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1. Introduction 
 

Compaction grouting technique has been widely used to 

enforce soft foundation, surrounding rock, tunnel face, pile, 

correction of building, subgrade subsidence, etc. (Chen et 

al. (2015), Ibrahim et al. (2015), Zhang et al. (2015), 

Bellendir E N et al. (2016), Merkin Valery et al. (2016)， 

Zheng and Zuo (2017), Pan et al. (2017), Ukritchon et al. 

(2017), Stark Alfred et al. (2017), Dan et al. (2017), Zou et 

al. (2017), Dan et al. (2018), Pan et al. (2018), Zou et al. 

(2018), Bing B R et al. (2018), Huang et al. (2019), Li and 

Zou (2019), Zou et al. (2019a), Chen et al. (2019a), Zou et 

al. (2019b), Zou et al. (2019c), Zou and Zhang (2019), 

Chen et al. (2019b), Chen et al. (2019c), Li et al. (2020), Li 

and Yang (2020), Qian et al. (2020), Zou et al. (2020), Zou 

and Wei (2020)). When the purpose of grouting is to 

compensate for surface settlement induced by tunnel 

excavation, it can be called as compensation grouting. 

Generally, the grout is injected into the part between the 

tunnel excavation area and the building to compensate for 

volume loss caused by excavation, which is aimed at 

reducing ground settlement. 

Meanwhile, in recent years, many scholars have carried 

out research on evaluating grouting efficiency. Zheng et al. 

(2017), based on the extension theory, introduced a feasible 

and scientific method to evaluate the grouting effects of  

                                           

Corresponding author, Professor 

E-mail: zoujinfeng_csu@163.com 

 

 

water-rich fault in tunnels systematically. Kim and Park 

(2017), according to results of grouting tests, evaluated the 

improved strength of the ground by applying the bio 

grouting method to a loose sandy ground. Lee et al. (2017) 

investigate the factors affecting waterproof efficiency of 

grouting in single rock fracture through laboratory 

experiments. Fan et al. (2016) proposes a hybrid fuzzy 

comprehensive evaluation method to assess curtain grouting 

efficiency by considering both the permeability and 

tightness of a grout curtain. As for compaction 

compensation grouting, the efficiency of it, which can be 

used to evaluate compensation grouting effect, is defined as 

the ratio of uplift volume to total grouting volume. In ideal 

state, the compensation grouting efficiency will be equal to 

1, but due to pressure filtration, the fine particles and water 

in the grout will be transferred into the surrounding soil, 

resulting in the decrease of grouting efficiency. At present, 

although some scholars have done some theoretical research 

on compensation grouting efficiency, they still mainly focus 

on experimental methods. 

The variation tendency and calculation methods of 

compensation grouting efficiency are different in different 

soil types. In clayed soils, as the low permeability hinders 

the progress of the permeation, the compensation grouting 

efficiency is close to 1. Due to the consolidation, there are 

some difficulties in obtaining a specific grouting efficiency 

calculation method. Field tests by and Au et al. (2003) 

showed that the compensation grouting efficiency was only 

3 to 22%. Au et al. (2001) and Soga (2004) observed 

through experiments that in normal consolidated clay, the 

grouting efficiency value was about 80-90% after the 
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completion of grouting, but then it would keep decreasing. 

Au et al. (2003) researched the influencing factors of 

compensation grouting efficiency in clay and compared the 

experimental data with the numerical simulation results, 

showing that the grouting efficiency decreased significantly 

with time. Furthermore, it was observed that the efficiency 

increased with the increase of OCR and the decrease of 

water-cement ratio of the grout. In silty soils, there are some 

difficulties in evaluating the grouting efficiency due to 

grout permeation and soil compaction. Although Masini 

(2010) and Masini et al. (2011) obtained a relatively low 

value of compensation grouting efficiency (26%) through 

experiments, but no specific theoretical method has yet 

been found to prove the cause of this phenomenon. In sandy 

soils, to research the effect of water-cement ratio (w/c), 

bentonite content (b.c.) and injection rate on the 

compensation grouting efficiency, Soga et al. (2012) 

conducted two physical model experiments of 

compensation grouting in sand with two different setups 

(Cambridge setup and Delft setup), showing that the 

compensation efficiency greatly reduced with the decrease 

of soil density. On this basis, Luca Masini et al. (2014) 

proposed a specific formula based on Darcy's law to 

calculate the compensation grouting efficiency in sandy 

soils. However, the influence of the grout bulb radius 

increasing in the grouting process on the grouting efficiency 

was not considered in his calculation. 

