
Introduction

The large-scale tunnel construction in China is 
developing rapidly, and the tunnel excavation usually 
exposes unfavorable geology, e.g. weak rock masses, 
which is easy to induce mud inrush, and then it will 

result in irreversible damage to the environment  
[1-3]. To deal with it, the grouting method, in terms 
of fracturing grouting, permeation grouting, filling 
grouting and compaction grouting, has been widely 
used to enhance the mechanical properties of weak rock 
masses in tunneling engineering [4, 5]. Among them, 
fracturing grouting will be the dominant process [6], 
when grout injections are conducted in the ground with 
low permeability, such as soil. Driven by high pressure, 
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Abstract

Grouting is an effective method to strengthen weak rock mass in tunnel engineering to prevent and 
control mud inrush disaster. The hardened grout-rock consolidation involves not only the properties of 
hardened grout, but also that of weak rock masses. As a transition region between them, the grout-rock 
interface determines the overall strength, then the shear properties of which was investigated in this 
study. The gushed mud from engineering project and a kind of Portland cement grout were selected as 
raw materials. A test system that can apply high injection pressure was developed to simulate the actual 
generation environment of grout-rock interface. By using it, two sets of samples with three different 
water-to-cement (W/C) ratios: 0.8, 1 and 1.5; and three different injection pressures: 1 MPa, 1.5 MPa 
and 2 MPa were prepared. After that, the direct shear test and SEM test were conducted to study the 
properties of grout-rock interface. The results show that lower W/C ratio and higher injection pressure 
can result in larger cohesive strength as well as internal friction angle of samples. When W/C ratio was 
decreased from 1.5 to 0.8, the former increased from 171.95 kPa to 251.55 kPa, and the latter rose from 
32.31° to 41.71°. Also, they increased by 73.59 % and 17.64 %, respectively, with injection pressure 
ranging from 1 MPa to 2 MPa. It is hoped that the data provided will aid in the design of grouting with 
this material in the future.
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grouts are injected into ground to create fractures [7], 
and then to densify and combine with ground. In this 
way, the strength of ground can be improved. Therefore, 
one of the core issues in grouting applications is to 
select suitable grouting material [8]. Because of high 
strength, good injectability, excellent durability and 
low cost, the cement-based grout has become the most 
commonly used grouting material in the past decades 
[9].

In order to assist in assessing the effectiveness of this 
ground treatment, the properties of cement-based grout 
has been one of the most interesting areas of research in 
grouting materials. For example, Varga et al. evaluated 
the grout-concrete interface bond performance by 
performing a dimensional stability study [10]. Chen 
et al. conducted triaxial tests to investigate the shear 
behaviors of a modified Portland cement grout with 
two different water-to-cement (W/C) ratios [11]. In the 
shape of small scale cylinders, Jorne et al. studied the 
injectability of grouts in 11 kinds of porous media with 
different characteristics along the height of injection 
[12]. Li et al. measured the rheological and mechanical 
properties of 6 kinds of MC grouts, and 2 kinds of 
ordinary Portland cements [13]. Although all these 
studies mentioned above contribute to better understand 
the properties of cement-based grout, they only focused 
on the grout itself, including bond performance, shear 
behaviors, injectability, rheological and mechanical 
properties. 

As a matter of fact, the ground improvement 
involves not only the properties of grout, but also that 
of weak rock masses. That’s to say, it is the strength of 
combination of hardened grout and weak rock masses 
that directly determines the effectiveness of this ground 
treatment. In this regard, Shahu et al. studied the fly 
ash content, dolime content, and curing period on the 
shear strength of copper slag-fly ash-dolime mix [14]. 
Yang et al. investigated the effect of cement content on 
shear strength of soil-cement [15]. However, a variety of 
materials were mixed together under no pressure, which 
is different from grouting process with high injection 
pressure. Salimian et al., Hu et al. and Han et al. 
experimentally investigated the mechanical properties 
of fractured rock masses both before and after grout 
injection [16-18], respectively. They innovatively studied 
the strength of combination of hardened grout and weak 
rock masses, however, as a combination, the transition 
region between two materials was ignored.

Zhang et al. conducted a series of grouting simulation 
tests in soil to study the strength improvement caused 
by grouting [19]. Specifically, based on the results of 
uniaxial compression tests, it was reported that the 
strength of combination of hardened grout and soil can 
increase by 181 % to 2535 % after grouting. Meanwhile, 
it was found that the interfaces between hardened grout 
and weak rock masses (grout-rock interface) controlled 
the compression failure process of specimens. This 
is mainly because that the hardened grout and rock 
masses have obviously different mechanical properties, 

and then they tend to show inconsistent deformation 
characteristics when stressed. Thus, as a transition 
region between hardened grout and rock masses, it’s 
the interface that determines the overall strength.  
The issue of interface properties should therefore 
receive considerable critical attention.

In order to overcome the aforementioned problems, 
this study focuses on the shear properties of grout-
rock interface. First, a test system that can apply high 
injection pressure was developed to simulate the actual 
generation environment of grout-rock interface. Then, 
two sets of samples with three different water-to-cement 
(W/C) ratios and three different injection pressures were 
prepared. 

