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Abstract: The performance of traditional steady grouting is sometimes limited; therefore, a new
high-frequency pulsed grouting method is proposed. Through the CFD method, this paper studies
the cement slurry penetration performance of cyclic grouting under the influence of pulsating
pressure and steady pressure. Firstly, the penetration shape and flow fields of the two grouting
methods are investigated. Secondly, the effects of pulsation parameters on penetration performance
are studied. Finally, the influence of various working conditions, such as soil properties, grout
parameters, grouting pipe length, and back pressure, on penetration distance is also investigated. The
results show that pulsating grouting achieves better penetration performance compared with steady
pressure grouting. With the increase in frequency, pulsating grouting exhibits superior performance,
while with the increase in pulsation amplitude, the penetration distance initially increases and then
decreases. This is because part of the pulsating pressure is lower than the back pressure, which
weakens the pulsating effect. As viscosity and back pressure increase and as porosity and particle
size decrease, the proportion of lateral diffusion in pulsating grouting relative to steady pressure
grouting increases. This indicates that lateral penetration performance achieves optimal results
under high-flow-resistance conditions. However, when the flow resistance becomes excessively high,
the vertical penetration distance may be affected. This study is expected to improve the grouting
efficiency and provide a better understanding of pulsating grouting design and operation.

Keywords: cement slurry; penetration behavior; pulsating pressure; high-frequency grouting

1. Introduction

Grouting technology refers to the process of injecting slurry into soil layers to improve
the strength and or prevent seepage [1]. The technology is widely utilized in areas such
as tunnel construction, underground pipeline repair, mining engineering, and oil fields.
This technology has attracted extensive attention, and various grouting methods have been
gradually proposed. Among these methods, cyclic grouting is widely used in underground
engineering, especially in soft soil layers, due to its ability to prevent the accumulation of
grout and its cost-effectiveness [2]. During the grouting process, steady pressure is typically
employed [3]. However, with the increasing complexity of construction projects, steady
pressure grouting may not meet the requirements under some working conditions [4]. For
example, the water gushing in tunnels, subsidence of underground structures, and debris
flow in slopes can create uneven pore channels in the soil. Under steady pressure, the slurry
will penetrate along the dominant channels and slurry particles are prone to block the small
pore channels [5]. This results in low grouting efficiency and significant economic losses.

Appl. Sci. 2023, 13,11919. https:/ /doi.org/10.3390/app132111919

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app132111919
https://doi.org/10.3390/app132111919
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-2767-8570
https://doi.org/10.3390/app132111919
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132111919?type=check_update&version=2

Appl. Sci. 2023,13,11919

20f16

In recent years, pulsating grouting has been proposed and has attracted extensive
attention. This pulsating method is mainly achieved through intermittent pressure provided
with the pressure pump. Zhao [6] presented that pulsating pressure can alleviate particle
blockage phenomena, which is beneficial for slurry penetration. Ghafar [7] found that
pulsating pressure can induce a transition between laminar and turbulent flow fields,
reducing flow resistance and alleviating slurry filtration. Dou [5] presented that pulsating
pressure can weaken the guiding effect of dominant channels, making the grout penetration
more controllable. Zhang [8] investigated the mechanical behavior of pulsating grouting,
and it was found that the strength of the stone body grouted using pulsating pressure
is higher. Through electron microscope scans, Zhang [4] found that the soil aggregates
grouted using pulsating grouting exhibit a clustered structure, which is denser compared
to the flocculent structure observed after steady pressure grouting.

However, due to the absence of pressure during pulsation intervals, researchers found
that intermittent pressure grouting may sometimes reduce the slurry flow rate and weaken
the advantage of the pulsation effect [9]. Hence, research on the effect of pulsating frequency
on grouting performance is conducted. Wakita [10] found that high-frequency oscillations
can reduce the viscosity of the slurry, thereby increasing the penetration distance within
rock fractures. Mohammed [11] used a ‘Haskel” pump to generate continuous pressure
pulsations (3 Hz) and found that this dynamic pressure significantly enhanced the grouting
efficiency. Research conducted by Ghafar [7] and Dou [5] also suggests that the higher
frequency is more advantageous for the penetration of the slurry. However, the effects
of pulsation parameters, soil parameters, and various working parameters on the slurry
require further research.

