
Introduction

The grouting has been a widely used method to 
strengthen weak soil in geotechnical engineering (e.g. 
tunnel, dam, metro and foundation pit, etc.), in terms 
of fracturing, permeation, filling and compaction  

[1-6]. The essence of grouting process is that the cement 
grout is injected into soil under high grouting pressure 
to densify it, and then the cement grout will become  
a whole with soil after hardening [7-10]. In this way, the 
mechanical properties of soil could be enhanced.

Related to the evaluation of reinforcement effect 
in engineering applications, one of the core issues in 
soil grouting applications is to obtain the strength of 
soil after grouting [11-12]. However, the strength of 
hardened grout-soil consolidation involves not only the 
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Abstract

The grouting has been a widely used method to strengthen weak soil in geotechnical engineering, 
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experimental results show that the experimental values and theoretical values match to a certain extent. 
It is hoped that the strength calculation method could aid in the engineering applications of grouting.
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cement grout but also the soil, as shown in Fig. 1. Given 
that there are no mature quantitative methods at present, 
the strength of hardened grout-soil consolidation in 
engineering cases is usually estimated by experience 
[13-14], which is easy to result in large errors, and then 
affect the accurate evaluation of engineering quality. 
Therefore, the issue of strength calculation for hardened 
grout-soil consolidation should be received considerable 
attention.

Numerous studies have tested the strength of 
the hardened grout-soil consolidation by conducting 
simulation tests. Specifically, Hu et al. and Han et al. 
performed simulated grouting test in fractured rock 
mass and then obtained the uniaxial compressive 
strength of the rock mass after grouting [15-16], 
respectively. Cheng et al. carried out grouting field 
tests in the sedimentary layer to reveal the grouting 
reinforcement mechanism, as well as to obtain the 
strength of soil after grouting [17]. Besides, Yang et 
al. developed grouting tests in gravel to study the 
relationship between the compressive strength of 
consolidation body and the injection parameters, as well 
as the grout properties [18]. Furthermore, Zhang et al. 
performed fracturing grouting tests in fully weathered 
fault, and then the conclusions can be drawn that the 
uniaxial compressive strength of fault soil, and the 
cohesion of grout-soil interface after grouting can be 
increased by 181%~2535% and 93%~274%, respectively 
[19]. These studies contribute to better understand 
the grouting reinforcement mechanism, however, the 
experiments are developed under specific conditions, 
and the conclusions tend to be qualitative descriptions, 
which has limitations in application. 

To deal with the aforementioned problems, a few 
studies have focused on the quantitative strength 
calculation method of hardened grout-soil consolidation. 
Based on the skeleton support of hardened grout for soft 
clay, Qian et al. developed a composite model consisting 
of soft clay and hardened grout, which can be used to 
calculate the compression modulus of the consolidation 
body [20]. Furthermore, on basis of area equivalence 
principle, homogenization method and deformation 
harmonization principle, Guo et al. obtained the 

expression of the equivalent elastic parameters of the 
consolidation body after grouting [21-22]. These studies 
have initially realized quantitative strength calculation 
of the hardened grout-soil consolidation, however, they 
only considered the properties of soil and hardened 
grout, ignoring the characterization of the physical 
process of grouting. As mentioned above, the grouting 
strengthens the soil by injection and compaction under 
high pressure, then, the relationship between key 
grouting parameters (e.g. grouting pressure, injection 
rate and grout viscosity) and strength of the hardened 
grout-soil consolidation should be studied.

Based on the influence of key grouting parameters 
on the size of hardened grout, a quantitative strength 
calculation method of hardened grout-soil consolidation 
is developed in this study, which can reflect the influence 
of grouting pressure, injection rate, grout viscosity 
and other parameters on the strength of consolidation 
body. Therefore, comparison of theoretical values 
and experimental values are conducted to verify the 
suitability of this strength calculation method.

