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Abstract
Mud inrush disaster is a typical geological disaster during the construction of mountain tunnels,
which may bring immense economic losses and is very harmful to the local environment. Permeation
grouting is an important treatment method for mud inrush disaster, which has been wildly used in
China. In this paper, a theoretical model of permeation diffusion of Bingham fluid considering gravity
is presented. A set of visual permeation grouting experiment device was designed. The test results
verify the new permeation diffusion model showing that the slurry is spherical diffusion, while the
strip-shaped diffusion appears under the spherical diffusion. With the increase of grouting quantity,
the spherical diffusion radius increases gradually. Meanwhile, both the number and radius of the stripshaped diffusion increases gradually. The regression analysis of grouting quantity of 30 typical test
data shows that the degree of influence of the grouting quantity from big to small is: grouting pressure,
permeability coefficient, and water-cement ratio. The statistics of the total grouting quantity and the
grouting quantity of spherical diffusion indicate that the grouting quantity of strip-shaped diffusion
accounted for about 50%, which shows the importance of strip-shaped diffusion in surrounding rock
reinforcement. This new diffusion model has certain guiding significance for practice.
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Introduction
Nowadays, large numbers of mountain tunnels are
being constructed in the southwest of China, because
of the major national strategies such as the Western
Development and One Belt One Road Strategy. In
these areas, the engineering geological conditions
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are very complex, such as fault fractures and karst
areas. This will likely lead to mud inrush disaster [1].
The mud inrush disaster will form a large number of
loose deposited mass in the tunnel, seriously block the
tunnel and bury engineering equipment. it may cause
unrecoverable environmental destruction as well [2,
3]. The permeation grouting method can fill the loose
deposited mass well and improve the overall strength
of the surrounding rock in the tunnel efficiently, which
has been widely used in the treatment of mud inrush
disaster [4-7].
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Scholars have studied the mechanism of permeation
grouting in many aspects. As early as 1938, Maag’s
spherical diffusion theory, Raffle’s spherical diffusion
formula, and cylindrical diffusion formula were
classical diffusion theories [8-10]. Huang [11] studied
the permeation grouting of saturated sand layer
under the action of capillary force. Sun [12] used the
calculated finite element model of permeation grout
to carry out numerical simulation of diffusion and
pressure distribution. Xiao [13] and Zhang [14] studied
the infiltration and grouting diffusion mechanism of
fast setting slurry, considering the time-space change
of slurry viscosity. Many scholars studied the theory
of cylindrical-hemispherical penetration grouting of
Newtonian fluid. Celik [15] respectively studied the
mechanism of cylindrical-hemispherical penetration
grouting of Newtonian and Bingham fluid slurry, and
provided the theoretical calculation formula of slurry
diffusion. Saada [16,17] studied the filtration effect of
one-dimensional grouting diffusion and carried out
experiments, Then Maghous [18] applied this model to
columnar infiltration grouting.
However, all the above theoretical researches on
permeation diffusion ignore the influence of gravity,
and the shape of grout is generally spherical or
cylindrical. In practical engineering applications,
gravity cannot be ignored, especially in the process of
low-pressure permeation grouting. The shape of slurry
is far from spherical and cylindrical. it is often found
that less grout remains in the reinforcement area, and
the strength cannot meet the expected requirements,
using these theoretical models.
In order to retain as much slurry as possible in
the target reinforcement area, avoid the ineffective
diffusion of grout and analyze the effect of gravity on
grout diffusion, the theoretical model of permeation
diffusion of point source grouting considering gravity
is established. A visible experiment model with a
quantitative rotary piston grouting pump capable of
low pressure and controllable flow rate is designed,
and glass sand and quartz sand is used as the
medium of permeation grouting experiment. The

Fig. 1. Force analysis of the fluid column.
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theoretical model of grout diffusion is verified in this
experiment.