Hence, in order to promote the application of efficient grouting technology in soil
layers, this study compared the penetration performance of high-frequency pulsating
grouting with steady pressure grouting. Subsequently, this paper studied the mechanism
for the superior performance of pulsating grouting. Finally, the effect of pulsating fre-
quency, pressure pulse amplitude, soil parameters, slurry parameters, back pressure, and
length of grouting pipes on penetration distance is investigated. This study can provide
new perspectives for investigating the slurry penetration performance under different
pulsating parameters.

2. Methodology
2.1. Grouting Method and Slurry Material

The schematic diagram of cyclic grouting is shown in Figure 1. Under medium-to-high
pressure, the grout within the annular space is injected into the soil, and the portion of grout
that is not absorbed by the soil will be returned to the grout storage tank. This method
creates a circulation of slurry flow within the grouted borehole, preventing the clogging
of slurry particles. In order to mitigate the size effect, the grouting area is chosen to be
20 m x 20 m [2]. The diameter of the borehole is 96 mm. The currently commonly used
grouting method is the first type, steady pressure. Recently, there has been an emergence
of an intermittent pressure method to introduce pulsations. However, this method is
difficult to control and has low flow rates. Therefore, this paper proposes the adoption of a
high-frequency pulsating pressure grouting method.

Cement slurry is a common particle grouting material with high strength, low cost,
and wide applicability [12,13]. Due to the long length of the grouting pipe during cyclic
grouting, cement slurry typically employs a high water-to-cement ratio to ensure a certain
level of fluidity. When the water-cement ratio is high, cement slurry can be considered as
Newtonian fluid. Therefore, the rheological model of cement slurry in this paper adopts
the Newtonian fluid model. And the soil splitting has been overlooked; the grouting
mechanism was simplified as penetration grouting. The expression of the Newtonian fluid
model is given in Equation (1) [1].

T=p-y (1)

where 7 is the shear stress, y is the dynamic viscosity, 7 is the shear rate.
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Figure 1. Schematic of the numerical model and pressure type.

2.2. Methodology of Numerical Simulation

The Computational Fluid Dynamics (CFD) method is a commonly used method in
grouting processes. CFD can simulate a wide range of complex fluid phenomena, including
multiphase flows and turbulence [14,15]. CFD can also provide more detailed information
compared to experiments, offering insights into parameters like velocity and pressure
distributions [16]. These details are crucial for a deeper understanding of fluid behavior
and performance optimization. Hence, the CFD method is adopted in this paper.

2.3. Multiphase Flow Model and Turbulent Model

The Volume of Fluid (VOF) method is a widely used multiphase flow method. This
method provides a sharp representation of fluid interfaces, which is particularly valuable
for capturing details involving complex flows. The specific governing equations are as
follows [17]:

The mass conservation equation is

9 _
4V (o) =0 @)

The momentum equation can be expressed as

2 (ol - o]
T+v-(puu)_—vp+v[y(vu+vu )| +3 3)
where p is the density of the fluid, U is the velocity vector of the fluid, u represents the
kinematic viscosity coefficient, P represents pressure, and g is the gravitational acceleration.

The VOF method exploits a phase fraction Fp to represent the volume fraction. It ranges
from zero to one, where Fp = 0 represents air, Fp = 1 represents slurry, and 0 < Fp < 1
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represents a two-phase interface. The phase transformation equation and the properties of
the fluid can be written as

oF

P _
5 tUVE =0 @)
p=(1—Fp)oa+ Fpppand p = (1 — Fp)pa + Fopp ®)

Due to the fluctuating pressure, turbulent behavior occurs within the computa-
tional domain.

