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Abstract: According to the sand treatment of cement single liquid penetrant reinforcing effect
is poor and the problem of quick setting slurry splitting grouting to control the deformation of
the ground surface. For the study on the C-S grouting reinforcement master the quantitative re-
lationship between the factors and the physical and mechanical properties of reinforcement.
Choose the cement water glass fast setting slurry. By using different injection medium effec-
tive diameter and different grouting pressure conditions, carry out sand grouting test. Study on
the variation law of single axial compressive strength and permeability coefficient of stone
body strengthened by grouting. Through the analysis of the influence of the plasmid size, the
grouting pressure and the diffusion distance. It reveals the strengthening factors of C-S grout
penetration grouting and the strengthening mechanism of different physical and mechanical
indexes, and the quantitative relationship between them is obtained by regression analysis, and
using PFC numerical calculation, the article explores the mechanism of grouting reinforce-
ment. The effective diffusion range of cement based quick setting slurry grouting is put for-
ward. The method for determining the parameters of grouting reinforcement is given, and the
results are successfully applied in Qingdao Metro. The research results have certain reference
significance for the development and improvement of the mechanism of penetration grouting
reinforcement.

1 Introduction

With the rapid development of urban underground engineering in China, the problem of easy collapse
of tunnels through the Quaternary sand layer seriously hampers the construction process. Due to the
complexity of the objective conditions, the city has very high demands on upheaval of the earth sur-
face and pipelines. And due to the complexity of the rock medium, its permeating or splitting grouting
reinforce mode directly affects the reinforcement effect and the controlling situation of surface up-
heaval. How to control the slurry diffusion range and to prevent surface and pipeline upheaval by infil-
tration grouting under the precondition of ensuring grouting effect is a worldwide technical problem in
grouting engineering field.

The researchers abroad carried out relevant researches early. The former Soviet scholars selected
chemical slurry for a large number of infiltration grouting tests in porous media under the condition of
no water. By injecting the chemical slurry into the different graded sands, he studied the correlation
among the grouting parameters, the slurry diffusion and the properties of the sand. Z.ssda, J.Canou ne-
glected the influence of geostress and studied on infiltration grouting simulation, which based on the
framework role of soil and infiltration effect of porous media. They put forward the infiltration theory
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model considering the percolation effect of porous media, proposed a new predictable injecting formu-
la and expressed the correlation among grouting pressure, sand gradation and water-cement ratio.

Some Chinese scholars have studied the law of slurry diffusion in infiltration grouting by simula-
tion tests, and obtained correlation among the grouting parameters. Northeastern University studied
the law of pressure distribution and diffusion during the porous media infiltration grouting process by
grooved reverse oval cylindrical test-bed, and concluded that slurry pressure decays with the increase
of diffusion distance. Yang Ping carried out sandy cobble stratum grouting research and put forward
the correlations among the slurry diffusion radius, the consolidating strength of stone, grouting param-
eters and rock and soil properties. Qian Ziwei studied the basic law of filling and infiltration of weak
cemented porosity media chemical slurry. The variation law of permeability coefficient, porosity and
compressive strength of different effective particle sizes and fineness modulus before and after grout-
ing were studied.

The researches above have promoted the development of grouting reinforcement theory and engi-
neering practices, pointed out the law of grouting diffusion and treatment in the formation of porous
media, but the exploration of grouting reinforcement mechanism are mostly qualitative researches, less
involved grouting factors and mechanical properties. The strengthening law of solid performance
among different grouting factors was not involved. The grouting material used in osmotic grouting is
mainly composed of single cement slurry or chemical slurry , and it is not concerned with the infiltra-
tion grouting reinforcement of quick-setting grout.

In this paper, cement-sodium silicate slurry is used as the research object, and a quick-setting slurry
method is proposed. Based on grouting reinforcement experiment, the parameters of sand injection
layer before and after cement-sodium silicate grouting are analyzed. The uniaxial compressive strength
and permeability coefficient of sand layer are compared with its effective diameter, grouting pressure
and diffusion distance. By studying the influence of these three on the reinforcement parameters of
sand layer, the action mechanism of the stress concentration on the different mechanical indexes is re-
vealed. By using the discrete element PFC numerical simulation, the grouting reinforcement mecha-
nism is deeply revealed. The effective range of cement-sodium silicate grout infiltration grouting rein-
forcement is put forward, and correspondingly the determination method of cement-sodium silicate
grout infiltration grouting reinforcement parameters is given, which provides the foundation for the
study of infiltration grouting reinforcement mechanism under the unified theoretical framework and
provides innovative theoretical guidance to prevent surface and pipeline upheaval by infiltration grout-

ing.

