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With the continuous development of coal and rock mass engineering, water inrush grouting has become an urgent problem in
engineering disaster management. Herein, a theoretical model of the optimal plugging flow rate was established, and a com-
parative theoretical analysis was performed based on the results of indoor model tests. .e particle incipient velocity was defined
as the optimal plugging flow rate. .e effects of hydrodynamic velocity, water-cement ratio, grouting pressure, and fracture
aperture on the cement slurry grouting plugging were studied, and the optimal threshold of the plugging flow rate was obtained for
theoretical model verification. Results showed that, at a high hydraulic gradient, the plugging effect of the grout was mainly
affected by the hydrodynamic velocity, water-cement ratio, and grouting pressure (listed in the order of importance). When the
hydrodynamic velocity was low, the difference in the slurry deposition thickness was large under different water–cement ratios
and pipe diameters. When the hydrodynamic velocity was increased, the influence of various factors on the slurry deposition
thickness decreased. .rough a comparative analysis of the experimental and theoretical values, the optimal plugging velocity of
pure cement slurry was 0.5–0.55m·s−1 under different conditions, and the error between the experimental and theoretical values
was less than 0.1m·s−1, which confirmed the rationality of the proposed model.

1. Introduction

Under western developmental strategies, the numbers of
urban subways, deep mines, cross-sea tunnels, and other
projects have increased in China. .e developers of coal and
rock mass projects encounter complex geological structures,
variable environments, and frequent disasters [1–5]. Water
inrush disasters are the most frequent and damaging events
in coal and rock mass engineering, accounting for more than
half the total number of accidents occurring in this field
[6–8]. Grouting is the main protective measure against water
inrush disasters; however, traditional grouting approaches
are ineffective against water inrush disasters with large flows
and high hydrodynamic velocities. Under such conditions,
the grout retention rate is extremely low. Intercepting the
water passage will decelerate the flow, and grouting is
performed to improve the blocking effect. However, when

the flow-drop rate is small, the hydrodynamic velocity re-
mains high, the slurry retention rate remains low, and the
grouting effect remains poor. Conversely, when the flow-
drop rate is large, the hydrodynamic velocity is significantly
reduced; however, the excessive amount of materials causes
slurry sedimentation. By studying the grouting plugging law
of cement slurry under high-hydraulic-gradient conditions,
we can provide guidance for disaster prevention and miti-
gation in grouting water plugging engineering.

To this end, many researchers have investigated grouting
plugging against large flow rates of dynamic water. Using
theoretical analyses and laboratory experiments, Li et al. [9]
studied the flow control and grouting blocking mechanism
of gushing karst pipeline water with large flows and pro-
posed a complete set of treatment methods under this
condition. Niu [10] established a three-dimensional fracture
model of large-flow and high-hydraulic-gradient

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 6696229, 12 pages
https://doi.org/10.1155/2021/6696229

mailto:18204209070@stu.xust.edu.cn
https://orcid.org/0000-0002-8757-9590
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6696229