The realizable k-¢ model enhances the physical realism of the turbulence predictions
by incorporating more accurate terms and coefficients [18]. It also takes into account the
anisotropic nature of turbulence, which is especially important for flows with significant
directional variations. Therefore, this model is adopted in this study, and the expressions
are as follows [18]:

] d B d Ut
ﬁ(pk)-l-aij(pku])—afx]’ (;I/t-i-ak)a + Gy + Gy — pe — Y1 + S 6)
Ht €2 3
U+ — o a + pC Se — pCZW + Clg%C3SGb + 5. (7)
X ]

In the equation, Gy represents the generation term of turbulent kinetic energy caused
by Reynolds-averaged velocity gradients. o and o are the Prandtl numbers for turbulent
kinetic energy and dissipation rate, respectively. G, represents the turbulent kinetic energy
(J) generated due to buoyancy, and Yj, represents the contribution of fluctuation expansion
in compressible turbulence to the overall dissipation rate. Sy and S, are user-defined source
terms. Cyq,, Ca¢, and Cgz represent the numerical constants.

2.4. Solving Strategies

The Pressure Implicit with Splitting of Operators (PISO) method is a commonly used
iterative algorithm for solving fluid dynamics problems. This method handles the coupling
between velocity and pressure fields through an iterative process, enabling more accurate
capturing of pressure and velocity variations in the flow field. Hence, the coupled velocity
and pressure problem is addressed using the PISO algorithm [17].

The momentum equation at convergence can be semi-discretized as follows:

APU;}+At ZA UtJrAt S% — Zpt+At (8)

where Ap and Ay are coefficients related to the present element P and adjacent element N,

respectively, ll(;, is the volumetric velocity of element P, and S; is the current acceleration

at the center of element P, with the superscript ¢ representing the current time step.
According to Equation (8), the volumetric velocity U;;’At is described as

Ut+At HbyAtJrAt A VP Z pt+AtS (9)

where HbyAgjrAt is the spatial convective and diffusive fluxes expressed with finite volume
representation, and it can be written as

1
HbyAy™ = (- AU +53) (10)

Similarly, the volumetric velocity at cell face f is

t+At __ t+At t+At
UTA = Hby Al M — Apf(vpz S )f (11)
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Based on the convergence situation, the discretized form of the continuity equation is
written as
AL —
Y (Uhptss) =0 (12)

where U;ffm is the volumetric velocity of element P at the cell face f when the time is t + At,
and Sy is the exterior normal vector at the cell face f.

By substituting Equation (11) into Equation (12), an expression with pressure and
velocity is obtained.

A _ 1 1 A
ZHbij,+ t'Sf_ZTP,f %pr 's; f.sf (13)

The discretized form of Equation (13), which is also known as the Poisson pressure
equation, can be written as

\va HbyAt+At =V- <114vpt+At> (14)

By solving Equation (14), the convergent pressure can be calculated. Based on it, the
new velocity and normal flux of the volumetric velocity will be updated. The solution
procedure of the PISO is shown in Figure 2.
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Figure 2. Solution procedure of the PISO.
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The second order upwind was employed for calculating turbulent kinetic energy and
turbulent dissipation rate. This method can accurately capture the change of flow field and
reduce the numerical dissipation, which is thus adopted in this paper.

2.5. Boundary Conditions and Time Step

As shown in Figure 3, the computational domain is divided into two parts. One part
is the annular space between the wellbore and the grouting pipe, named fluid 1. Since
this part is empty, no resistance is set. The inlet is set as the pressure inlet, in which the
pressure of pulsating grouting is a sinusoidal wave and the pressure of steady grouting is
constant [11]. The grouting pipe is defined as the wall. The pressure outlet is set on the
ground to recycle the circulating slurry. The other part is the soil, which is named as fluid 2.
Fluid 2 is defined as a homogeneous porous medium, and the flow resistance is computed
using the Ergun equation, expressed as follows [18]:

|Ap|  150u (1 —¢)? o 4 1750 (1—¢) »
L Dy & ° D, & °°

(15)

where Ap represents the pressure drop, u is the dynamic viscosity, ¢ is the porosity, veo
denotes the fluid velocity, Dy, is the particle diameter, p stands for the fluid density, and L
signifies the length of the porous region. The viscous and inertial loss coefficient in each
component direction may be identified as

Dy ¢ 35(1—¢)
] .
a = 150 A—ep and C, = _Dp 3 (16)
Wall

Wall
Wall

Wall

Figure 3. Boundary condition of computational domain.