Material and Methods
Grouting Mechanism Considering Gravity
The assumptions of the permeation grouting model
are as follows:
1) The filling medium is a sand medium with similar
particle size and uniform distribution under a
certain gradation. The pores of the medium are fully
filled with water, and the infiltration effect is not
considered in the grouting process.
2) The grout and water are isotropic, homogeneous and
incompressible fluids.
3) In permeation grouting, the grouting pressure of this
grouting method is very low. Under the condition of
low grouting pressure, the initial yield stress of grout
can not be negligible. So the grout is considered as
Bingham fluid, which is more suitable for actual
grout [19].
The pore of the sandy medium can be equivalent to
fine pipes in a uniform distribution, and the permeation
movement of grout in the medium is equivalent to the
flow in the fine pipe [20]. In the process of point-source
grouting, the fine pipe starts from the grouting hole and
diverges in all directions. As shown in Fig. 1, there is a
fine pipe, and the radius is r1. Take a section of the fluid
column and the mass is m, the length is dl, the radius is
r which is less than r1. So m = ρπr2dl .
In Fig. 1, p is the grout pressure. τ is the shear stress
of the fluid column. The density of grout is ρ. ɵ is the
angle between gravity and the direction of the flow. The
force equation considering gravity can be expressed as

pπ r 2 − ( p + dp )π r 2 − 2π rτ dl + ρ gπ r 2 dl cos θ = 0
(1)
...where g is the gravitational acceleration.
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By simplifying the Eq. (1), we can get

r dp
− ρ g cos θ )
2 dl

τ =- (

In the sandy soil, the relationship between fluid
velocity and average velocity is as follows:

(3)

K=

...where τ0 is the initial yield shear stress and μ is the
initial viscosity.
Combining Eq. (2) and Eq. (3) leads to

γ =-

dv 1  r 
d p

=   cos θρ g −
 −τ0 
dr µ  2 
dl 


(10)

...where V is fluid velocity and n is the porosity of porous
media.
Here, introducing variable K

The constitutive equation of Bingham fluid is

τ = τ 0 + µγ
γ = -dv / dr

V = nv

(2)

nr12
8

(11)

Introducing Eq. (10) and Eq. (11) into Eq. (9) leads to
V=

(4)

 1 
2τ 0 / r0
2τ 0 / r0
K
d p  4
cos θρ g −
 + 
 1 − 
µ 
d l   3  cos θρ g − d p / d l  3   cos θρ g − d p / d

4
 1 
 
2τ 0 / r0
2τ 0 / r0
K
d p  4

+ 
V =  cos θρ g −
1− 




For the Bingham fluid, because of µthe
d l   3  cos θρ g − d p / d l  3   cos θρ g − d p / d l   
 initial yield


shear stress, there exists a flow core with a radius of r0.
when 0≤r≤r0, the fluid velocity is the same as v0, there
is no relative motion in this area, when r0≤r≤r1, the fluid
velocity is different.
By integrating Eq. (4), we can get

v=


1 r  d p

− cos θρ g  + τ 0 r  + C1
 
µ  4  dl



v = v0 =

At the beginning, fluid does not move in the pipe
and V = 0, it leads to

2τ 0 / r0
=1
cos θρ g − d p / d l

2

(5)

...where C1 is the integral coefficient.
When 0≤r≤r0, the fluid velocity v = v0, and the
velocity equation is
2
2

1  d p
 (r − r1 )
− cos θρ g  0
+ τ 0 (r0 − r1 ) 

µ  d l
4



(6)

as

λ=−

d p 2τ 0
=
− cos θρ g
dl
r0

V=

K
d p   4  λ + cos θρ g  1   λ + cos θρ g
 + 
 cos θρ g −
 1 − 
µ
d l   3  cos θρ g − d p / d l  3   cos θρ g − d p /


r1

r0

(8)

And the average velocity is as follows

4



V=

(9)

(15)

Since – dp/dl is much larger than the starting
viscosity gradient λ, the higher order term in the
velocity expression is negligible [21]. The expression of
the permeation velocity V can be obtained

K
d p   4  λ + cos θρ g  

 cos θρ g −
 1 − 
d l   3  cos θρ g − d p / d l  
µ

4
 1 
 
2τ 0 / r0
2τ 0 / r0
r12 
q
d p  4
cos θρ g −
v= 2 =
 + 
 
 1 − 
π r1 8µ 
d l   3  cos θρ g − d p / d l  3   cos θρThe
/ d l    spherical
g − d pclassical

4
 1 
 
2τ 0 / r0
2τ 0 / r0
d p  4


1
−
+






d l   3  cos θρ g − d p / d l  3   cos θρ g − d p / d l   


(14)