Methods

Assumptions

The following assumptions are made to simplify 
the calculation. According to the previously developed 
analytical model for grout propagation in soil [23], the 
width of hardened grout decreases along the diffusion 
direction. It is assumed that the width of hardened 
grout remains constant along the diffusion direction, 
which can be calculated by means of the integral 
mean value theorem. Besides, the viscosity of grout 
remains constant during the grouting process, without 
considering the change of grout viscosity with time. The 
soil and hardened grout are assumed to be isotropic, 
and the hardened grout-soil consolidation is assumed 
to be transversely isotropic. Furthermore, the hardened 
grout-soil consolidation follows the assumption that the 
strain is uniform and the stress is distributed according 
to the stiffness, without considering the change of the 
elastic parameters of soil due to the compaction of the 
injected grout.

Formula Derivation

A parameter that can characterize the equivalent 
injection ratio of grout in the soil, m, is defined in this 
study, which is equal to the ratio of the average width of 
hardened grout (b̄ ) to the length of soil unit (L), and it 
can be written as 

                              (1)

On basis of the previous study on the grout diffusion 
process in soil, the grout pressure, p, is axially applied 
to soil at the grout-soil interface within the range of D 

Fig. 1. The schematic diagram of hardened grout-soil 
consolidation.
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(grouting reinforcement range), which causes the soil to 
compress and deform, therefore, the stress-deformation 
relationship follows the hyperbolic model. At any 
diffusion distance, the width of hardened grout (b) is 
equal to the compressive deformation of soil (Δε), can 
be expressed as

( ) 3
0

3

= pb D D
A Bp A B

σε ε
σ

 
= − − + +      (2)

where ε = volumetric strains of soil; ε0 = initial 
volumetric strains of soil; A, B = coefficient; σ3= minor 
principal stress of soil.

Due to the loss of grout pressure, the width of 
hardened grout decreases gradually along the diffusion 
direction, therefore, the average width of hardened 
grout, b̄ , can be obtained by taking the integral mean 
value theorem of Eq. (2) from the injection hole to the 
maximum diffusion distance, and it is evaluated by

0

1=
p pb C Ddp

p A Bp
 

− + ∫
              (3)

Where C = σ3/(A+Bσ3). Besides, p is equal to the 
injection pressure at the injection hole, and then it 
decreases to 0 at the maximum diffusion distance.

Integrating Eq. (3) leads to
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Then, the average width of hardened grout (b̄ ) can 
be written as

( ) ( )
2
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=
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+ −
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       (5)

Introducing Eq. (5) into Eq. (1) leads to

      (6)

The coefficient, k, can be expressed as

                     (7)

Where n is the ratio of elastic modulus of soil to 
hardened grout.

Therefore, the strength calculation method developed 
by Guo et al. [20] can be improved as

 
(8)

Where E = elasticity modulus of the hardened grout-
soil consolidation; Es = compression modulus of soil; 
νs = Poisson's ratio of the soil; νg = Poisson's ratio of the 
hardened grout.

The above calculation method is based on the 
average width of hardened grout, and finally establishes 
the relationship between the grout pressure and the 
strength of the hardened grout-soil consolidation. 
Therefore, the following analysis concentrates on 
the influence of other key grouting parameters on the 
strength of the hardened grout-soil consolidation.

As obtained in previous studies [24], the relationship 
between grout diffusion distance (r) and width of 
hardened grout (b) can be expressed as

3
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π σ
µ

+ + + − =
           (9)

Where rmax = the maximum grout diffusion distance; 
μ = viscosity of the grout; q = injection rate of the grout.

Then, the relationship between the width of hardened 
grout and other key grouting parameters, e.g.  viscosity 
and injection rate of the grout, is established by Eq. (9), 
which can be expressed by

( , , )b f r qµ=                       (10)

By taking the integral mean value theorem of Eq. 
(10) from the injection hole to the maximum diffusion 
distance, b̄  can be evaluated by

max

max 0

1= ( , , )
r

b f r q dr
r

µ∫
                  (11)

Therefore, m can be written as

     (12)

Considering viscosity and injection rate of the grout, 
the formula of elastic parameters of the hardened grout-
soil consolidation can be changed to

 
(13)
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To sum up, the relationship between key grouting 
parameters and strength of the hardened grout-soil 
consolidation is established by Eq. (8) and Eq. (13).