groundwater using a fluent numerical simulation software.
Based on the time-varying viscosity of the slurry, the author
deduced the migration law and diffusion of the slurry in a
fracture channel and the changes in the pressure and velocity
fields. Li et al. [11] characterized the time-varying charac-
teristics of slurry viscosity using the Sequential Diffusion and
Solidification (SDS) method and verified the simulation
results in laboratory tests of pipeline-type dynamic water
grouting. In SDS simulations of grout plugging in large-flow
and high-hydraulic-gradient moving water, the mechanism
of flow control and speed reduction using dual-hole-com-
bined grouting was revealed, providing a theoretical basis for
engineering projects [11]. Liu and Huang [12, 13] numer-
ically simulated the erosion-resisting characteristics of a new
cement paste. Using the Binghammodel, they controlled the
grouting and water flow rates and studied the antiscouring
ability of the paste. Zhang et al. [14] experimentally in-
vestigated porous aggregate infusions in a mine submerged
beneath a roadway. By combining the results of an indoor
experiment with theory, they established a visual pipeline-
aggregate infusion test platform for analyzing the hydro-
dynamic velocity and the influence of different factors on
aggregate plugging. Aggregate interception and water
shutoff were mainly affected by the hydrodynamic velocity
and aggregate particle sizes. From these results, Zhang et al.
[14] derived the law of aggregate sedimentary migration and
accumulation. Li et al. [15] developed a grouting-model test
bed that visualizes fracture developments under a dynamic
water supply. .ey examined water inrush through a frac-
tured rock mass, clarified the layered and partitioned dif-
fusion mechanism of cement slurry, and obtained a
U-shaped diffusion of the slurry and the sectionalized and
layered diffusion mechanism of grout. Chang [16] estab-
lished a multipipe water-gushing flow model and analyzed
the mutual influence of the slurry type and pipeline on the
grouting of multiple pipes. Combining numerical simula-
tions and laboratory experiments, Chang [16] proposed a
grouting treatment method that “controlled the flow rate at
the gushing point + provided preferential treatment for
branch pipelines + combined grouting and blocking for
main pipelines.” Zhang et al. [17] proposed a stepwise
calculation method for describing the grouting process
according to pressure and flow control conditions and
analyzed the pressure distribution in the grouted zone using
case studies. Du et al. [18] performed a series of experiments
to show the sealing efficiency mechanism of cement grouting
in tortuous fractures with flowing water and verified it using
engineering applications. Liang et al. [19] reported a critical
inclined angle (12.4°) that differentiates the grout patterns
into two types, namely, the gel deposition grout pattern and
erosion dispersion grout pattern.When the inclination angle
was greater than the critical inclination angle, grouting could
not stop the water and sand flow. Some researchers [20–23]
have numerically analyzed the diffusion law of cement grout
in rockmass fractures and the influences of fracture aperture
and grout properties on rock mass grouting.

In summary, grouting under high hydraulic slope is
quite different from the traditional fracture grouting. .e
retention rate of grout in this state is much lower than that of

low-velocity fracture grouting; therefore, it is generally
necessary to first use aggregate infusion to form a water-
blocking section and then reduce the flow rate before
grouting [24–26]. However, the hydrodynamic velocity,
when the aggregate is poured, and optimal grouting effect
(here, defined as the optimal plugging effect of the hydro-
dynamic velocity) have not been investigated. Additionally,
current studies on grout plugging have typically focused on
stagnant or low-velocity fissure water [24, 27–31]. .e
grouting plugging law in coal rock mass fractured owing to
high-hydraulic-gradient water has not been considerably
investigated. To fill this gap, in this study, an indoor test of
grout plugging was performed under high-hydraulic-gra-
dient conditions, and a theoretical model was established to
explore the grouting plugging law of cement grout under
different working conditions (water-cement ratio, fracture
aperture, and hydrodynamic velocity). By optimizing the
plugging threshold of the hydrodynamic velocity and
addressing the unanswered questions in this field, we pro-
vide important guidance for elucidating the grout diffusion
mechanism and targeted prevention. .e presented result
provides a future exploration path and will beneficially
supplement the grouting plugging system under high hy-
draulic slopes.

2. Materials and Methods

2.1. Model of Optimal Plugging Flow Rate. In slurry trans-
portation, the minimum hydrodynamic velocity at which
particles leave a crack beneath the flow is called the incipient
[32–38] or accumulation velocity. At the incipient velocity,
particles start to move by rolling and migration. When the
hydrodynamic velocity exceeds the incipient velocity, the
particles cannot remain in the cracks. When the hydrody-
namic velocity exceeds the starting flow rate under given
conditions, grouting is an ineffective solution for cement
slurry crack plugging (Figure 1). .erefore, the incipient
velocity of the cement particles was used as the optimal
plugging flow rate in this research.

2.1.1. Basic Hypothesis. To optimize the plugging flow rate of
the cement slurry, the following assumptions were made:

(1) .e water flow in the fracture is turbulent (Reynolds
number (Re)≥ 4000)

(2) .e slurry comprises discrete particles at a high
hydraulic gradient

(3) .e slurry is in the initial injection state, and its
viscosity is constant

(4) .e cement particles are spherical, and their diam-
eters are assumed to be the average particle size

2.1.2. Initiation Conditions of a Single Cement Particle.
Initially, the stationary cement particles begin to move along
the bottom of the fissure. .ey are mainly affected by the
drag force FD of the water flow, upward force FL of the water
flow, effective gravity W, and bonding force N between the
particles, which are, respectively, expressed as
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where CD and CL are the coefficients of the drag and
uplifting forces, respectively (here, they are set to 0.4 and 0.1,
respectively), u is the instantaneous hydrodynamic velocity
at the bottom of the water flow when the particles are

entrained, ρp and ρg are the densities of cement and water,
respectively, dP is the diameter of the cement particles, δ0 is
the thickness of a water molecule (generally considered as
3 × 10−10 m), δ0 is the water thickness of the film
(4 × 10−7 m) [39], t is the interparticle distance (generally set
to 0.25δ1), and q0 is the binding force of the particles per unit
area at t � δ0 (here, it is set to 1.3 × 109kg/m2 ).