In short, the current research on grouting efficiency is 

mainly focused on experimental methods. Based on Luca 

Masini's et al. (2014) approach, a three-dimensional 

improved model was proposed in this paper. Regarding the 

radius of the grouting body as a function related to time, the 

dynamic relationship between grouting efficiency and 

grouting time was emphatically researched. 

 

 

2. Methodology 
 

2.1 Problem definition 
 
2.1.1 Pressure filtration model 
Au et al. (2002) proposed that the compensation 

grouting efficiency can be defined as 

SH

inj

V

V
 

 

(1) 

where VSH= volume of heave induced at the ground surface 

by the injection process; and Vinj = volume of injected grout. 

In sandy soils, some scholars have proposed corresponding 

calculation formulas to evaluate the compensation grouting 

efficiency. Grouting efficiency ξ can be defined as 

SH S GB

G S F

S GB inj

V V V

V V V
    

 

(2) 

where ηG=VSH/VS (the geometry effect); ηS=VS/VGB (the soil 

compaction/consolidation); ηF=VGB/Vinj (the grout filtration 

effect); VGB=final volume of the grout body; and 

VS=increased soil volume due to grouting. 

Soga et al. (2004) noted that the increased volume of  

 

Fig. 1 Pressure filtration and particle accumulation: (a) 

one dimensional model and (b) volume changes with 

time (adapted from Masini et al. (2014)) 

 

 

the grout body should be equal to the injected volume in 

ideal conditions, so that the grouting efficiency was equal to 

1. However, the truth is quite different. Experimental 

studies (Bezuijen et al. 2007, Gustin et al. 2007, Sanders et 

al. 2007) showed that some fine particles and water would 

filtrate from the grout body into the soil due to the pressure 

filtration, resulting in that the increased volume was always 

less than the volume of injected grout. In sandy soils, solid 

particles clog the sand pore closely around the injection 

body, which prevent further solids permeation. Therefore, it 

can be assumed that the majority of the filtration is water 

during the pressure filtration, and then the calculation of 

grouting efficiency can be simplified as 

1
inj w outGB w out

F

inj inj inj

V VV V

V V V
 

 


    

 

(3) 

where Vw-out is the volume of fluid lost by pressure 

filtration. Generally, Vw-out increases with increasing 

permeability of soil, causing grouting efficiency to 

decrease. 

On this basis, Luca Masini et al. (2014) proposed an 

approach to calculate the compensation grouting efficiency. 

The pressure filtration process for compensation grouting is 

shown in Fig.1. If a grouting pressure pinj is applied to the 

initial slurry grout body with porosity ng, a part of the water 

will permeate into the soil from the grout. Finally, a region 

will be formed between the grout and the soil by 

accumulation of coarse grout particles, called filtered grout. 

In this process, the volume of the slurry grout VG(t) 

decreases with time, while the volume of the filtered slurry 

Vfg(t) keeps increasing continuously. Until the end, t=tf, all 

excess water seeps out of the slurry grout and then the 

whole slurry grout becomes the filtered grout. 

If the slurry grout solidifies completely and turns into 

filtered grout, the total volume of water flowing out of the  
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Fig. 2 Spherical model of grouting and pressure filtration 

(adapted from Masini et al. (2014)) 

 

 

Fig. 3 Grouth of grout bulb (adapted from El-Kelesh et 

al. (2001)) 

 

 

slurry grout is as follows: 

1

g fg

w out fg

g

n n
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(4) 

where ng and nfg are porosity of soil and permeable layer 

respectively. 