2 Test Scheme

The grouting test of cement-sodium silicate slurry infiltration grouting is carried out by two grouting
control factors (effective diameter of injection medium and grouting pressure). Along the diffusion di-
rection from the grouting port position, which called diffusion distance, to segment the core, the sin-
gle-axis compressive strength and permeability coefficient were measured respectively. The mecha-
nism and quantitative analysis of cement-sodium silicate slurry infiltration grouting reinforcement
were carried out.

2.1 Test Materials
Basic materials in field test are as follows:

(1) Cement

Using P.0.42.5 cement, which is produced by Qingdao Zhonglian Cement Co., Ltd., in line with
"General Portland cement" (GB175-2007) standards.

(2) Sodium silicate

The sodium silicate is a commercially available sodium silicate with modulus M = 3.0, sodium sili-
cate Baume degree is 38 “Bé&and density is 1.37g / cm3.

Determination of initial setting time of slurry: CS slurry is quick-setting cement-based grouting
material, the initial setting time is determined by the drop needle method, the measuring instrument is
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cement final setting time tester and temperature change curing box. Ratio of test water-cement slurry
is 1: 1, room temperature is 20 °C. When the initial setting time is determined, the cement and the so-
dium silicate are poured into the circular mold according to the ratio, and the stirring is carried out uni-
formly. The mixing process simulates the effect of the double liquid mixer in the grouting project.
When the C-S slurry is no longer flowing, it is considered that the initial setting time is reached. The
test results of the C-S slurry initial setting time are shown in Figurel.

2100+

T T T T T
11 21 31 4:1 51 6:1
Cement: Sodium silicate (Vc: Vs)

Fig.1 C-Sslurry initial setting time

2.2 Design level of test factors
The permeability of cement-sodium silicate slurry in sand layer is mainly controlled by three factors,
namely, slurry property, effective particle size of sand and grouting pressure.

(1) Slurry property is an important factor influencing grouting effect of sand layer. The cement-
sodium silicate slurry is used in this experiment and the influence of slurry on the grouting effect is
mainly controlled by its injectability and gel time. However, this test is carried out under the condition
that the medium can be injected and the initial setting of cement-sodium silicate slurry. Based on fea-
sibility and initial setting time, the test chose the quick-setting slurry with C-S ratio of 2:1.

(2) The effective particle size of the injected media directly affects the injectability of C-S slurry,
and plays an important role in controlling the distance and intensity of grouting. In this study, the river
sand was sieved to obtain the medium with different particle diameters. The average diameter of the
particles was 0.6 ~ 0.85mm, 0.85 ~ 1.18mm, 1.18 ~ 1.7mm and 1.7 ~ 2.36mm respectively.

Table 1 The parameters of different particle size of sand layer

Sand Particle size Effective diameter Osmotic coefficient
sample (mm) Do (mm) /0.01cm s
1 0.6-0.85 0.74 7.16
2 0.85-1.18 1.02 9.86
3 1.18-1.7 1.44 16.52
4 1.7-2.36 2.03 31.12

(3)Grouting pressure and slurry diffusion ability are closely related to directly determine the ad-
vantages and disadvantages of grouting effect. As the CS slurry must be two-liquid grouting, it is dif-
ficult to achieve constant pressure grouting. This test uses constant flow grouting to study the regulari-
ty of the final pressure of grouting on the CS slurry penetration grouting effect. In the test, the final
pressure of grouting notes P = 0.5MPa, P2 = 1MPa, and P3 = 1.5MPa respectively.

In summary, in order to study the cement-sodium silicate slurry infiltration grouting reinforcement
mechanism, the experimental design 12 groups of grouting test, test design as follows:
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Table 2 Quick-setting slurry infiltration grouting reinforcement design test level

Group No. Effective diameter Grouting pressure
1 1 0.5
2 1 1
3 1 15
4 2 0.5
5 2 1
6 2 15
7 3 0.5
8 3 1
9 3 15
10 4 0.5
11 4 1
12 4 15

The grouting rate was set at a constant grouting rate of 3 L / min during the test.