By setting point O as the center of rotation (Figure 2) and
 M � 0, the critical equation at which the cement particles
start moving is expressed as

FDK1d + FLK2d � WK3d + NK4d, (5)

where K1d, K2d, K3d, and K4d are the arms of (force) FD,
FL, W, and N, respectively, with K1 � K2 � K3 � K4 � 1.

Substituting equations (1)–(4) in (5), we obtain
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.e first movement of the cement particles is a random
phenomenon. Whether the stationary particles start to move
under a water flow depends on their position and exposure
to the flow rate; consequently, no water flow condition can
simultaneously initiate the moving state of all particles [28].
.erefore, as the motion-start criterion, the particle-starting
probability of the cement particles is expressed as follows:

ε � P u
2
1 ≥ u

2
0 . (8)

As the instantaneous hydrodynamic velocity u1 at the
bottom of the water flow approximately obeys a normal
distribution, and the probability of sliding in the counter-
current direction is extremely small, the second term∅(.) of
the normal distribution function can be ignored. .us,
equation (8) can be expressed as

ε � 1 − Φ
u0 − u1

σ1
−Φ

−u0 − u1

σ1
  � 1 −Φ

u0 − u1

σ1
, (9)

where u1 is the time-averaged velocity at the bottom of the
flow, and σ1 is its mean square error

σ1 � 0.37u1. (10)

Dou [40] considered a pulsating water flow but did not
consider the impact of particle size and position on the
incipient velocity and divided the particle starting proba-
bility criteria into weak movements, moderate movements,
and general movements. .e corresponding starting prob-
abilities are, respectively, weak movement, ε1 � 0.0014;
middle movement, ε2 � 0.0228; general movement,
ε3 � 0.01585. In this paper, the starting probability corre-
sponding to the general motion is used as the starting
probability of cement particles to obtain

1 −Φ
u0 − u1

σ1
  � 0.01585. (11)

From the numerical table of the normal distribution
function (Table 1),

u0 − u1

σ1
� 1. (12)

Substituting equation (10) into equation (12),

Water
flow
directionStratified deposit

Figure 1: Schematic of the incipient motion of cement particles.
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By substituting equation (7) into equation (13) and after
considering the starting probability, the near-bottom
starting flow rate is

u1 � 0.730
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Because the near-bottom velocity is difficult to deter-
mine, it is replaced by the average vertical velocity u2.

.e particle velocities follow an exponential distribution:

u � um 1 −
y

h
 

m

, (15)

where um is the water hydrodynamic velocity at y � h/2.
Here, h is the fracture aperture, and u is the hydrodynamic
velocity at distance y from the bottom of the channel. .e
average vertical velocity is expressed as
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2.1.3. Optimal Plugging Flow Rate. Cement particles usually
start to move in groups. To explain this phenomenon, the
particle size is corrected, and the incipient velocity of a single
particle becomes the incipient velocity of a particle group
with diameter

D � d + f(d). (20)

In this expression, d is the characteristic size of the
cement particles, and f(d) increases the particle size by an
amount f(d) � adnx [41], where a is the proportionality
relation between the additional and characteristic particle

W

O
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FD

N

k1dk2d

k3d

k 4d

Figure 2: Stress analysis of cement particles.

Table 1: Numerical table of normal distribution function.

x 1.7 1.8 1.9 2.0 2.1
Φ(x) 0.9554 0.9641 0.9713 0.9772 0.9821
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sizes. .e number of internal particles per unit volume n is
related to the concentration of the cement slurry, and the
exponent x relates the additional particle size to the number
of particles (here, we set a � 0.006 and x� 0.335).

Further, substituting equation (20) in equation (19), the
optimal plugging flow rate is expressed as
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2.2. Test of the Plugging Law of Cement Slurry at High
Hydraulic Gradient

2.2.1. Test System. Herein, the plugging law of cement slurry
is investigated under large-flow and high-hydraulic-gradient
conditions. Experiments are performed in a self-developed
adjustable dynamic water grouting test system..e plugging
effect is observed at different water-cement ratios, grouting
pressures, pipeline diameters, and other factors, thus pro-
viding theoretical support for grouting treatments of water
inrush disasters. .e test system is divided into five parts: a
pipeline fracture simulation system, grouting control sys-
tem, dynamic water simulation system, data acquisition
system, and test monitoring system (Figure 3).