Simulating pressure fluctuations accurately typically requires around 50 time steps
within one sinusoidal period. Considering the effects of flow resistance and slurry prop-
erties on convergence, the time step is set to 5 e-4 s. In this study, the highest frequency
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is 3.5 Hz, so there are 571 time steps within one cycle, which is sufficient to accurately
describe pressure fluctuations.

3. Results and Discussion

In this section, the grouting process was introduced, and then the differences in the
flow field between pulsating grouting and steady pressure grouting were studied. The
effects of pulsating frequency, pressure pulse amplitude, porosity, particle size, viscosity,
length of grouting pipe, and back pressure on penetration distance were also investigated.

3.1. Penetration Process of Cyclic Grouting

The penetration process of cyclic grouting is shown in Figure 4. In the initial stage, the
slurry mainly flows downward (as shown in t1 moment). Due to the high flow resistance
of the soil below the grout pipe, slurry begins to flow upward along the annular space
(as shown in t2 moment). As shown in the t3 moment, the slurry penetrating along the
left annular space is faster than that on the right side. This is because the back pressure
generated with the outlet hinders the flow of slurry in the right-side annular channel. As
the slurry spreads, both sides of the annular space become filled with slurry (as shown in t4
moment). Subsequently, under the influence of grouting pressure, the slurry penetrates both
sides. In the middle stages of the grouting process, the penetration distance at the lower
part of the grouting pipe is greater than the upper part (as shown in t5-t6 moment). As
the grouting process continues, the shape of slurry penetration exhibits a typical columnar
pattern (as shown in t7-t8 moment).

Volume
fraction

Hl

Figure 4. Penetration shape of cyclic grouting.
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Because the soil in this study is assumed to be a homogeneous porous medium,
the penetration shapes of pulsating grouting and steady pressure grouting are similar.
However, it was observed that the penetration distance of pulsating grouting is larger than
that of steady pressure grouting. In order to analyze the reasons, the streamlines of the flow
field for both grouting methods were monitored. For the convenience of observation, the
maximum value of streamline velocity was fixed. Therefore, a larger area with streamline
velocity indicates higher velocity within the flow field, whereas a smaller area suggests
lower velocity within the flow field. The streamlines of the steady pressure grouting are
shown in Figure 5. Since the velocity of the streamlines in other areas of the flow field is
almost zero, we only selected the streamlines in the effective region. It can be observed
that as the grouting progresses, due to the increase in flow resistance, the grouting velocity
under steady pressure decreases.

————— Reference line

/M\

tl
Figure 5. Steam line of steady grouting.

Figure 6 presents the steam line of the pulsating grouting method, and it can be found
that the slurry velocity is periodic due to cyclic variations in pressure. At times t1 to t3, the
slurry velocity gradually increases, while at times t4 to t6, the slurry velocity decreases.
Subsequently, the velocity of the slurry will increase again and then experience periodic
changes. When resistance within the calculation domain is high, the performance of steady
pressure grouting may be limited, while this pulsation effect can improve penetration
distance [7].

i Reference line

7/ /T

t3

S
4//////?1\\\;&\&& * /////ﬁg\\\\;,

Figure 6. Steam line of pulsating grouting.