Derivation of time on both sides of Eq. (4) is as follows: 

1

g fg fgw out

g

n n dVdV

dt n dt







 

(5) 

The spherical model of the grouting process is shown in 

Fig. 2. With constant injection rate qinj, the grout body 

expands spherically from initial radius a0. And when 

grouting time reaches t, the radius of grout body will 

increase to ri and the thickness of filtered grout will 

increase to Lfg when time is t. According to the mass 

conservation and Darcy's law, the flow rate of pore water 

moving outward in the filtered grout can be written as 

follows: 

21
4w out

w

dV dp
Q k r

dt dr



  

 

(6) 

where γw is unit weight of water, r is the distance where 

pore pressure can be negligible and k is permeability 

coefficient. 

Assuming that the flow of water passing through the 

filtered grout is equal to the flow entering into the soil, 

integrate the Eq. (6) and the grout pressure pinj can be 

obtained, 

1 1 1 1
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(7) 

where L=r-ri, ri is the radius of the grout body at time t, and 

ks and kfg are the permeability coefficient of soil and the 

filtered grout respectively 

By Eq. (5) and Eq. (6) 
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4
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(8) 

and substituting Eq. (8) into Eq. (7) 

     

1

2

1 1fg g inj fg

g fg w s i ifg i i fgi fg
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dt n n k r r Lk r r Lr L



 
  

      

(9) 

where Lfg and ri are related to time t, whereas the remaining 

quantities are constants. And dLfg/dt can be derived from 

Eq. (9) and grouting efficiency ηF can be obtained. 

The calculation method of grouting efficiency proposed 

by Luca Masini et al. (2014) actually uses the volume of 

water flowing into the soil from the grout to replace the 

reduced volume of the grout in the soil, which is reasonable 

under the assumption. However, Luca Masini et al. (2014) 

noted in the paper that ri is related to time, but in the 

derivation, ri was treated as a constant. In the actual 

grouting process, from the initial moment, ri varies with 

time, injection pressure and the physical properties of the 

grout and soil. It means, during the grouting process, the 

pressure filtration and the grout bulb expansion occur 

simultaneously. 

 

2.1.2 Cavity expansion model 
Generally, the compaction grout bulb is modeled as an 

expanding spherical cavity in an isotropic elastic-plastic 

continuum. The surrounding soil behaves elastically until 

the onset of yield, which is determined by Mohr-Coulomb 

criterion. At the start of injection, the radius of the bulb, or 

cavity, is the drilling radius a0. With grout injection, the 

grout bulb radius expands in all the directions to ri and a 

spherical zone of radius Rp around the grout bulb pass into 

the state of plastic equilibrium (grouth of grout bulb is 

shown as follows). Beyond the elastoplastic interface, the 

soil remains in a state of elastic equilibrium. 

El-Kelesh et al. (2001) proposed a method for 

calculating the radius of grout body in compacting grouting. 

He indicated that at a certain depth, every suitable grouting 

pressure corresponds to a plastic zone radius and an 

extreme bulb radius. It means that the grout bulb radius will 

increase from the initial radius a0 to the ultimate radius Ru. 

Once Ru is attained, the grout will be difficult to be injected 

into soil, which leads the grout bulb will not expand further. 
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The calculation formula is as follows: 

44
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a0 is the drilling radius or initial cavity radius, a1, a2, a3, 

a4, and a5 are constants depending on the soil type and 

injection depth, q is initial isotropic ground stress and Ir is 

the stiffness coefficient which represents the ratio of shear 

modulus to initial shear strength, 

  2 1 tan
r

G E
I

S c q 
 

 
 

(16) 

In combination with Luca Masini’s model and Adel M. 

El-Kelesh’ thoeries, the pressure filtration process of the 

grout can be divided into two Stages during the whole 

grouting process. In the first Stage, the grout body radius ri 

keeps expanding from a0, meanwhile the filtration occurs 

and the water in the slurry grout permeate into surrounding 

soil, with the increasing of the filtered grout thickness. In 

the second Stage, when the grout body radius has reached 

Ru, calculated by Eq. (10), the injection will be stopped and 

the grout body radius will no longer increase. But Lfg will 

continue to increase until the filtration in the slurry grout is 

finished completely. 
 