.e pipeline fracture simulation system comprises two
main parts: a plexiglass pipeline and pipeline bracket
(Figure 4). .e plexiglass pipe is composed of poly(methyl
methacrylate), a lightweight, easily processed material with
high transparency and mechanical strength. To ensure
visibility, single pipes are connected through plexiglass
flanges. .e entire pipeline is placed on the pipeline bracket
located 16 cm from the desktop..e grouting speed and flow
are controlled using a modified hand-operated grouting
pump, which is particularly suitable for small pressure
control.

During the test, the hydrodynamic velocity is adjusted
through the combined actions of the water pump, ball valve,
and electromagnetic flowmeter. .e electromagnetic flow-
meter and pressure transmitter monitored the flow rate and
pressure change of the water, respectively, flowing through
the pipeline in real time and imported the results to a pa-
perless recorder. .e recording interval is one second. Ta-
ble 2 presents the data acquisition parameters.

2.2.2. Test Scheme

(1) Orthogonal Test Scheme. .emain test parameters are the
pipeline diameter, hydrodynamic velocity, grouting pres-
sure, and single-liquid water-cement ratio. .e grout
plugging effect against rock mass fractures is assessed based
on the slurry deposition thickness and reverse diffusion
distance. .e experimental scheme (Table 3) is designed
using orthogonal experimental theory.

(2) Test Scheme for Optimizing the Blocking Flow Rate. .e
test variables are the pipeline diameter, water-cement ratio,
and hydrodynamic velocity..e water-cement ratio is varied

at 0.8 :1, 1 :1, and 1.5 :1, which are typical ratios in grouting
engineering. .e pipeline diameter is varied at 50 and
70mm..e hydrodynamic velocity is initially set to 0.1m·s−1

and increased to 0.55m·s−1 at 0.05m·s−1 intervals. .e
grouting pressure is fixed. At the optimal plugging flow rate,
the complete dispersion of the slurry in the pipeline is ex-
pected. In total, this comprehensive test method covers 54
test sets.

3. Results and Discussion

3.1. Orthogonal Test Analysis

3.1.1. Analysis of Slurry Deposition =ickness. .e slurry
deposition thickness is the most intuitive manifestation of
the grouting effect in blocking rock mass fractures. Once the
cement slurry is injected into the cracks of the rock mass, the
strong bonding forces between the particles resist erosion
owing to dynamic water. As the slurry continues to sediment
and consolidate, the cross section of the water decreases, and
the water flow is eventually blocked. .e thickness of the
slurry deposition depends on the pipeline diameter, hy-
drodynamic velocity, slurry water-cement ratio, grouting
pressure, and other factors. Figure 5 shows the measured
thicknesses of the slurry deposition.

.e data are analyzed using an intuitive analysis method
that reveals the primary and secondary relations between the
various factors and slurry deposition thickness. .e analysis
steps are as follows:

(1) Add the test results under the conditions of various
factors, and define them as Ki

(2) Take an average of Ki, and define it as ki
(3) Calculate the range (the difference between the

maximum and minimum values)

Tables 4 and 5 present the results of the 70 and 50 mm
diameter pipes, respectively.

In the pipes of both diameters, the most important
parameter is the hydrodynamic velocity, followed by the
water-cement ratio and grouting pressure. Figure 6 shows
the influence of various factors on the retained slurry
thickness.

Each factor analyzed in Figure 6 is obviously correlated
with the retained slurry thickness. .e trends are detailed
below:

(1) In the 50 mm diameter pipe, the average deposition
thickness decreases by 25% when the hydrodynamic

Advances in Civil Engineering 5



velocity is increased from 0.15 to 0.25m·s−1. .e
average deposition thickness further decreases by
11% when hydrodynamic velocity is increased from

0.25 to 0.35m·s−1. In the 70 mm diameter pipe, the
sedimentation thickness decreased by 17% when the
hydrodynamic velocity is increased from 0.15 to

Water supply system Grouting system

Data collection system

Electromagnetic flowmeter

Paperless
recorder

Crack simulation system

Pressure transmitters

Figure 3: Self-developed test system of grouting plugs.