t4

3.2. Effect of Pulsating Parameters on Penetration Distance

There are mainly two pulsation parameters: one is the pulsating frequency, and the
other is the pressure pulse amplitude. When comparing the performance of the two
grouting methods, the average value of the sinusoidal pressure is taken as the pressure for
steady pressure grouting, and all other parameters are kept consistent.
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Figure 7 illustrates the impact of pulsation frequency on the slurry diffusion for both
grouting methods. The average pressure is 4 MPa, the porosity is 0.3, the average particle
size is 1 mm, the viscosity of the slurry is 0.18 Pa-s, the pressure pulse amplitude is 0.5 MPa,
and the back pressure is set to 2 MPa. The purple line represents the lateral penetration
distance, and the orange line represents the vertical penetration distance. The solid lines
represent the penetration distances for pulsating grouting at different frequencies, and
the dashed line represents the penetration distance for steady pressure grouting. Since
steady pressure grouting does not have a pulsating frequency, the dashed line is a straight
line. It can be observed that the penetration distance of pulsating grouting is always
greater than that of steady pressure grouting. And with the increase in frequency, the
penetration distance of pulsating pressure grouting also increases; this phenomenon is
similar to the results observed by researchers [5]. Both the lateral and vertical penetration
distance follows an exponential distribution, and the expressions are Y = exp (5.52 + 0.138X
— 0.016X?) and Y = exp (4.94 + 0.25X — 0.037X?), respectively. At a frequency of 3.5 Hz, the
lateral and vertical diffusion distances increased by 70 mm and 60 mm compared to steady
pressure grouting.

Lateral distance (pulsating grouting) @ Vertical distance (pulsating grouting)
Lateral distance (steady grouting) Vertical distance (steady grouting)
3407
3201
300: \(ae)@@'
280-
260-
240-
220-
200-
180—-
160—-
140—-

Penetration distance (mm)

T T T T

05 10 15 20 25 30 35
Frequency (Hz)

Figure 7. Effect of pulsating frequency on penetration distance.

Figure 8 shows the effect of pressure pulse amplitude on penetration distance. The
average pressure is 4 MPa, the porosity is 0.3, the average particle size is 1 mm, the viscosity
of the slurry is 0.18 Pa-s, the pulsating frequency is 2.5 Hz, and the back pressure is 2 MPa.
It can be found that the penetration distance of pulsating grouting is still greater than that of
steady pressure grouting. However, both the lateral distance and vertical distance increase
injtially and then decrease with the increase in pressure amplitude, with the turning point
occurring at the pressure amplitude of 2 MPa. This is because the average pressure of
the sinusoidal pressure is 4 MPa (which is consistent with steady pressure), and the back
pressure at the outlet is 2 MPa. When the pressure amplitude exceeds 2 MPa, a part of the
pressure pulsation is less than the back pressure. This means that the pressure inside the
annulus will be lower than the pressure at the outlet, which hinders the upward movement
of the slurry. The lateral penetration distance follows an exponential distribution, with
Y = exp (5.6 + 0.23X — 0.057X?), while the vertical penetration follows Y = exp (5.1 + 0.29X
— 0.007X?). When the pressure pulse amplitude is 2 MPa, the lateral and vertical diffusion
distances increased by 72 mm and 50 mm, compared to steady pressure grouting.
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Figure 8. Effect of pressure pulse amplitude on penetration distance.

3.3. Effect of Working Conditions on Penetration Distance

In this section, the effect of various working conditions (porosity, average particle size,
viscosity, grouting pipe length, and back pressure) on the penetration distance is discussed.
Figures 9 and 10 show the effect of porosity on penetration distance. The percentage
increase in distance is defined as

distance of pulsating grouting — distance of steady grouting
distance of steady grouting

(17)

& Percentage increase in distance
Penetration distance of steady grouting
@ Penetration distance of pulsating grouting

500 . . . . . 32
T 450, A F30 %
£ 28 5
g 4004 26 g
g z
f_% 350 r24 72
e 122 o
.2 3004 &
8 20 g
o 250 L18 .E
& &
= 200 - 16 g
8 L14 8
< u =
R 150 N TY:

100 . . . . . 10

0.20 0.25 0.30 0.35 0.40
Porosity

Figure 9. Effect of porosity on lateral penetration distance.