3 C-S Slurry in One-Dimensional Infiltration Grouting Simulation Test

In order to study the grouting reinforcement mechanism of cement-sodium silicate slurry under differ-
ent grouting pressure and different effective sand diameters, a one-dimensional visualized penetration
grouting simulation experiment device was designed. As shown in Figure 2 and 3, the test device con-
sists of infiltration grouting pipe, test stand, manual injection pump, grouting recorder and other parts.

Fastening device

Be mte?resst}re senser

Grouti:
sand bed R

Transpatent organic,
glass tube

Test stand\

Sodium silicat:

\ \Grouting pipe
Double Pulp mouth
fluid
mizer

Fig.3 A one-dimensional infiltration grouting simulation test system
(1) grouting simulation test
In order to realize the visualization of the slurry diffusion process, the permeable grouting tube is
made of transparent plexiglass tube, arranged vertically. The slurry enters from the bottom of the plex-
iglass tube, the length of whose is 2m, the inner diameter is 10cm. The infiltration grouting tube is
filled with a designed effective diameter of the sand. In order to ensure the injection process of the
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media particles do not move as a whole due to the diffusion of the grouting, a fastening device is pro-
vided on the upper and lower sides of the infiltration grouting pipe, and the fastening device allows the
slurry to enter and exit, but is not allowed to pass through the media particles. Thereby fixing the in-
jected medium, while using the grouting recorder to control the grouting rate and grouting pressure.

According to the experimental design table, penetration grouting reinforcement tests were per-
formed and grouting process of slurry diffusion morphology shown in Figure 5. During the process,
the slurry moves up from the bottom of the infiltration grouting tube. From the final sampling results
compared with the injection medium and plexiglass tube wall of the slurry retention situation, we
found the diffusion slurry at the front of plexiglass tube wall are permeable grouting slurry, indicating
that the grouting process in line with the one-dimensional grouting model.

(2) sampling location and method

After the simulation of the grouting test, the media was injected into the plexiglass tube, and the
physical and mechanical parameters were tested after 3 days. The concrete steps of coring method are
as follows:

1) After the grouting, the plexiglass tube was segmented. The length of the sections was 20cm,
50cm, 80cm and 110cm from the grout outlet;

2) Take the coring machine to take the core of each section. The core’s position is from 5 to 15cm
away the grout outlet, grouting and solid sampling shape for the cylindrical shape, length 10cm, diam-
eter 5cm;

3) With the same step 2) the cores were taken at a distance from the grout outlet 35-45cm, 65-75¢cm
and 95-105cm respectively.

4)The YA-2000B electric screw digital pressure tester and rock penetrant analyzer by Jinan Hai-
weier Instrument Co., Ltd. were used to measure the uniaxial compressive strength and permeability
coefficient of grouting reinforcement respectively.
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Fig.4 A one-dimensional infiltration grouting simulation test core position
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4 Grouting Reinforcement

4.1 Analysis of Uniaxial Compressive Strength of Osmotic Grouting Reinforcement

According to the test data, the relationship between the uniaxial compressive strength and the grouting
pressure and the diffusion radius of the grouting reinforcement under the condition of the effective di-
ameter of the injected medium is shown in Fig. 5
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The strength of the grouting and solidification of the sand layer is supported by the skeleton of the
loaded sand, the interstitial filling and the volume compression of the media, and is characterized by
uniaxial compressive strength. Based on the effect of single grouting factor on the uniaxial compres-
sive strength of grouting stone, the effect of uniaxial compressive strength of cement-sodium silicate
slurry infiltration grouting reinforcement is obviously improved in Figure 5, indicating that the ce-
ment-sodium silicate slurry can be well cemented with the sand layer of the injected media. The grout-
ing effect of cement-sodium silicate slurry is significant to sand reinforcement, but with the grouting
pressure and diffusion distance are different, the effect of grouting reinforcement is quite different.
The general trend is that the uniaxial compressive strength of grouting reinforcement increases with

the increase of the effective diameter and the grouting pressure of the grouting medium, decreases
with the increase of the diffusion distance.
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MSETEE 2017 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 81 (2017) 012025 doi:10.1088/1755-1315/81/1/012025

(d)The effective diameter of the injected medium is 2.03mm
Fig.5 The relationship between grouting factors and strength under different effective diameter of
the medium

4.2 Analysis of control factors of grouting reinforcement strength

The influence of different factors on the uniaxial compressive strength of grouting solid is different.
The grouting parameters have the emphasis on the physical and mechanical indexes of grouting stone,
that is, the influence of different grouting factors under the same physical mechanics parameters is dif-
ferent. From Figure 6, we can see the relationship between the grouting factor and the strength of the
different diameters of the injected medium.