Introducing λ into Eq. (12), it leads to

2
2
1  d p
 (r −Vr1=)K  cos θρ g − d p  1 − 4  λ + cos θρ g  + 1   λ + cos θρ g   
v = 
− cos θρ g 
µ+τ 0 (r − r1 ) d l   3  cos θρ g − d p / d l  3   cos θρ g − d p / d l   

µ  d l
4

 (7)

q = ∫ 2π rv d r + π r02 v0

(13)

Thus, the starting viscosity gradient λ can be express

When r0≤r≤r1, and at the boundary r = r1, v = 0, the
velocity equation is

The grout quantity per unit time can be obtained

(12)

(16)

diffusion theory only
considers the spherical diffusion of the grout under the
action of grouting pressure, and the actual situation
is accompanied by the joint action of gravity and
pressure.
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(1) spherical diffusion of Bingham fluid considering
gravity
The sandy medium is filled with water, as shown
in Fig. 2. a is the radius of the grouting pipe. p1 is the
grouting pressure in the grouting pipe. p is the grouting
pressure.
As shown in Fig. 2, the grouting quantity is
approximately equal to

At the end of grouting, the boundary conditions is
that the grouting pressure p is equal to water pressure
p0, l = lmax, where lmax is the maximum diffusion radius.
The grouting quantity Q can be expressed as

Q = VAt

...where n is the porosity of porous media.
Together with Eq. (21), Eq. (22) and boundary
conditions, it is found that

(17)

...where A is total surface area A = 4πl2, t is the grouting
time.
Combining Eq. (16) and Eq. (17) leads to
V=

Q
K
d p   4  λ + cos θρ g  
=  cos θρ g −

 1 − 
4π tl 2 µ 
d l   3  cos θρ g − d p / d l  

(18)
Separating variables and integrating Eq. (18), it
yields
p=

1
4
Qµ
− ( cos θρ g + λ )l + C2
4π Ktl 3
3

(19)

...where C2 is the integral coefficient.
At the grouting hole, the boundary conditions is that
p = p1 and l = a. So C2 can be obtained
C2 = p1 −

Qµ
1
4
− ( cos θρ g + λ )a
4π Kta 3
3

(20)

Qµ
1
4
Qµ
1
4
− ( cos θρ g + λ )l + p1 −
− ( cos θρ g + λ )a
4π Ktl 3
3
4π Kta 3
3

(21)

Fig. 2. Spherical diffusion of Bingham fluid.

p1 − p0 =

(22)

4
1
nµ 3
nµ 2
lmax −
lmax − ( λ + ρ g cos θ )(a − lmax )
3tKa
3tK
3
3
(23)

In the Eq. (23), lmax is the only unknown parameter.
Given a certain θ, we can get the exact shape of the
slurry by solving Eq. (23).
(2) Strip permeation grout vein considering gravity
The above inference is the spherical diffusion of
deformation under the action of gravity. It is assumed
that the quantity of grouting is Q0. If gravity is
considered, the grout will diffuse to the area below the
grouting hole, and the media pores can be equivalent to
the vertical fine pipe. From Eq. (1), the force equation of
the grout column in the vertical fine pipe under gravity
is:
(24)

Combining Eq. (19) and Eq. (20) leads to
p=

4 3
Q = π lmax
n
3

The grout diffused vertically downward in stripshape with permeation velocity v’2, and the radius of
strip-shape is a, as shown in Fig. 3(A). Assuming that
a certain amount grout of length h1 in the grouting pipe
is injected into the sandy medium and diffuses into
a strip-shape grout vein with the length of h2 and the

Research on Permeation Grouting Mechanism...

755

Fig. 3. Vertical and transverse diffusion of main strip.

radius is a. The expression of the grouting quantity is:

Qa′ = πa 2 v2′ tn = πa 2 h2 n = πa 2 h1

(25)

...where Q’a is the quantity of grouting for the vertical
permeation of the main strip-shape grout vein. h2 is the
vertical diffusion distance of the slurry.
At this situation, θ = 0, Substituting θ = 0 into
Eq. (16), it can be found that

v2′ =

K
d p   4  λ + ρ g 

 ρg −
 1 − 
µ
d l   3  ρ g − d p / d l 
(26)

Substituting Eq. (26) into Eq. (25), the vertical
permeation grouting quantity of the main grout vein
can be obtained as follows:

Qa′ =

π a 2 Knt 
d p   4  λ + ρ g 

 ρg −
 1 − 
µ 
d l   3  ρ g − d p / d l 

(27)