Results and Discussion

Influence of Grout Pressure on Strength

The main aim of this paper is to study the 
relationship between key grouting parameters and 
strength of the hardened grout-soil consolidation.  
In engineering practice, the grouting reinforcement 
effect is usually controlled by adjusting these three 
parameters i.e. grouting pressure, injection rate and 
grout viscosity. Therefore, they are selected to study the 
effect of grouting parameters on strength.

By conducting laboratory tests, the elastic 
parameters of soil and hardened grout are tabulated in 
Table 1 [25], respectively.

Based on the calculation method developed above, 
the theoretical values of elastic parameters of the 
hardened grout-soil consolidation under different grout 
pressure have been obtained, and Fig. 2 shows the 
change in elastic modulus of the consolidation body 
with grout pressure. 

It can be concluded from Fig. 2 that higher grout 
pressure is beneficial to increase the elastic modulus 
of the consolidation body, e.g. when the grout pressure 

is selected as 100 kPa, the elastic modulus of the 
consolidation body after 7 days and 14 days are 6.77 MPa 
and 7.50 MPa, respectively, which are increased by 
126% and 249% compared to before grouting. This 
is mainly because within a certain range, the higher 
grout pressure results in greater soil compaction, which 
makes the hardened grout larger in size and plays  
a stronger role of skeleton support. Furthermore,  
the overall relationship between the grout pressure 
and the elastic modulus of the hardened grout-soil 
consolidation is nonlinear. With the gradual increase of 
the grout pressure, the increment of the elastic modulus 
of the consolidation body caused by the same grout 
pressure becomes smaller and smaller, which is because 
as the strength of soil gradually increases, the difficulty 
of compacting the soil with grout pressure continues to 
increase.

Fig. 3 shows that higher grout pressure tends to 
result in smaller Poisson's ratio of the hardened grout-
soil consolidation. Specifically, with the grout pressure 
selected to be 100 kPa, the Poisson's ratio of the 
consolidation body after 7 days and 14 days are 0.29 
and 0.27, and they are decreased by 29.3% and 34.4% 
compared with that without grouting, respectively. 
Besides, the grout pressure and the Poisson's ratio of 
the hardened grout-soil consolidation also show a non-
linear relationship. The decrease of the Poisson's ratio 
of the consolidation body caused by the same grout 
pressure gradually reduces with the increase of grout 
pressure, which is also due to the continuous increase 
in soil strength.

Influence of Grout viscosity on Strength

The relationship between grout viscosity and 
strength of the hardened grout-soil consolidation has 
also been studied, and the values of related parameters 
are tabulated in Table 2.

As shown in Fig. 4a), within a certain range, the 
greater the grout viscosity, the higher the elastic 

Table 1. Elastic parameters of soil and hardened grout.

Material Elasticity modulus 
(MPa) Poisson’s ratio

Soil 3 0.42

Hardened grout
420 (7d) 0.18

500 (14d) 0.16

Fig. 2. Change in elastic modulus of the hardened grout-soil 
consolidation with grout pressure.

Fig. 3. Change in Poisson’s ratio of the hardened grout-soil 
consolidation with grout pressure.
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grout, i.e. 1e-3 m3/s, 3e-3 m3/s, 5e-3 m3/s, are selected in 
this study. Therefore, the change in elastic parameters 
of the hardened grout-soil consolidation with injection 
rate is shown in Fig. 5. 