(a) (b)

Figure 4: Simulation system for investigating pipeline fractures. (a) Organic glass pipeline. (b) Pipe bracket.

Table 2: Parameters of the pressure sensor and electromagnetic flowmeter.

Types Pressure sensor Electromagnetic flowmeter Paperless recorder
Product number PCM350 MIK-R 9600 OHR-F804
Power supply 24 VDC 220 VDC 220 VDC
Output signal 4–20mA 4–20mA —
Measuring medium Liquid Water, oil, slurry —
Precision 0.5%FS 1.0% 0.5%

Table 3: Scheme for determining the optimal plugging flow rate.

Test number Water-cement ratio Injection pressure (MPa) Hydrodynamic velocity (m·s−1)
1-1a/1b 0.8 :1 0.1 0.15
1-2a/2b 0.8 :1 0.2 0.35
1-3a/3b 0.8 :1 0.3 0.25
1-4a/4b 1 :1 0.2 0.25
1-5a/5b 1 :1 0.3 0.15
1-6a/6b 1 :1 0.1 0.35
1-7a/7b 1.5 :1 0.3 0.35
1-8a/8b 1.5 :1 0.1 0.25
1-9a/9b 1.5 :1 0.2 0.15
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0.25m·s−1. It further decreased by 15% when the
hydrodynamic velocity is increased from 0.25 to
0.35m·s−1. .e slurry deposition thickness is sig-
nificantly negatively correlated with the hydrody-
namic velocity.

(2) .e thickness of the slurry deposition also de-
creases with an increase in the water-cement
ratio. Increasing the water-cement ratio reduces
the concentration of the solid phase; conse-
quently, the plastic viscosity and ultimate shear
force of the slurry decrease, thus significantly

reducing the contact force between the slurry and
pipeline and enhancing the scouring effect of the
moving water.

(3) Under the same hydrodynamic velocity, reducing the
pipe diameter increases the slurry deposition
thickness, and the pipe is easily blocked. Conversely,
in the 70 mm diameter pipe, a large surface area of
the deposited slurry is washed by the dynamic water
flow, intensifying the turbulent state of the dynamic
water and inhibiting the deposition and aggregation
of cement particles.

Figure 5: .ickness of the slurry deposition in pipes.

Table 4: Analysis of the slurry deposition thickness in the 70 mm diameter pipe.

Factor Water-cement ratio (W/C) Hydrodynamic velocity (m·s−1) Injection pressure (MPa)
K1 62 64 52
K2 53 53 54
K3 47 45 56
k1 20.7 21.3 17.3
k2 17.7 17.7 18
k3 15.7 15 18.7
Range 5 6.3 1.4
Primary and secondary factor Hydrodynamic velocity>water-cement ratio> injection pressure

Table 5: Analysis of the slurry deposition thickness in the 50 mm diameter pipe.

Factor Water-cement ratio (W/C) Hydrodynamic velocity (m·s−1) Injection pressure (MPa)
K1 70 77 59
K2 56 56 61
K3 54 50 63
k1 23.3 25.3 19.7
k2 18.7 18.3 20.3
k3 18 16.3 21
Range 5.3 9 1.3
Primary and secondary factor Hydrodynamic velocity>water-cement ratio> injection pressure

Advances in Civil Engineering 7



(4) Although increasing the grouting pressure increases
the grout deposition thickness, the extremum of the
grouting pressure is considerably smaller than those
of the other factors (Tables 3 and 4), implying that
the grouting pressure exerts a weak effect on the
thickness of slurry deposition.

3.1.2. Analysis of the Reverse Diffusion Distance. .e reverse
diffusion distance of the grout largely affects the effectiveness
of grouting in rock mass fractures and reflects the anti-
scouring ability of the grout. Figure 7 shows the reverse
diffusion distances of the slurry measured through the pipes.
Both ends of the ruler are fixed.

.e influences of the above factors on the backwater
diffusion distance are determined using the range analysis
method, and the results are shown in Tables 6 and 7.

Based on Tables 5 and 6, in the pipes of both diameters,
the reverse diffusion distance is most strongly influenced by
the hydrodynamic velocity, followed by the water-cement
ratio, and then by the grouting pressure. Figure 8 shows the
influence of various factors on the reverse diffusion distance.