(1) Cement-sodium silicate slurry infiltration grouting can significantly improve the uniaxial com-
pressive strength of sand, the most obvious attenuation of the intensity is the diffusion distance;

(2) The uniaxial compressive strength and diffusion distance of cement-sodium silicate grout infil-
tration grouting show linear attenuation of magnitude, and the injection pressure and the effective di-
ameter of the sand layer of the injected medium also obey the law of power function growth, but its
sensitivity is not strong;

(3) Limit diffusion distance of C-S slurry is about 1m. It is difficult to sample the sand at the dis-
tance of 1m under the test condition, and the uniaxial compressive strength is lower.

The comprehensive analysis shows that cement-sodium silicate slurry infiltrates into the sand layer
to form the sand-slurry mixed stone body, which can greatly improve the uniaxial compressive
strength, in which the grouting pressure and the effective diameter of the injected sand layer are good
for grouting. The sensitivity of reinforcing strength is low, and the diffusion distance is very sensitive
to penetration grouting reinforcement. The reason is that cement slurry is infiltrated into the injected
sand layer before the initial setting time of cement-sodium silicate slurry, and the main factor for the
increase of grouting pressure is the self-coagulation of the slurry, and the grouting pressure is not sen-
sitive to the compression effect of the injected medium. Meanwhile, the cement-sodium silicate grout-
ing is mainly filled, and the effective grain size of the sand injection layer has little effect on the filling
effect. The infiltration distance of sodium silicate slurry is limited, and the diffusion of the slurry along
the permeating direction is extremely limited, and the intensity of the slurry is very sensitive.

According to the basic function formula of the grouting reinforcement strength of the cement slur-
ry, the compressive strength of the sandstone body under the grouting pressure, the effective diameter
and the diffusion distance of the injected medium are compared with the corresponding compressive
strength of the injected sand layer then get the following relationship:

P =1.24p"% —0.014+1. 21d** — 0. 58(2)

Where P is the uniaxial compressive strength of the sandstone body, in MPa; p is the grouting pres-
sure in MPa; d is the effective diameter of the injected medium, in mm; L is the diffusion distance in
cm.
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4.3 Analysis of Permeability Coefficient of Grouting Reinforcement

According to the test data, the relationship between the permeability coefficient and the grouting pres-
sure and the diffusion distance of the grouting solid is obtained according to the effective diameter of
different media in Figure 6.

The permeability of grouting and solidification is supported by the skeleton of the injected sand
layer, the gap filling and the volume compression. The permeability coefficient of cement-sodium sili-
cate infiltration grouting is obviously improved. Define permeability improvement coefficient of
grouting reinforcement: n = permeability after grouting Y / permeability coefficient YO before grout-
ing. It can be seen from the calculation that the coefficient of permeability improvement is about one
order of magnitude, which shows that the cement-sodium silicate slurry can be well cemented with the
injected sand after the gel infiltration, and the effect of cement-sodium silicate slurry infiltration grout-
ing on the permeability of sand layer is remarkable. But with the difference of effective diameter,
grouting pressure and diffusion distance, the permeability improvement effect is different. The general
trend is that the permeability coefficient increases with the increase of effective diameter of the medi-

um, increases with the increase of grouting pressure , but decreases with the increase of the diffusion
distance.
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(d)The effective diameter of the injected medium is 2.03mm
Fig.6 The relationship between grouting factors and The permeability coefficient under different
effective diameter

4.4 Analysis of Control Factors of Permeability Coefficient in Grouting Reinforcement

The effects of different factors on the permeability of solid after grouting reinforcement are different,
and the grouting parameters had an emphasis on the permeability enhancement of grouting stone.
From Figure 6, we can see the relationship between the grouting factor and the permeability coeffi-
cient under the effective diameter of different media.