2.2 Assumptions 
 

In order to simplify the calculation model, the following 

assumptions is proposed in this paper: 

• Bezuijen (2008) noted that compensation grouting can 

be considered as a process accompanied by compaction 

grouting and fracture grouting. Because the shape of grout 

body in facture grouting can’t be determined specifically, 

for the convenience of calculation, the compensation 

grouting is treated as compaction grouting and the grout 

body is assumed to be spherically diffused in the soil. 

• In sandy soils, as pressure filtration develops and 

water flows out from the grout, the grout body volume 

expands but is smaller than the injected volume. The 

injected volume is equal to the sum of the lost water volume 

and the expanding volume, which can be described as 

follows, 

34
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Then 
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(18) 

In the proposed improved model, the calculation of Vw-

out should depend on ri. Bring Eq. (18) into this model, the 

equation cannot be solved. Considering the sandy soils has 

good permeability, the water in grout will be lost in a short 

time after injection. For the convenience of calculation, it is 

assumed that, 
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where ηF(min) is the minimum grouting efficiency and VGB-

final is final volume of the grout body. 

Then 

 
3

min

3

4
i injF

r q t



 

(21) 

• During the pressure filtration, it is assumed that only 

water permeates into soil while solid particles do not 

permeate. 

• In the grouting process, the variation of some 

parameters such as porosity and permeability coefficient 

caused by soil compression is not be considered. It is 

assumed that these parameters are constant value. 

• The self-weight effect is negligible. 

• The slurry grout and the filtered grout remain fully 

saturated 
 

2.3 Solutions 
 

Stage I 

ri and Lfg vary with time t and dVfg1/dt in Eq. (5) can be 

expressed as follows: 

   
3

3 3
3

1

4

43
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and then Q can be expressed as follows: 
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Eq. (7) can be replaced as 
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where ri is expressed by Eq. (21). Luca Masini et al. (2014) 

noted that L=2ri in real condition. Substituting them into 

Eq.(27) 
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(28) 

and the thickness of filtered grout Lfg1 can be figured out. 

The volume of filtered grout in this stage is 

3 3

1 1

4
( )

3
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(29) 

Substituting Eq. (29) into Eq. (3), the grouting 

efficiency in this stage can be calculated as follows: 
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where ri can be substituted by Eq. (21). 

Stage II 

In the grouting process, ri keeps increasing until ri=Ru 

and then it will be equal to the constant Ru. But at this time, 

the pressure filtration of grout has not finished. Lfg will keep 

increasing with time. This stage starts at t0, which can be 

got by Eq. (19) and Eq. (21) as 
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where Ru is calculated by Eq. (10). 

From t0, dVfg/dt in Eq. (5) can be expressed as 
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and then Q can be expressed as 
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and substituting Eq. (22) into Eq. (23) 

   

1

2 2

2

22

1 1 2

3

fg g inj fg

g fg w s ufg u u fgu fg

dL n p L

dt n n k Rk R R LR L



 
  

      

(35) 

And then the thickness of filtered grout Lfg2 can be 

figured out by substituting Eq. (34) into Eq. (35). 

The volume of filtered grout in this stage is 

3 3
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4
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3
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(36) 

Substituting Eq. (3) and Eq. (4) into Eq. (22), the 

grouting efficiency in this stage can be calculated as 

follows: 
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3. Numerical simulation of the theoretical model 
 

Luca Masini et al. (2014) has done a model test and 

attained some data of grouting efficiency, but the model is 

1D while the proposed approach is 3D, which will make 

some severe differences in results comparison. Due to the 

lack of other relevant data, finite element analysis is used to 

verify the calculation result. 

The calculation parameters are shown in Table 1, 

selected from El-Kelesh et al. (2001) and Luca Masini et al. 

(2014). 