The length of vertical permeation grout vein is:
h2 =

is:

Kt 
d p   4  λ + ρ g 
ρg −

 1 − 
µ 
d l   3  ρ g − d p / d l 

(28)

The length of consumed grout in the grouting pipe

h1 =

Ktn 
d p   4  λ + ρ g 

 ρg −
 1 − 
d l   3  ρ g − d p / d l 
µ 
(29)

While the kinetic energy and pressure potential
energy drive the grout to diffuse vertically downward,
the residual pressure in the strip-shaped veins will drive
the veins to permeate horizontally to form a cylinder
with a radius f. The process of gradually thickening of
the strip-shaped veins can be similar to the columnar

diffusion of the grouting through screen pipe. As shown
in Fig. 3(B), the grout quantity required for strip-shaped
veins can be expressed as

Q0′=πf 2 v3′tn = πf 2 h2 n

(30)

The diffusion radius of the grout in the horizontal
direction can ignore the influence of gravity, and the
permeation velocity can be referred to Eq. (23). it can be
known that the columnar diffusion formula of Bingham
fluid is:

∆p = p1 − p0 =

nµ 3 nµ 2 4
f −
f − λ (a − f )
3tKa
3tK
3

(31)
...where Δp is the difference between the internal
pressure of the strip-shaped slurry and the surrounding
pore water pressure.
In the Eq. (31), f is the only unknown parameter. we
can get the radius of main strip-shaped veins by solving
Eq. (31).
(3) Total grouting quantity
Due to the irregular shape and different sizes of the
sand medium particles, as the grouting time increases,
the pressure in the deformed sphere gradually increases.
Under the action of gravity, new lateral strip-shape
veins will appear randomly in the lower hemisphere
of the deformed sphere. The number of lateral stripshape veins will increase gradually, and each vein will
gradually thicken. As shown in Fig. 4.
Suppose that the grouting quantity consumed by
the spherical diffusion is Q0, and the grouting quantity
consumed by the main strip-shaped slurry is Q’0. The
number of lateral strip-shaped grout veins is N, the
grout quantity for each of lateral strip-shaped grout
veins is Q’i. The total grout quantity is:
N −1

Q = Q0 + Q0′ + ∑Qi′
i =1

(32)
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Fig. 4. Diffusion of lateral strip.

Grouting Model Experiment
In order to verify the theoretical model of Bingham
fluid permeation diffusion in sandy media under
gravity, a low pressure grouting model experiment was
carried out.

Experiment System
The experimental models are mainly divided
into: grout injection system (rotary piston pump, grout
barrel and grouting pipeline), parameter acquisition
system (pressure sensor, flow sensor and measuring
cup), visual grouting system (Plexiglas model
barrel and transparent glass san (1) Instruments and
materials
–– Grouting material: composite polymer cement.
–– Injected medium materials: glass sand, standard
sand.
–– Grouting equipment: rotary piston pump.
–– Detection components: pressure sensors, flow
sensors, measuring cups.
–– Measuring instruments: laser particle size analyzer,
sine wave vibrating viscometer, porosity measuring
instrument, permeameter.

(2) Experimental method
A three-dimensional vibrating screen was used
to screen the glass sand of 1.25-2.5 mm (sample 1),
standard sand of 1.25-2.5 mm (sample 2), and standard
sand of 0.63-1.25 mm (sample 3). The medium
particles are poured into the Plexiglas model barrel
uniformly, and the appropriate quantity of water
is poured to make the medium saturated. The grouting
pipe is inserted into the sandy medium, 70 mm
below the top. The grouting experiments were
carried out in three kinds of porous media samples
by using composite polymer cement with different
water-cement ratios. The experimental data such as
grouting quantity, grouting pressure and grouting time
were recorded to study the influence of water-cement
ratio, permeability coefficient and grout quantity
on grout diffusion. 6 hours after the grouting
experiment, the sand is removed and the grout veins are
exposed.
(3) Material testing
The polymer additive of the composite cement
is polycarboxylate ether-type SP. The property
of polycarboxylate ether-type SP is shown in
Table 1. This kind of composite cement material has
the characteristics of high fluidity and early strength.