The calculations show that the elastic modulus 
of consolidation body increases with the increase 
of injection rate, e.g. when the injection rate of grout 
is increased from 1e-3 m3/s to 5e-3 m3/s, the elastic 
modulus of the consolidation body after 7 days is 
increased from 3.46 MPa to 3.88 MPa, which is 15.3% 
and 29.3% higher than that before grouting, and 14 
days later it can even increase by 18.3% and 35.0%, 
respectively. Besides, Fig. 5b) shows that the increase of 
injection rate will lead to the decrease of Poisson's ratio 
of the consolidation body. Specifically, as the injection 
rate increases from 1e-3 m3/s to 5e-3 m3/s, after 7 days 
and 14 days, the Poisson’s ratio decreases from 0.393 
to 0.373, and from 0.389 to 0.366, respectively. This 
is mainly because the high injection rate of grout is 
conducive to the formation of the large-size hardened 
grout to strengthen the soil more effectively. 

Comparison

Experiment Design

The experiment setup is made of high-strength 
welded steel, and it is sealed by screws and bolts to 

modulus of the hardened grout-soil consolidation. 
Specifically, as the grout viscosity increases from 
0.01 to 0.05, the elasticity modulus of consolidation 
body increases from 3.46 MPa to 3.69 MPa, which is 
increased by 15.3% and 23.0% compared with that 
before grouting, respectively. Besides, the elasticity 
modulus of consolidation body shows a more obvious 
strength growth trend, increasing from 3.55 MPa to 
3.82 MPa. It can be concluded from Fig. 4b) that larger 
grout viscosity tends to result in lower Poisson's ratio 
of the consolidation body, e.g. when the grout viscosity 
increases from 0.01 to 0.05, the Poisson's ratio of the 
consolidation body after 7 days decreases from 0.393 
to 0.382, and 14 days later it decreases from 0.389 to 
0.376. 

The mechanism of the influence of grout viscosity 
on the strength of consolidation body is analyzed 
as follows. The increase of grout viscosity tends to 
increase the viscous resistance of grout and decrease 
its fluidity, which results in that the grout diffusion 
distance decreases and the size of the hardened grout 
increases, in this way, the hardened grout can play  
a stronger role of skeleton support to strengthen the soil.

Influence of Injection Rate on Strength

The influence of injection rate on the strength 
of hardened grout-soil consolidation has also been 
obtained, and three representative injection rates of 

Table 2. values of related parameters involved in the calculation.

Compression modulus of 
soil Es (MPa)

Minor principal stress 
of soil 

σ3 (MPa)

Length of soil unit
L (m)

Grouting reinforcement 
range D (m)

Grout viscosity
μ (Pa·s)

Injection rate 
q (m3/s)

3 1 1 4

0.01

1e-30.03

0.05

Fig. 4. variation of elastic parameters of the hardened grout-soil consolidation with grout viscosity. a) Elasticity modulus,  
b) Poisson's ratio.
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realize grout injection under high pressure [12], which 
can reach up to 3 MPa. The thickness, inner diameter 
and height of the experiment setup are 25 mm, 184 mm 
and 400 mm, respectively. Besides, the grout injection 
also requires matching pipelines and grouting pump, 
and the sensors are placed inside the experiment setup 
to obtain pressure data during grouting. 

The above calculation method assumes that there 
is only one major fracture filled with hardened grout 

to strengthen the soil, and other small branch fractures 
are not considered in this study, therefore, this condition 
should be simulated in the experiment. The major 
fracture filled with hardened grout, with the inclination 
α of 0°, 45° and 90°, are induced in the soil, as shown 
in Fig. 7, and the reason for setting the inclination is to 
simulate the major fractures with different directions.

The properties of the soil used in this study are 
tabulated in Table 3. 

Fig. 5. Change in elastic parameters of the hardened grout-soil consolidation with injection rate. a) Elasticity modulus,  
b) Poisson's ratio.

Fig. 6. Experiment setup.