It can be attained that Ru=0.4423m and t0=1118s. It 

means that, with above parameters, the maximum radius of  
 

 

Table 1 Related material parameters 

Unit weight of soil 

γs(kg/m3) 

Deformation 

modulus 

E(MPa) 

Cohesion of soil 

c(MPa) 

Friction angle 

φ(o) 

16 981.645 0 34.6 

injection pressure 
pinj(kPa) 

injection rate 
qinj(m

3/s) 
initial radius 

a0(m) 

Permeability of 

soil 

ks(m/s) 

1200 44 10  
0.025 74.9 10  

permeability of 
the filtered grout 

kfg=2.5×10-7 

porosity of the 
slurry grout 

ng 

porosity of the 
filtered grout 

nfg 

Poisson ratio 

ν 

 
 

 

0.597 0.522 0.3 
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Fig. 4 The graph of ηF related to t 
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Fig. 5 Boundary conditions 

 

 

Fig. 6 Profile of the finite-element mesh 
 

 

grout body is about 0.4423 meters and it takes about 1118 

seconds to reach this value from the beginning. Therefore, 

Stage Ⅰ is 0 to 1118 seconds and Stage Ⅱ is 1118 seconds to 

the end when pressure filtration is finished. 

The thickness of filtered grout Lfg and the grouting 

efficiency ηF in two stages can be calculated after the Ru 

and t0 have been figured out. The graph of ηF varying with 

time is shown in Fig. 4. 

In the proposed approach, compensation grouting 

process is divided into two Stages. In Stage Ⅰ, the grout 

body keeps expanding and the water is flowing into soil 

from the grout. In Stage Ⅱ, the grout body will no longer 

increase but the pressure filtration is still going on. 

Therefore, Stage Ⅱ can be considered as the complex form 

of Stage Ⅰ, as their mechanism is the same. And if the 

rationality of StageⅠ has been verified, the verification of 

Stage Ⅱ will not need to be done. Thus, only Stage Ⅰ need 

to be verified. 

ABAQUS 6.14 is used to simulate the grouting and 

pressure filtration process.  

In the numerical analysis, a sphere cavity with radius of 

0.025 m is set in the center of cubic soil body (4 m×4 m×4 

m in length × width × thickness ). The six faces of the model 

are completely fixed and a pore pressure boundary 

condition (magnitude is equal to the injection pressure pinj) 

is set on the face of sphere hole. And the outer faces and the 

inner face were set to be drained. Additionally, on the inner 

 

Fig. 7 The displacement at initial time 

 

 

Fig. 8 The displacement at ending time 
 
 

surface, a radial displacement boundary condition 

(magnitude is 0.4423 m) with linear variation is adopted to 

simulate the process of grout propagation into the soil. The 

boundary condition of the model is shown in Fig. 5. The 

time of the analysis step is set from 0 to 1118 s, which is the 

time of Stage Ⅰ. The mesh size was set as 0.2m on the soil 

boundary and the mesh size on the inner sphere surface is 

set as 0.01m, as shown in Fig. 6. And the model is made of 

9024 linear hexahedral elements of type C3D8P. The 

material parameters in Table 1 are used in this finite-

element model. 

The profiles of cavity expansion at initial time and 

ending time are shown in Figs. 7 and 8, respectively. 

Taylor (1984) proposed that, in sandy soils, there is a 

relationship between permeability coefficient and void ratio 

as follows: 

2 2

1 2 1 2: :k k e e
 

(38) 

The permeability coefficient can be set to vary with the 

void ratio in ABAQUS. Therefore, the relation curve of k 

and e has been set in the model according to Eq. (38). Then 

the volume of fluid lost by pressure filtration (Vw-out) can be 

got and the grouting efficiency ηF has been figured out by 

Eq. (3). Fig. 9 shows the results comparison of the F.E. 

analysis and the proposed approach. 

In the proposed approach, the variation of the void ratio 

and the permeability coefficient of soil caused by  
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Fig. 9 The comparison of results between F.E. analysis  

and proposed approach 

 

 

compaction is not considered. In the F.E. analysis, it is 

difficult to simulate the complete injection process and the 

analysis is carried out by considering the variation of the 

void ratio and the permeability coefficient. There may be 

some deviations in the two ways. From the comparison in 

Fig. 9, it can be observed that the variation trends of the two 

ways are close and the most deviation is about only ±3%, 

which is acceptable. Therefore, the effectiveness of the 

proposed approach is validated. 
 

 

4. Parameters analysis 
 

In the model of pressure filtration described previously, 

the maximum grouting radius of compaction grouting will 

remain invariable when γs, φ, E, c, pinj and ν are constants. 

And then the following factors can affect the thickness of 

filtered grout and the grouting efficiency: 

• Injection pressure pinj and injection rate qinj. 