Table 1. Property of polycarboxylate ether-type SP in this study.
Aspect

Specific gravity

pH

Chloride ion
content

Solid content
(%)

Molecular mass
(g/mol)

Recommended
dosage (%)

Slightly yellow

1.05

6.3±0.5

Chloride free

40

44000

0.6~1.4

Table 2. Initial viscosity of composite polymer materials cement paste with different water-cement ratio.
mwater /mcement

0.60

0.70

0.80

1.00

1.25

1.50

2.00

η / (MPa·s)

24.35

13.82

10.75

6.34

4.13

3.46

2.65
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Table 3. Porosity and permeability coefficient of the sample.
Sample

Porosity

permeability coefficient (cm/s)

1

35.02%

0.204

2

40.32%

0.132

3

39.30%

0.103

It is widely used in China’s seepage grouting project,
with good effect and representativeness.
The initial viscosity of the cement with different
water-cement ratios is measured as shown in Table 2.
It can be found that the initial viscosity of grout
gradually decreases with the increase of water-cement
ratio. The particle size of composite polymer cement is
tested by laser particle size analyzer: D15 = 2.040 μm,
D50 = 9.610 μm, Dav = 12.851 μm. D15 is the diameter
corresponding to 15% on the particle size distribution
curve. D50 is the diameter corresponding to 50% on
the particle size distribution curve. Dav is represent an
average diameter of granularity.

When the water-cement ratio is less than 1.25, the
cement slurry conforms to the rheological curve of
Bingham fluid, so the cement slurry with the watercement ratio of 0.6-1.25 is used in the experiment of
Bingham fluid permeation grouting. Porosity (n) and
permeability coefficient (κ) of the filling medium are
tested by porosity meter and permeation meter as shown
in Table 3.

Results and Discussion
Experimental Phenomenon
By exposing the grout veins, the diffusion process
in the sandy medium includes spherical diffusion and
strip-shaped diffusion, and the strip-shaped slurry veins
are divided into main strip-shape vein and lateral stripshape veins. With the increasing of grout quantity, the
diameter of the spherical diffusion increases gradually.
The experimental samples with 1.25-2.5 mm glass sand
and the water-cement ratio of 1 are selected for analysis.

Fig. 5. Experiment system for visual low pressure and slow permeation grouting.

Table 4. Experiment results of permeation grouting considering different grouting quantities.
Number

Grouting Quantity
(ml)

Grouting Pressure
(MPa)

Remark

a

40

0.012

One 22 mm main grout vein was found at the lower end of the sphere

b

80

0.011

Two 20 mm lateral veins

c

200

0.012

Three 20 mm lateral veins with cementation phenomenon

d

500

0.023

One 25 mm main grout vein and four 15mm lateral veins

e

700

0.039

One 25 mm main grout vein and seven 17mm lateral veins

f

1 000

0.068

One 30 mm main grout vein and nine 17mm lateral veins

g

1 500

0.071

One 45mm main grout vein and thirteen 17mm lateral veins

h

2 000

0.075

One 60 mm main grout vein, and lateral veins were cemented
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Fig. 6. Grouting effect of different grouting volume.

The experimental records and veins distribution are
shown in Table 4 and Fig. 6. Q is the grout quantity
and P is the maximum grouting pressure. With the
increase of grouting quantity, the main vein thickens,
the lateral vein gradually increases, and it is thickened
and cemented with the main vein. The most obvious
phenomenon appears when the grouting quantity is
1500 ml, as shown in Fig. 6i).
Fig. 7 shows the fluctuation curve of grouting
pressure in the entire grouting process. With the
increase of grouting quantity, the grouting pressure
shows an overall upward trend, and accompanied by
13 fluctuations. When the grouting pressure reaches the
peak value of P1-P13 (13 times), it suddenly decreases.
This is because a new strip grout vein is generated
When the pressure reaches the peak value, the pressure
is released, resulting in a sharp drop in pressure.

Fig. 7. Process grouting pressure when the grouting volume is
1500 ml.

Influence of Water-Cement Ratio
on Grout Diffusion
In sample 1,2 and 3，the maximum grouting
pressures and the diameters of diffusion sphere are
P1, P2, P3, D1, D2, and D3. The variation law of P
and D with the slurry water-cement ratio is shown in
Fig. 8.
It can be seen from Fig. 8 that when the watercement ratio ranges from 0.6 to 1.25, the required
grouting pressure gradually decreases, and the grout
spherical diffusion radius gradually increases. As
the water-cement ratio increases, the grout viscosity
decreases, the required grouting pressure decreases
gradually, and the diameter of spherical diffusion zone
increases gradually.