.e trends of the influencing factors on the reverse
diffusion distance of the slurry are described as follows:

(1) .e reverse diffusion distance of the slurry is neg-
atively related to the hydrodynamic velocity of the
water. .is result is expected because flowing water
counteracts the reverse diffusion. As the water flow
rate increases, the resistance of the slurry increases;
thus, the reverse diffusion distance decreases.

(2) .e grouting pressure is positively correlated with
the reverse diffusion distance of the slurry. .e ki-
netic energy of the slurry in the pipeline is provided
by the grouting pressure. When the grouting pres-
sure is increased, the kinetic energy of the slurry

increases accordingly, enhancing the resistance to
water flow and increasing the reverse diffusion
distance of the slurry.

(3) .e maximum reverse diffusion distance of the
slurry is obtained at a water-cement ratio of 1 :1.
When the water-cement ratio is changed to 0.8 :1,
the solid-phase concentration of the slurry is in-
creased, and the friction between the slurry and pipe
wall becomes large. .e strong antierosion ability
increases the reverse diffusion distance of the slurry.
When the water-cement ratio is 1.5 :1, the spreading
and dispersing ability of the slurry is weakened;
hence, the cement particles are insufficiently ag-
glomerated and passively washed away by water.
Consequently, the reverse diffusion distance of the
slurry decreases.

3.2. Experimental Analysis and=eoreticalModelVerification
of Optimal Plugging Flow Rate

3.2.1. Analysis of Optimal Plugging Flow Rate. In the or-
thogonal test, the hydrodynamic velocity of the water has the
highest impact on the cement slurry deposition thickness.
.e greater the hydrodynamic velocity, the smaller the slurry
deposition thickness. At some threshold of the hydrody-
namic velocity, the cement slurry cannot deposit on the
bottom of the fracture..is threshold flow rate is the optimal
plugging flow rate. When the fluid velocity in the fracture
exceeds the optimal plugging velocity, the grouting process
is useless. Figure 9 shows the test results.

As observed in Figure 10, when the hydrodynamic ve-
locity is small, the slurry deposition thickness is more af-
fected by the water-cement ratio compared with the case
when the hydrodynamic velocity is large. Increasing the
hydrodynamic velocity reduces the influence of the water-
cement ratio on the slurry deposition thickness. At a hy-
drodynamic velocity of 0.2m·s−1, the slurry deposition
thickness differs by 6 and 9mm between the water-cement
ratios of 0.8 and 1.0, and 1.0 and 1.5, respectively. When the
hydrodynamic velocity is increased to 0.3m·s−1, these dif-
ferences decrease to 4 and 6mm, respectively, and when the
hydrodynamic velocity is further increased to 0.4m·s−1,
these differences reduce to 3 and 5mm, respectively. At low
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Figure 6: Influences of various factors on the proportion of the
retained slurry thickness.

Figure 7: Backward diffusion distances of the slurry in the
pipelines.
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flow rates, the scouring effect of water flow on the slurry is
weak, and the slurry deposition thickness is mainly affected
by the water-cement ratio. Increasing the dynamic water
velocity increases the pulsation between the water molecules,
and the main controlling factor becomes the hydrodynamic
velocity, not the water-cement ratio. .e impact of other
factors on the slurry deposition thickness decreases. Based
on the test results in the 50 mm diameter pipe, the optimal
plugging flow rate (at which the slurry deposition thickness
reduces to zero) is achieved at hydrodynamic velocities of
0.55, 0.55, and 0.50m·s−1 with the slurries exhibiting water-
cement ratios of 0.8, 1.0, and 1.5, respectively.

When the hydrodynamic velocity is low, increasing the
pipe diameter reduces the thickness of the accumulation
layer (Figure 7). However, when the flow rate approaches the
optimal plugging flow rate, the accumulation layer thickness
in the pipes of both diameters is more similar, indicating that
as the water speed is increased, the slurry deposition
thickness is less affected by the pipe diameter. At a water-
cement ratio of 1.0, the optimal plugging flow rates of the
slurry in the 50 and 70 mm diameter pipes are 0.50 and
0.55m·s−1, respectively.

In summary, the water-cement ratio and pipe diameter
have little effect on the optimal plugging flow rate of the
cement slurry. .e optimal plugging flow rate ranges from
0.50 to 0.55m·s−1 depending on the working conditions.