(1) Cement-sodium silicate slurry infiltration grouting factors can increase the permeability of sand
layer by order of magnitude, the most direct influence is by diffusion distance, and secondly by the ef-
fective diameter of sand layer;

(2) The permeability coefficient, diffusion distance and the effective diameter of the injected sand
layer of the cement-sodium silicate slurry infiltration grouting increase exponentially. The grouting
pressure basically obeys the law of power function attenuation, but its sensitivity is not strong;

(3) The ultimate diffusion distance of the C-S slurry is about 1 m. Under the experimental condi-
tions, taking the sand layer with diffusion distance of 1 m is more difficult and the permeability coeffi-
cient is higher.

The comprehensive analysis shows that cement-sodium silicate slurry is injected into the sand lay-
er, then forms the sand-slurry mixed stone body, which can greatly improve the permeability of grout-
ing stone body. The grouting pressure is less sensitive to the permeability of the grouting reinforce-
ment, while the diffusion distance and the effective diameter of the injected sand layer are completely

opposite.

The reason is that the precondition of cement-sodium silicate slurry infiltration grouting is that the
slurry enters into the sand layer before the initial setting time of the cement-sodium silicate slurry. The
main factor of the grouting pressure is the self-coagulation of the slurry, and the grouting pressure is
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not sensitive to the compressive effect of the injected media. Unlike the uniaxial compressive strength
of the grouting reinforcements, one of the main factors controlling the permeability of grouting and
consolidation is the degree of sand filling and slurry-sand bonding. As the effective diameter of the
sand layer increases, the interface area of the single slurry-sand is increased. Under the same condi-
tion, the bonding capacity decreases, the permeability decreases and the permeability coefficient in-
creases. Therefore, the permeability of slurry and solid is greatly affected by the particle size, the dif-
fusion of cement slurry is very limited along the infiltration direction, and the permeability is very
sensitive.

According to the basic function formula of cement slurry on grouting reinforcement coefficient
[20], an one-to-one correspondence among the grouting pressure, the effective diameter, the diffusion
distance, and the permeability coefficient of sandstone body after grouting reinforcement is got as fol-
lows:

x = 0.0004Z + 0.47p %"

+0.834"° — 0. 82
Where « is the permeability coefficient, the unit is 0.01cm m™; p is the injection pressure in MPa; d
is the effective diameter of the medium being injected, in mm; L is the diffusion distance, in units of
cm, removing the big points of error.

(2)

5 Effective Spreading Range of Cement-Sodium Silicate Slurry Infiltration Grouting
Reinforcement

The uniaxial compressive strength of the cement-sodium silicate slurry infiltration grouting will decay
rapidly along the diffusion distance. Therefore, only the soil grouting effect within a certain range near
the grouting hole can meet the practical engineering requirements. In order to improve the infiltration
grouting reinforcement theory and guide the engineering practice, the effective diffusion range of ce-
ment-sodium silicate slurry infiltration grouting reinforcement strength is put forward.

Based on the spatial distribution and the target requirements of grouting effect, the effective diffu-
sion range of grouting under different grouting parameters can be determined, and the corresponding
grouting parameters can be determined according to the grouting effect required by the project. The
steps of determining the effective diffusion range of sand layer is as follows:

(1) to obtain the effective diameter of the injected medium according to the geologic parameters of
the stratum;

(2) to determine the target value of grouting effect evaluation index, that is, uniaxial compressive
strength and permeability coefficient of grouting stone body;

(3) to determine the grouting pressure, according to the project on the surface and pipeline defor-
mation, to determine the maximum grouting pressure by a comprehensive analysis;

(4) to calculate the grouting diffusion distance Liand L, according to formula (A) (B) respectively
under the limited grouting pressure and the target value in step (2), and to choose the smaller one as

the effective reinforcement radius L, =(L,,L,) . .
6 Engineering Application

This research has been applied in the left and right lines ZSK39 +263.26 ~ ZSK39 + 255.56, YSK39
+263.96 ~ YSK39 +250.56 from Qingdao Beer City Subway Station to Miao ling Road Station with
the depth of 11.0- 12.0m and the total length of 21.101m. According to geological survey data, we
found that the main stratum media in this section includes the Quaternary surface layer and coarse
gravel sand layer. Because of its low bonding strength, the self-stability of coarse sand layer is poor
when it is as the tunnel structure of the vault and side walls, so it is easy to collapse and drop piece if
the subway goes through. At the same time, the section is located below Hong Kong Road whose traf-
fic is is heavy. In the case of improper selection or lack of control of support and waterproofing
measures, the sand layer will emit with water in the influence of dynamic vehicle load on the ground,