As shown in Figure 9, it can be observed that with the increase in porosity, the lateral
penetration distances of both pulsating grouting and steady grouting increase linearly.
The expressions are Y = 1484X — 123 and Y = 1450X — 164, respectively. However, as the
porosity increases, the percentage increase in distance gradually decreases from 29.7-19.7%,
following the expression Y = exp (2.52 + 8.98X — 23.35X?). This indicates that pulsating
grouting performs better under high resistance. As shown in Figure 10, the vertical pene-
tration distance of pulsating grouting and steady grouting also increases linearly, with the
expressions Y = 996X — 106.6 and Y = 932X — 115.6, respectively. However, the percentage
increase in distance exhibits a trend of initially increasing and then decreasing. This is
because when the porosity is low, the slurry tends to flow towards the annular area with
lower flow resistance rather than into the soil below the grouting pipe. As a result, when
the porosity decreases from 0.25 to 0.2, due to the faster diffusion of the slurry under
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the influence of pulsation, more slurry flows into the annular space, which reduces the
percentage increase in distance. With the increase in porosity, the flow resistance decreases,
and the patterns for lateral and vertical penetration behavior become similar.

4 Percentage increase in distance
Penetration distance of steady grouting
@ Penetration distance of pulsating grouting

26 2
= 3004 é
£ i
o 2
e 250 F22 8
s 2
2 ]
wn

3 120 =
= 2004 1)
.2 18 2
S 1504 16 g
O 0]
= 14 2
B3 =
B 100 L 12 §
£ n |8

- 10
50 T T T T T
0.20 0.25 0.30 0.35 0.40
Porosity

Figure 10. Effect of porosity on vertical penetration distance.

Figures 11 and 12 display the influence of the particle size of soil on penetration
behavior. The penetration patterns of the lateral and vertical directions are similar to the
influence of porosity. The expressions for lateral penetration distance and particle size
for pulsating grouting and steady pressure grouting are as follows: Y = 306.3X + 11.6 and
Y = 295.8X — 32.8, respectively. The expressions for vertical penetration distance and
particle size of the two grouting methods are as follows: Y =216.28X — 34.5 and Y = 190.45X
— 38.7, respectively. As the particle size increases, the percentage increase in lateral distance
gradually decreases. And that of vertical distance also initially rises and then decreases.
This is also due to the smaller particle size, which results in more fluid flowing into the
annular region during the pulsating grouting process.

4 Percentage increase in distance
Penetration distance of steady grouting
@Penetration distance of pulsating grouting

700 T T T T T T T T T
~~ @
g <
£ 600, 35 5
3 g
2 5004 30
2 el
S £
400, F25 o
172}
.g §
S
£ 3001 120 S
=200 115 S
5 5
= o
3 1004 10 B

04 0.6 08 10 12 14 16 18 20 22
Particle size (mm)

Figure 11. Effect of particle size on lateral penetration distance.
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4 Percentage increase in distance
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Figure 12. Effect of particle size on vertical penetration distance.

Figures 13 and 14 present the effect of viscosity on penetration behavior. As viscosity
increases, the lateral penetration distance of pulsating grouting decreases from 549 mm
to 294 mm, with the expression Y = exp (6.78 — 9.09X + 18.696X2). Similarly, the penetra-
tion distance for steady pressure grouting decreases from 430 mm to 242 mm, with the
expression Y = exp (6.52 — 8.92X + 19.18X?). With the increase in viscosity, the percentage
increase in distance gradually increases, which also demonstrates that pulsating grouting
can achieve better performance in high-resistance conditions. As shown in Figure 14,
the vertical penetration distance of pulsating grouting and steady grouting exhibits an
exponential decrease. However, the percentage increase in distance follows a pattern of
initially increasing and then decreasing. This is also due to the low resistance in the annular
space. When the slurry viscosity is high, more slurry flows into the annular space under
the influence of pulsating pressure.

A Percentage increase in distance
Penetration distance of steady grouting
@ Penetration distance of pulsating grouting

o 5504 1028 2
g _ ] e
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R Y L0.22 &
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0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
Viscosity (Pa- s)

Figure 13. Effect of viscosity on lateral penetration distance.
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Figure 14. Effect of viscosity on vertical penetration distance.