Fig. 8. Variation trend of maximum grouting pressure and the
sphere diameter with water cement ratio.
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Regression Analysis of Grouting Quantity
The quantity of grouting is in a power function
relationship with the grouting pressure, the watercement ratio, and the permeability coefficient of the
sandy medium. The grouting quantity is in accordance
with the model:

Q = EX 1F ·X 2G X 3 H

The equation is nonlinear. Take the logarithm of
both sides of the equation to get:

lg Q = lg E + F lg X 1 + G lg X 2 + H lg X 3 (34)
Assume j = lgQ, s = lgE, x1 = lgX1, x2 = lgX2 x3 = lgX3.
The equation can be converted into:

j = s + Fx1 + Gx2 + Hx3

(33)

(35)

Table 5. Experiment parameter record
Number

grouting pressure
X1/MPa

permeability
coefficient
X2/(cm/s)

water-cement
ratio
X3

grouting
quantity
Q/(ml)

spherical diffusion
radius
L/(mm)

Proportion of
strip-shaped
veins

1

0.062

0.204

0.8

500

54.5

47.49%

2

0.069

0.204

0.8

700

58.7

42.39%

3

0.087

0.204

0.8

1 000

65.3

40.85%

4

0.012

0.204

1

200

43.2

59.13%

5

0.023

0.204

1

500

55.9

51.25%

6

0.039

0.204

1

700

60.2

45.72%

7

0.068

0.204

1

1 000

66.5

43.14%

8

0.012

0.204

1.25

500

57.5

55.77%

9

0.033

0.204

1.25

700

62.2

50.43%

10

0.042

0.204

1.25

1 000

67.5

45.11%

11

0.149

0.132

0.8

500

53.5

44.93%

12

0.189

0.132

0.8

700

59.2

43.48%

13

0.241

0.132

0.8

1 000

66.2

42.56%

14

0.102

0.132

1

200

42.3

55.51%

15

0.122

0.132

1

500

54.7

48.02%

16

0.157

0.132

1

700

61.1

47.8%

17

0.212

0.132

1

1 000

67.1

44.32%

18

0.088

0.132

1.25

500

58.7

59.34%

19

0.102

0.132

1.25

700

61.8

49.46%

20

0.123

0.132

1.25

1 000

68.2

46.53%

21

0.191

0.103

0.8

500

54.1

46.45%

22

0.256

0.103

0.8

700

58.9

42.82%

23

0.303

0.103

0.8

1 000

65.2

40.66%

24

0.187

0.103

1

200

43.1

58.72%

25

0.203

0.103

1

500

56.2

52.08%

26

0.221

0.103

1

700

59.3

43.7%

27

0.258

0.103

1

1 000

66.7

43.53%

28

0.124

0.103

1.25

500

57.3

55.19%

29

0.152

0.103

1.25

700

62.3

50.67%

30

0.169

0.103

1.25

1 000

67.2

44.52%
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Fig. 9. Middle column grouting project.

...where Q is the total grouting quantity. E, F, G, H
are constants. X1 is the grouting pressure. X2 is the
permeability coefficient. X3 is the water-cement ratio.
The different grouting pressures, permeability
coefficient, water-cement ratio, grouting quantity, and
spherical diffusion radius (L) and their percentages
in the total grouting quantity in the 30 groups are
counted, as shown in Table 5. According to the multiple
regression analysis method, using SPSS Statistics for
multiple regression analysis, the following conclusions
can be drawn: F statistic observation value (7.217)
is significantly larger than F(3,24) (3.009), and the
grouting quantity has a significant linear relationship
with each variable. The T observation values of
each parameter are greater than t0.025, indicating that
the partial regression coefficient of each variable is
significant at the 0.05 significance level.
Finally, the regression equation of grouting
quantity, grouting pressure, permeability coefficient of
sandy medium and water-cement ratio is obtained as
follows:

Q = 105.211 ⋅ X 10.745 ⋅ X 21.956 ⋅ X 30.475 ⋅ t

(36)

By comparing the standardized regression
coefficients of each variable, it is found that the
degree of influence on the grouting quantity is, in
turn, grouting pressure, permeability coefficient and
water-cement ratio from the largest to the smallest. It
can be seen from the spherical diffusion range and its
percentage in the total grouting quantity in Table 5 that,
with the increase of grouting quantity, the proportion

of strip grouting veins presents a decreasing trend.
In this test, the proportion of strip slurry pulse was
between 40.66% and 59.13%. The medium permeability
coefficient had little influence on the proportion of
grouting quantity consumed by spherical diffusion.
With the increase of water-cement ratio, the proportion
of grouting consumed by spherical diffusion increases
gradually.

