and cement particle
diffusion distance at each test point of the model and experimental results [45] under
different fractal dimensions of the pore. The results show that: the porosity of the media in
the test section is close to that at the injection port in the sand with a fractal dimension (Dm)
of particle mass of 2.1, and the porosity is low and generally unchanged. When it diffuses to
1.05 m, the porosity slowly increases. When it reaches 1.35 m, the porosity rapidly increases.
At a Dm of 1.5, the porosity increases slowly with the increase in the distance from the
injection port. Comparing the predicted and measured relationship between the porosity
and the diffusion distance of the porous medium shows that the experimental results are
consistent with the model prediction. However, there is a slight difference in quantity.
This is because during grouting diffusion, massive cement slurry particles are gathered
on the unit section close to the injection port, resulting in a high retention rate of cement
particles at the injection port. Thus, it is easy to cause a rapid decline in porosity and even
block pores. When the porosity of the injected medium approach to the injection port is
reduced to the threshold value or the pore channel is completely blocked, the retention
rate of cement particles increases gradually near the injection port. The medium will be
blocked. Then, close to the injection source, the retention rate of cement particles rapidly
falls. Additionally, the porosity of the porous medium approach to the injection port is large.
Thus, it is difficult for cement particles to stay in the porous medium, and the blockage
will not occur immediately. As a result, the diffusion distance of cement slurry is relatively
large for a porous medium with a low Dm. In a porous medium, cement particles are larger
and more evenly dispersed. The overall trend of the model and the experiment is the same.
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Due to the accuracy of the experiment operation, the difference lies within the allowable
error range.
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Figure 1. Variation in porosity of porous media with distance for each test point in different mass
fractal dimensions in experiments and models.

Figure 2 shows the variation law of porous medium porosity with distance at each
test point and model at different water–cement ratios of the cement slurry. Figure 2
demonstrates that the porosity of each measurement point increases with the increase in
slurry diffusion distances. The variation trend of the porosity in a low-porosity medium is
relatively slow. This is because the cement concentration is large at a low water–cement
ratio of the slurry. The proportion of cement particles per unit volume is relatively large.
The cement particles stay in a certain section of the porous medium instantaneously so that
the slurry diffusion stops, and the porosity of each test point increases rapidly with distance.
Cement particle retention is mostly concentrated at the grouting port of the porous medium,
resulting in less porosity near the grouting port. In addition, considering the experimental
errors, the difference between the model and the experiment is also within the error range.
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Figure 2. The variation law of porosity of pore media with distance at each test point with different
water–cement ratios in the test and model.
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Figure 3 shows the variation law of uniaxial compressive strength and distance of each
test point. The top is the microstructure of the cement particles at various distances scanned
by a model USA-FEI-Quanta250FEG field emission scanning electron microscope. Figure 3
demonstrates that the compressive strength of slurry and sand consolidation reduces
with increasing distances from the injection port. This is mainly because cement particles
mainly stay near the grouting port of porous media, resulting in smaller porosity and
larger compactness near the grouting port. Meanwhile, more cement particles hydrate and
cement, thus increasing the compressive strength of the injected media near the grouting
port. At the position away from the grouting port, the cement particles are unable to diffuse
due to the percolation effect. The porosity maintains the state before grouting, and thus the
strength is unchanged.
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From a microstructure perspective (Figure 4), the filling degree is higher at a closer
position to the grouting port, and the porosity of the specimen is smaller. Then, the
compressive strength is larger. In order to quantitatively prove the influence of cement
slurry injection on the microstructure of the injected medium, ImageJ software was used to
quantitatively analyze the SEM images of the grout. The binarization and vectorization of
SEM images were mainly carried out to calculate the proportion of pore and fissure area in
the overall morphology. Figure 5 shows the images after binarization treatment. As shown
in Figure 6, quantitative analysis of the microstructure of the consolidated body shows
that as the distance between the consolidated body and the grouting port increases, the
proportion of pores and cracks in the consolidated body is higher, and the compactness of
the consolidated body is lower. This further verifies the accuracy of the above model and
experimental results from a microscopic perspective [45]. When the distance exceeds 1.05
m, it is difficult to take out a complete core sample, indicating that the slurry diffusion to
the area is less. Thus, the SEM test was not conducted.
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4. Engineering Application