10
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or will cause collapse or sinking. Pipelines of heat, gas and others are intensive under Hong Kong
Road, so it has high requirements on the surface uplift.

Based on the actual situation of this subway section, considering the poor effect of traditional sin-
gle cement grouting, the high cost and pollution of chemical slurry and the difficulty to control the
surface uplift by splitting grouting of the cement-sodium silicate slurry, the infiltration reinforcement
of cement-sodium silicate slurry was put to use. The results show that the effective diameter of the
sand layer is 1.5mm. According to the requirement of excavation strength and permeability, the
strength of grouting reinforcement is 1.5MPa, and the permeability coefficient is 0.045cm / s. Accord-
ing to the cement-sodium silicate slurry infiltration grouting parameter determination process, the ef-

fective diffusion L,=72.00cm , L,=80.62cm , so the effective range s

L, = (L, L2)min =72.00cm . Then design the grouting according to the above grouting parameters.

After the grouting treatment, the surface subsidence monitoring results show that the surface uplift
is 7mm during the grouting process. The uniaxial compressive strength and permeability of the sam-
ples after the reinforcement of the grouting were found to be less than 10% with the design value. The
infiltration reinforcement of cement-sodium silicate slurry not only reinforced the sand layer of tunnel
vault, but also controlled the surface deformation, ensuring the safety of the project.

Fig.7 Quick—set surriniltration grouting reinforcement

7 Conclusion

Based on the difficulties in sand-grouting treatment and upliftment control of surface and pipeline,
through the experimental study of cement-sodium silicate slurry infiltration grouting, the response
mechanism of grouting main factors on the physical and mechanical parameters of grouting stone was
studied, and the corresponding parameter determination method was carried out. Finally the conclu-
sions are as follows:

(1) Uniaxial compressive strength of cement-sodium silicate slurry grouting can significantly im-
prove the uniaxial compressive strength of sand layer. The uniaxial compressive strength and diffusion
distance of cement-sodium silicate grout infiltration grouting show linear attenuation of magnitude,
and the injection pressure and the effective diameter of the sand layer of the injected medium also
obey the law of power function growth, but its sensitivity is not strong. Under the experimental condi-
tions, it is difficult to sample the sand layer with the diffusion distance of 1m, and the uniaxial com-
pressive strength is very low.

(2)Cement-sodium silicate slurry grouting can increase the permeability of sand layer, and the per-
meability coefficient and diffusion distance of the stone body increase exponentially with the effective
diameter of the sand layer. The grouting pressure obeys the law of power function attenuation, but its
sensitivity is not strong.

(3) According to the analysis of grouting reinforcement effect, the effective diffusion range of ce-
ment-sodium silicate slurry infiltration grouting is put forward. Correspondingly, the method of de-
termining the infiltration grouting reinforcement parameters is given, and successfully implemented in
Qingdao subway.

11
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(4) The method of cement-sodium silicate slurry infiltration grouting reinforcement proposed new
ideas for a unified theoretical framework of infiltration grouting reinforcement mechanism, and pro-
vided innovative theoretical guidance for solving the surface and pipeline uplift and other problems in
engineering .

References

[1] ZHANG Xiangdong, LI Qingwen, LI Guixiu,(2013) Shallow buried soft strata grouting pipe roof
construction causes the surface subsidence analysis[J]. Chinese Journal of Rock Mechanics and
Engineering.

[2] LEIJiuyang, QIU Wangwei, LV Qiangian, (2015) Shield grouting factors in the construction of
research on the influence of the surface subsidence[J]. Chinese Journal of underground space and
engineering.11(5):1303-1309.

[3] PANG Tiezhang. (2008) The whole grouting in tunnel through both the experimental study of
the building[J]. Rock and Soil Mechanics, (12): 3451-3458.