• Slurry grout porosity ng and filtered grout porosity nfg. 

• Soil permeability coefficient ks and filtered grout 

permeability coefficient kfg. 

Luca Masini et al. (2014) proposed that ng was 

determined by the content of cement and bentonite, nfg and 

kfg were determined by grout physical property (Water-

cement ratio w/c and bentonite-water ratio b/w) and 

injection process, and pinj was the key factor affecting nfg 

and kfg. The relationship of ng and nfg is as follows: 

1

1

fg

b

g inj

a

n

n p
a

p


 

 
   

(39) 

where pa is the atmosphere pressure, and a and b are the 

coefficient related to w/c, providing ng= nfg for pinj/pa=0 

 

4.1 ng and nfg 
 

From Eq. (20), it can be observed that the final grouting 

efficiency ηF(min) is only related to ng and nfg, showing in 

Fig. 10. 

 

Fig. 10 The relationship of ηF(min), ng and nfg 
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Fig. 11 The influence of ng on ηF when nfg=0.522 
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Fig. 12 The influence of nfg on ηF when ng=0.597 
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Fig. 13 The influence of ks on ηF when kfg=2.5×10-7m/s 
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Fig. 14 The influence of kfg on ηF when ks=4.9×10-7m/s 
 

 

The graphs of ηF varying with ng and nfg are shown in 

Figs. 11 and 12, respectively. 

Based on the calculation results, it can be observed that 

the final magnitude of ηF and its variation are determined by 

ng and nfg directly. The process of the pressure filtration will 

be longer with the increasing ng and the decreasing nfg. It 

means that the more magnitude of ng/nfg, the slower process 

of the pressure filtration. 
 

4.2 ks and kfg 
 

ηF is also affected by ks and kfg. The graphs of ηF varying 

with ks and kfg are shown in Figs.13 and14. 

Based on the calculation results, it can be observed that 

the pressure filtration is mainly affected by kfg and the 

variation of ks has little effect on the process of pressure 

infiltration. 

 

 

5. Conclusions 
 

In this paper, based on Darcy's law, regarding the radius 

of grout body in the grouting process as a function related 

to time, an improved approach to evaluate the compensation 

grouting efficiency is proposed, which can provide a new 

idea for considering the settlement in grouting process. The 

variation of grouting efficiency can be evaluated more 

accurately and it is significant to the application of 

compensation grouting to mitigate the settlement caused by 

tunnel excavation. 

However, the proposed approach cannot be used in all 

compaction grouting and can only be adopted in the 

situation when it’s aimed at compensating the surface 

settlement. Meanwhile, due to the various assumptions, for 

example, the variation of some parameters in grouting, like 

porosity n and permeability coefficient k, are not considered 

and the grout is not complete Newton fluid in actual 

situations, there is some deviation between calculated 

grouting efficiency and actual grouting efficiency, which is 

necessary to do further researched and discussions. 
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CC 

 

 

Notations 
 

ξ compensation grouting efficiency 

ηG geometry effect 

ηS soil compaction/consolidation 

ηF the grout filtration effect 

VSH volume of heave induced at the ground surface 

by the injection process 

Vinj volume of injected grout 

VGB volume of the grout body 

VGB-final final volume of the grout body 

VS increased soil volume due to grouting 

Vw-out volume of fluid lost by pressure filtration 

Vfg volume of filtered grout 

ng, nfg porosity of slurry grout and filtered grout, 

respectively 

Q flow rate of pore water moving outward in the 

filtered grout 

pinj injection pressure 

t grouting time 

γw unit weight of water 

r distance where pore pressure can be negligible 

k permeability coefficient 

ri radius of grout body at time t 

kg, kfg, ks permeability coefficient of slurry grout, filtered 

grout and soil, respectively 

Lfg thickness of filtered grout at time t 

a0 drilling radius or initial cavity radius 

a1, a2, a3, a4, a5 constants depending on the soil type and 

injection depth 

q initial isotropic ground stress 

Ir stiffness coefficient 

Ru ultimate radius of grout bulb 

E elastic modulus 

c cohesion of soil 

φ friction angle 

ν Poisson ratio 

qinj injection rate 
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