As shown in Figures 15 and 16, the impact of back pressure on penetration distance is
similar to viscosity. This is because the increases in back pressure and viscosity both increase
flow resistance. With the increase in back pressure, both the lateral and vertical penetration
distances of the tow grouting methods exhibit an exponential decrease. The percentage
increase in the lateral distance gradually increases with the increase in back pressure, while
the percentage increase in the vertical distance first increases and then decreases.

& Percentage increase in distance
Penetration distance of steady grouting
@ Penetration distance of pulsating grouting

2 40. L0.26 i\o,
£ L0.24 8
3 S
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g L0.1

g 2501 0.16 go
= L0.14 €
g 2004 g
— - L0.12 &

0.5 1.0 15 2.0 25
Back pressure

Figure 15. Effect of back pressure on lateral penetration distance.

Figures 17 and 18 present the impact of grouting pipe length on penetration distance.
With the increase in the length of the grouting pipe, the lateral penetration distance for both
grouting methods decreases exponentially. As the grouting depth increased from 2 m to
8 m, the lateral dispersion distance for steady pressure grouting decreased from 259 mm to
238 mm. The lateral dispersion distance for pulsatile grouting decreased from 321 mm to
291 mm. The increase in proportion falls within the range of 23.9% to 22.2%. The results
also show that vertical penetration distance remains relatively unchanged. This is because,
although the length of the grouting pipe has increased, the pressure in the grouting pipe
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remains unchanged, which has a relatively small impact on vertical penetration. However,
as the slurry spreads upward along the annular space, there is a gradual loss of pressure,
which weakens the pulsation effect.
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Figure 16. Effect of back pressure on vertical penetration distance.
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Figure 17. Effect of length of grouting pipe on lateral penetration distance.

It can be observed that there is a connection between different parameters and the
dispersion behavior of the slurry. Regarding the lateral distance, the greater the flow resis-
tance, the better the performance of pulsating grouting. However, for vertical dispersion
distance, there is a critical value, and when the flow resistance is too high, the performance
of the pulsating slurry decreases.
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Figure 18. Effect of length of grouting pipe on vertical penetration distance.

4. Conclusions

This study compared the penetration performance between high-frequency pulsation

grouting and steady grouting. The slurry penetration shape was investigated and the flow
fields of the two grouting methods were analyzed. The effects of pulsation parameters, soil
properties, slurry viscosity, grout pipe length, and back pressure on the slurry penetration
distance were conducted.

)

@

®)

The results show that the penetration distance of pulsation grouting is significantly
greater than stable pressure grouting. The reason is the periodic changes of the flow
field induced with pressure pulsations. It was also found that higher frequency results
in a longer slurry penetration distance. However, as the pulsation amplitude increases,
the slurry penetration distance first increases and then decreases. This is because part
of the pulsation pressure values become smaller than the back pressure.

As the porosity and particle size decrease, and the viscosity and back pressure in-
crease, the percentage increase in lateral penetration distance becomes larger. This is
because the pulsation effect can achieve favorable results under conditions of high
flow resistance. The percentage increase in vertical penetration distance initially in-
creases and then decreases. The reason is that when the flow resistance is too high, the
slurry penetrates faster under the pulsating pressure, leading more slurry to flow into
the annular channel with lower flow resistance. As the grouting pipe length increases,
the vertical diffusion performance remains almost unchanged, while the percentage
increase in lateral penetration distance decreases, which is caused by the weakening
of the pressure pulsation effect.

Compared to steady pressure grouting, pulsating grouting can reduce cost and con-
struction time, and enhance engineering quality. In underground engineering projects
like tunnels, underground chambers, and shafts, pulsating grouting can be employed
to strengthen underground structures, improving their stability and reducing the risk
of structural wear and damage. In the future, there is a need for the development of
grout materials suitable for pulsatile grouting. Additionally, it may be worthwhile to
consider the application of a multi-objective optimization approach to select pulsation
parameters that are most suitable for specific operating conditions.
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