[4] Sagaseta C. (1987) Analysis of undrained soil deformation due to ground loss[J]. Geotech-
nique, 37(3): 301-320.

[5] Gollegger J. (2001). Numerical and analytical studies of the compensation grouting[D]. Aus-
tria: Graz University of Technology.

[6] TANG Zhiwei, ZHAO Chenggang, ZHANG Dingli.. (2007).Lifting grouting in underground en-
gineering design method and its uplifting effect prediction research[J]. China civil engineering
Journal, (08): 79-84.

[7] Z.Saada, J.Canou, L.Dormieux, J.C.Duplal and S.Maghous, (2005).Modeling of cement suspen-
sion flow in granular porous media[J], (9): 691-711

[8] QIAN Ziwei, JIANG Zhenquan, CAO Liwen,. (2013). Experiment study of penetration grouting
model for weakly cemented porous media [J]. Rock and Soil Mechanics, 34(1):139-142.

[9] LI Shucai, LIU Rentai, ZHANG Qingsong. (2013).Research on C-S slurry diffusion mecha-
nism with time-dependent behavior of viscosity[J]. Chinese Journal of Rock Mechanics and Engi-
neering, 32(12): 2 415-2 421.

[10] LI Shucai, HAN Weiwei, ZHANG Qingsong. (2013).Research on time-dependent behavior of
viscosity of fast curing grouts in underground construction grouting[J]. Chinese Journal of Rock
Mechanics and Engineering, 32(1): 1-7.

[11] ZHANG Qingsong, ZHANG Lianzhen, ZHANG Xiao, et al. (2015).Grouting diffusion mecha-
nism in horizontal crack based on temporal and spatial variation of viscosity[J]. Chinese Journal
of Rock Mechanics and Engineering.,34(6):1198-1210.

[12] RUAN Wenjun. (2005). Research on diffusion of grouting and basic properties of grouts[J]. Chi-
nese Journal of Geotechnical Engineering, 27(1): 69-73.

[13] YANG Zhiquan, HOU Kepeng, GUO Tingting, et al. (2011).Study on penetration grouting
mechanism based on Bingham fluid of time-dependent behavior[J]. Journal of Sichuan Universi-
ty: Engineering Science Edition, 43(Supp.1): 67-72.

[14] YE Fei, GOU Changfei, LIU Yanpeng, et al. (2012). Half-spherical surface diffusion model
of shield tunnel back-filled grouts[J]. Journal of Tongji University: Natural Science, 40(12): 1
789-1 794.

[15] YE Fei, GOU Changfei, CHEN Zhi, et al. (2013).Back-filled grouts diffusion model of shield
tunnel considering its viscosity degeneration[J]. China Journal of Highway and Transport,
26(1): 127-134.

[16] LIV Jian, ZHANG Zaisong, HAN Ye, et al. (2015).Backfilled grouting diffusion law and model
of pressure on segments of shield tunnel considering viscosity variation of cement grout[J]. Rock
and Soil Mechanics, 36(02): 361-368.

[17] LIV Jian, ZHANG Zaisong, HAN Ye, et al. (2015).Backfilled grouting diffusion law and model

12



MSETEE 2017 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 81 (2017) 012025 doi:10.1088/1755-1315/81/1/012025

of pressure on segments of shield tunnel considering viscosity variation of cement grout[J]. Rock
and Soil Mechanics, 36(02): 361-368.

[18] HE Shao-hua, WEN Zhu-ging. (2002).Experimental design and data processing[M]. Changsha:
National University of Defense Technology Press,:174-186.

[19] LEEJ S, BANG C S, MOK Y J, et al. (2000).Numerical and experimental analysis of penetration
grouting in jointed rock masses[J]. International Journal of Rock Mechanics & Mining Sciences,
37:1027-1037.

[20] PICHLER B, LACKNER R, MANG H A. (2003).Back analysis of model parameters in geotech-
nical engineering by means of soft computing[J]. International Journal for Numerical Methods in
Engineering, 57: 1943-1978.

[21] ERIKSSON M, STILLE H, ANDERSSON J. (2000).Numerical calculations for prediction of
grout spread with account of filtration and varying aperture[J]. Tunnelling and Underground Space
Technology, 15(4):353-364.

13