3.2.2. Comparison and Verification of =eoretical Models.
.e working conditions and material parameters of the test
are provided as inputs to the optimal plugging flow rate
model, and the results are compared with those of the indoor
test for model validation. In the 50 mm diameter pipe, the
optimal plugging flow rates at the water-cement ratios of 0.8,
1.0, and 1.5 are 0.55, 0.55, and 0.5m·s−1, respectively, in the
experiment, and 0.48, 0.46, and 0.44m·s−1, respectively, in
the model (Figure 11). .e errors between the theoretical
and experimental results are less than 0.1m·s−1. .e theo-
retical values tend to be smaller than the experimental re-
sults, and the error is reduced in pipes with a smaller
diameter.

.e error between the theoretical and experimental
results is attributed to three causes:① the theory is based on
certain assumptions that do not exactly reflect the actual
situation, e.g., ignoring the lubrication effect of water on the
particles and the influence of particle shape on the optimal
plugging flow rate; ② deviations inevitably arise from in-
door test conditions, such as water pressure control,

Table 6: Reverse diffusion distances in the 70 mm diameter pipe.

Factor Water-cement ratio (W/C) Hydrodynamic velocity (m·s−1) Injection pressure (MPa)
K1 1770 2470 1510
K2 1900 1500 1720
K3 1300 1030 1740
k1 590 813 503
k2 633 500 573
k3 433 343 580
Range 157 470 80
Primary and secondary factor Hydrodynamic velocity>water-cement ratio> injection pressure

Table 7: Reverse diffusion distances in the 50 mm diameter pipe.

Factor Water-cement ratio (W/C) Hydrodynamic velocity (m·s−1) Injection pressure (MPa)
K1 1270 1610 1080
K2 1580 1010 1130
K3 510 740 1150
k1 423 537 360
k2 527 337 377
k3 170 247 383
Range 253 290 230
Primary and secondary factor Hydrodynamic velocity>water-cement ratio> injection pressure

Pipe diameter
70mm
50mm

200

300

400

500

600

700

800

900

Re
ve

rs
e d

iff
us

io
n 

di
sta

nc
e (

m
m

)

0.15 0.25 0.35 0.8 : 1 1 : 1 1.5 : 1 0.1 0.3 0.5
Water–cement ratio

(w/c)
Injection pressure

(MPa)
Hydrodynamic velocity

(m·s–1)

Figure 8: Influence of various factors on the reverse diffusion
distance of the slurry.
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plexiglass tube roughness, and other factors; and ③ ob-
servation errors are introduced by the limitation of the
sensor-discrimination ability and technical proficiency of

the testers. However, the theoretical and experimental values
are highly consistent, verifying the rationality of the optimal
plugging flow rate model.

0.2m/s 0.35m/s 0.54m/s

Figure 9: Experimental results of the optimal blocking flow rate.
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Figure 10: Analysis of test results of the optimal blocking flow rate.
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4. Conclusions

.e optimal plugging flow rate of the cement slurry is
modeled using the particle motion-start theory, and the
plugging law of the cement slurry at high flow rates is tested
in a self-developed and adjustable dynamic water grouting
test system. .e theoretical model is verified by comparing
the theoretical and experimental results. .e findings of this
study are summarized:

(1) In the optimal plugging flow rate model, the flow rate
under which the cement particles started moving is
defined as the optimal plugging flow rate. .e
proposed model provides theoretical guidance for
cement slurry grouting and plugging under different
conditions (fracture aperture and water-cement ra-
tio) that affect the optimal plugging flow rate.

(2) An orthogonal test of the cement slurry deposition
law is performed under a high hydrodynamic ve-
locity. By selecting the slurry deposition thickness
and reverse diffusion distance as evaluation indexes,
the primary and secondary relations between the
factors affecting each evaluation index are obtained
in a range analysis.

(3) In an indoor test of the optimal plugging flow rate,
the dependence of the slurry deposition thickness on
the hydrodynamic velocity is determined in pipes
with different diameters and for slurries with dif-
ferent water-cement ratios. When the hydrodynamic
velocity is small, the slurry deposition thickness
largely depends on the water-cement ratio and pipe
diameter. When the flow rate of the dynamic water is
increased, the influence of these factors on the slurry
deposition thickness decreases.

(4) In the indoor test, the optimal plugging flow rate of
the pure cement slurry under different working
conditions is in the range of 0.50–0.55m·s−1. .e
theoretical values agreed with the experimental
values (with errors of 0.1m·s−1 or less), thus verifying
the rationality of the model.
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