Fig. 7. Schematic diagram of induced major fracture in soil.
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Different grout viscosities and grout pressures are 
designed in the experiments to verify their influence 
on the strength of hardened grout-soil consolidation. 
Specifically, the change of grout viscosity is realized 
by adjusting the grout ratio, and three water-cement 
ratios, i.e. 0.8, 1 and 1.5, are selected in this study. 
Furthermore, the grout pressure can be changed by 
adjusting the injection pressure, which are selected as  
1 MPa, 1.5 MPa and 2 MPa. It should be emphasized 
that the grout pressure refers to the pressure that can 
drive the propagation of the fracture, and its value is 
equal to the residual value after that the injection 
pressure overcomes the minor principal stress of soil, 
pipeline pressure loss and grout viscous resistance, 
which can be measured by the sensors.

The manual grouting pump used in the experiment 
can control the grout injection rate by controlling the 
compression frequency, however, due to the small size 
of the experiment setup, the volume of grout that can be 
injected in a single experiment is limited. Furthermore, 
the experiment needs to inject a part of grout in 
advance to discharge the pipeline air, which makes it 
difficult to accurately control the grout injection rate. 
Therefore, this study does not consider the influence of 
grout injection rate.

Experimental Results and Analysis

The uniaxial compression tests were carried out on 
the grout-soil consolidation samples [20], e.g. the stress-
strain curve of sample 1 and sample 2 are shown in  
Fig. 8, therefore, the strength of the grout-soil 
consolidation can be obtained.

The grout pressure that can drive the propagation of 
fracture is measured as 37.2~74.5 kPa by use of sensors 
in this experiment. When the grout pressure is changed 
within this range, the experimental results show that the 
strength of grout-soil consolidation after grouting can be 
increased by 80.7%~173%. Besides, the change of grout 
viscosity is realized by adjusting the water-cement ratio 
in the range of 0.8 to 1.5, and then the grout viscosity 
decreases from 0.023 to 0.006. It can be concluded from 
experimental results that the strength of consolidation 
were increased by 53.8%~192% with the increase of 
grout viscosity. Because it is difficult to accurately 
control the grouting parameters in the experiment, there 
are some differences between the parameters selected 
in the experiment and theoretical calculation. However, 
the experimental values still verifies the suitability of 
the strength calculation method developed in this study 
to a certain extent.

Conclusions

This study mainly focuses on the quantitative 
strength calculation method of hardened grout-soil 
consolidation, and the following conclusions can be 
drawn.

(1) Based on that the width of hardened grout is equal 
to the compressive deformation of soil at any diffusion 
distance, a quantitative strength calculation method of 
hardened grout-soil consolidation is presented, which 
establishes the relationship between the key grouting 
parameters and the strength of the hardened grout-soil 
consolidation.

Fig. 8. Stress-strain curves of grout-soil consolidation samples: a) Sample 1 (α = 0°, W/C ratio = 0.8, p = 1 MPa); b) Sample 1 (α = 45°, 
W/C ratio = 0.8, p = 1.5 MPa).

Optimum moisture content (%) Maximum dry density (g·cm-3) Liquid limit (%) Plastic limit (%)

23.1 1.7 48.3 25.6

Table 3. Properties of the soil used in this study.
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(2) Higher grouting pressure, injection rate and 
grout viscosity tend to result in higher strength of 
the consolidation body, e.g. when the grout pressure 
is selected to be 100 kPa, the elastic modulus  
of the consolidation body after 7 days and 14 days are 
increased by 126% and 249% compared to that before 
grouting. 

(3) Different grout ratios (0.8, 1 and 1.5) and grout 
pressures (1 MPa, 1.5 MPa and 2 MPa) are designed in 
the experiments to verify the suitability of the strength 
calculation method. When the grout pressure is changed 
within this range, the experimental results show that 
the strength of grout-soil consolidation after grouting 
can be increased by 80.7%~173%. The strength of 
consolidation were increased by 53.8%~192% with the 
increase of grout viscosity from 0.006 to 0.023.
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