To illustrate the application of the proposed model to pavement maintenance, a typical
highway section was adopted for a case study. The highway section was asphalt concrete
pavement with a design life of 15 years. The pavement structures from top to bottom
included 4 cm medium-grain asphalt concrete, 5 cm coarse-grain asphalt concrete, 7 cm hot
mix asphalt crushed stone, 20 cm cement-stabilized crushed stone base and 35 cm lime-
stabilized soil. Since the completion of the pavement, the traffic volume has been heavy, and
the proportion of overloaded and heavy vehicles has been relatively high. Therefore, under
long-term traffic load, serious network cracks appeared on the road surface (Figure 7). After
water flowed through the cracks to the base, the hydrodynamic pressure soon softened the
fine soil and undermined its strength under traffic load. Thus, this could result in mud
pumping from the fine soil. With the gradual deepening of pavement damage, the highway
exhibited more serious mud pumping and insufficient bearing capacity. Therefore, it was
necessary to use cement grouting technology to repair the damage. The specific process
is as follows:

1. FWD was used to test the pavement bearing capacity before grouting, so as to evaluate
the degree of pavement damage.

2. The pore structure parameters of this highway section should be quantitatively ana-
lyzed by drilling and coring, and corresponding to the parameters in the model.

3. According to the model deduced in this paper, the optimum spacing of grouting holes
was designed according to the characteristics of the pavement pore structure and
cement grout on site.

4. An appropriate cement slurry ratio was selected to implement grouting on the pavement.
5. After grouting was completed, the grouting holes were filled with road sealant to

prevent water from penetrating the road surface.
6. Fourteen days after grouting, FWD was used to test the pavement bearing capac-

ity after grouting, so as to evaluate the pavement repair effect under the grouting
parameters [5,50].

Through an analysis of borehole data, the characteristic structural parameters of the
injected medium were determined (ϕ = 0.52, λmin/λmax = 0.0492, DT = 1.12, Df = 1.69 and
Dm = 1.5). The water–cement ratio of the cement grouting material was 1.0. Substituting
these parameters into the model, according to the law of Figures 1 and 2, the grouting spac-
ing was set at 1.5 and 1.25 mm in the longitudinal and transverse directions, respectively
(Figure 8). The drilling process is shown in Figure 9. The cement grouting process is shown
in Figure 10.
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Figure 11 shows the deflection changes before and after grouting. The deflection of
the pavement was effectively reduced after grouting. This was because the cement material
could fill the pores inside the base, reduce the porosity, increase the degree of compaction,
produce cementation to strengthen the base and raise the pavement’s bearing capacity.
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5. Conclusions

In this study, the spatial distribution function of the porosity of injected porous media
was derived considering the percolation effect. Based on this solution, the actual repair
grouting effect can be evaluated more accurately. This method also has significant practical
value in engineering repair. The main achievements are as follows:

1. The percolation effect can lead to temporal and spatial variations in the injected
medium’s porosity in the grouting process. The consistency between the predicted
and measured results shows that the grouting diffusion law can be more accurately
demonstrated by considering the real-time porosity variation.

2. The change in the porosity of the injected medium affects the diffusion distance
and repair effect of the cement slurry. The particles can be trapped in the grouting
hole, resulting in a rapid decrease in the porosity of the media at the grouting hole.
Therefore, it is difficult for the slurry to continue to diffuse, thus shortening the
diffusion distance. Meanwhile, the decrease in porosity at the grouting hole will
lead to the high compressive strength of the consolidated body. However, it also
affects the remote repair effect of grouting, making it difficult to achieve the design’s
mechanical properties.
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3. The diffusion model is applied to the grouting parameter design of highway re-
pair. It was found that the pavement bearing performance is greatly improved after
grouting, indicating that it is reasonable to consider the change in porosity of the
injected medium.
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