Engineering Application
Yuhan tunnel in Jinan, China, is a shallow buried
tunnel. The site is mainly composed of backfill, loess,
clayey soil and gravelly soil. The groundwater types
are Quaternary pore water, gabbro weathering fissure
water and karst fissure water. Affected by atmospheric
precipitation and surface water seepage of Yuxiu River,
temporary stagnant water is formed in local fissures and
karst pipelines.
Due to the shallow buried depth of the tunnel,
the bearing capacity of the overlying sand layer is
insufficient. Surface drilling and grouting are used to
reinforce the soft stratum overlying the tunnel to make
it have a reliable bearing capacity. In order to retain
as much grout as possible in the target reinforcement
area, avoid the ineffective diffusion of grout, realize
the effective reinforcement of strata and improve the
stability of tunnel excavation, the middle rock column
need to be grouted. Considering the instability of the
sand layer, low pressure permeation grouting is adopted
to reinforce the middle wall in the tunnel, as shown in

Research on Permeation Grouting Mechanism...
Fig. 9. Drilling holes in the ground, using a film bag to
seal, and a grout pad at the bottom of the middle wall
is set. Under the action of gravity, effective permeation
diffusion in the reinforced zone of the middle wall can
be realized.

Conclusions
(1) A theoretical model of point source permeation
grouting of Bingham fluid considering gravity is
established. In this model, spherical diffusion and
strip diffusion reinforce the target area together, the
expressions for the radius of spherical grout and the
radius of main strip-shaped veins are derived.
(2) The theoretical model is verified by the lowpressure permeation grouting experiment. Based
on experimental investigations, the details of grout
diffusion are discussed in this paper.
Regression analysis through 30 sets of typical data
found that the degree of influence on the grouting
quantity from big to small is: grouting pressure,
permeability coefficient, and water-cement ratio.
(3) In this test, the proportion of strip grout ranges
from 40.66% to 59.13%, which shows the importance of
strip grout in permeation grouting.
(4) In engineering applications, the theoretical
model of permeation grouting considering gravity
can avoid the loss of grout and strengthen the target
area by gravity effectively, which has certain guiding
significance for practice.

List of Symbols
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η0

Viscosity of water

λ

Starting viscosity gradient

v’

Permeation velocity

Q1

Spherical diffusion grout amount ignore gravity

S

Surface area of the grout ball

t

Grouting time

l

Radius of the grout ball

c1

Integral constant

l0

Radius of the grout ball in the horizontal direction

la

Radius of the grout ball in the vertical upward
direction

lb

Radius of the grout ball in the vertical downward
direction

Q0

Spherical diffusion grout amount under gravity

v’2

Permeation velocity vertically downward in stripshape

a

Radius of grouting pipe

h1

Length of a certain amount grout in the grouting
pipe

h2

Vertical diffusion distance of the slurry

Q’a

Main strip-shape vein grout amount of vertical
permeation

f

Radius of horizontally permeated grout cylinder

Δp

Pressure difference

Q0

Amount of grouting consumed by the spherical
diffusion

Q’0

Amount of grouting consumed by the main stripshaped slurry

N

Number of strip-shaped grout veins

Symbol

Parameter

r1

Radius of axially symmetric fine pipe

Q’i

Each amount of grouting consumed by lateral
strip-shaped veins

m

Mass of a section of the fluid column

D

b

Length of a section of the fluid column

Diameter corresponding to the particle size distribution curve

r

Radius of a section of the fluid column

κ

Permeability coefficient

p

Grout pressure

τ

Shear stress of the fluid column

ρ

Density of grout

ɵ

Angle between gravity and the direction of the
flow

τ0

Initial yield shear stress

η

Viscosity

γ

Shear rate

r0

Cylinder radius

v

Fluid velocity

n

Porosity of the sandy medium
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