Material and Methods

Raw Materials

Yonglian tunnel, located on highway from Ji’an 
City to Lian’hua City, in Jiangxi Province, China, 
suffered multiple accidents such as collapse and mud 
inrush during the construction process [20, 21]. The 
tunnel runs through a total of three faults, one of 
which is the main cause of geological disasters, then 
this fault was named fault-2, which is composed of 
highly weathered sandstone and shale with extremely 
low strength and permeability. Due to high content of 
montmorillonite, it can turn into gushed mud under the 
action of water. With the plasticity index of 22.3, the 
gushed mud can be classified as clay with small particle 
size. When grouting method was used to improve the 
properties of surrounding rock, it was found that the 
kind of fracturing grouting was the dominant process, 
furthermore, there were obvious interfaces between 
grouts and weak rock masses. Thus, the gushed mud in 
Yonglian tunnel was selected as a representative of weak 
rock masses in this study, with the optimum moisture 
content of 23.1 % and the maximum dry density of  
1700 kg·m-3. Furthermore, according to the soil test 
results, its liquid limit and plastic limit can reach 48.3 
% and 25.6 % [22], respectively. A kind of ordinary 
Portland cement grout, produced by Sunnsy Group, is 
selected in this study. This is because it has been widely 
used in grouting engineering, also in Yonglian tunnel.

Sample Preparation

A well-known fact is that grout is usually injected 
into weak rock masses in the high injection pressure 
condition in practice [23, 24], thus the process of 
sample preparation should be under similar condition. 
To realize it, a test system consisting of cylindrical 
grouting device and parameter-controlled grout 
pumping equipment, was developed. As shown in Fig. 1, 
the cylindrical grouting device is made of high-
strength steel, which has a high injection pressure 
bearing capacity. Then, six screws are designed to 
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tighten the cylindrical grouting device. Furthermore, 
the rubber pads and glass glue were used to seal the 
contact surface between the cavity and the top plate. 
In this way, the cylindrical grouting device can realize 
grouting under high injection pressure conditions, 
which can be up to 3 MPa. On this basis, by adopting 
the same grouting materials, grouting technology and 
weak rock masses as engineering practice, the actual 
generation environment of grout-rock interface can be 
simulated. Fig. 1 illustrates the detailed structure of 
grouting device where gushed mud filling and grout 
injection conducted, with a height of 0.4 m and an inner 
diameter of 0.184 m. 

In order to get flatter grout-rock interfaces, the 
structural planes with a thickness of 1×10-3 m to 2×10-3 m
were preseted inside the samples before grouting, 
controlling the direction of fractures. The principle 
of determining the thickness of the structural planes 
is to reduce the disturbance of the soil and technical 
achievability. After grouting, the combination of 

hardened grout and gushed mud was firstly jacked out 
of cylindrical grouting device, as shown in Fig. 2, and 
the volume of injected grout varies from 2 L to 3 L. 
Then, the grout-rock interface samples were obtained 
by using cutting ring with an inner diameter of  
6.18×10-2 m and a thickness of 2×10-2 m, and Fig. 3 
presents the process of sample preparation. After that, 
the samples were cured in indoor temperature of around 
20ºC for 7 days.

Test Array

Previous studies show that injection pressure 
and water-to-cement (W/C) ratios are the two of the 
most important parameters of grouting [25], directly 
determining the mechanical properties improvement 
of weak rock masses. Therefore, this study focuses on 
the effect of the above-mentioned two factors on shear 
properties of grout-rock interface, and then two sets 
of grouting tests were arranged. Table 1 tabulates that 
three W/C ratios: 0.8, 1 and 1.5 were selected to prepare 
samples under the same injection pressure of 1 MPa. 
Similarly, three injection pressures: 1 MPa, 1.5 MPa 
and 2 MPa were applied during grout injection process 
under the same W/C ratio of 1.

Direct Shear Test

This study mainly focuses on the shear properties 
of grout-rock interface. A self-control direct shear 
apparatus, consisting of stepping motor, vertical force 
application device, force sensor, shear displacement 
sensor and data acquisition system, was developed  
to meet the requirements of carrying out a large number 
of shear tests, as shown in Fig. 4. This apparatus  

Fig. 1. Structure of cylindrical grouting device.

Fig. 2. Photo of samples after grouting.
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is able to realize that the shear rate ranges from  
3.3×10-7 m/s to 4×10-5 m/s, and the maximum shear 
force can reach 5×103 N. Furthermore, by using sensors 
and data acquisition system, the real-time shear stress-
strain curves of samples can be recorded automatically 
during the test. Each test was replicated three times and 
the average values were selected as the final results.

Results and Discussion

Shear Properties of Grout-Rock Interface 
with Different W/C Ratios

During the test, the shear rate was kept a constant 
value of 1 mm/min. Fig. 5a) presents the shear stress-
strain curves of sample 1 when a series of vertical 
stresses (σ): 100 kPa, 200 kPa, 300 kPa, and 400 kPa 
were applied. It can be seen that the stress increases 
rapidly with displacement in the initial stage until it 
reaches a maximum value. Then, there is a gradual 
decrease of the shear stress to a roughly stable residual 
value. Apparently, the samples generally show ductile 
behaviors in the shear process. Specifically, when the 
vertical stress is increased from 100 kPa to 400 kPa, 
the peak stresses can increase by 22.7%, 20.03% 
and 20.54%, respectively, with the corresponding 

displacements ranging from 1.67×10-3 m to 2.97×10-3 m.
It can also be seen that the curves are not very regular. 
This is because the grout-rock interface may be not 
flat but curved, and not exactly coincident with the 
shear plane, that is to say, the grout-rock interface here 
actually refers to a bond zone, not a straight line. Thus, 
there may be small changes in the shear performance of 
sample along the shear path.

Using the same method, the shear stress-strain 
curves of sample 2 and sample 3 in different vertical 
stresses conditions were also acquired, as shown in 
Fig. 5b) and Fig. 5c). It can be found that the maximum 
stresses of the former are 301.65 kPa, 366.5 kPa, 
440.37 kPa and 534.53 kPa, and that of the latter  
can reach 241.83 kPa, 388.4 kPa, 552.93 kPa and  
752.17 kPa, respectively. Furthermore, both of them 
show the similar ductile behaviors to sample 1.

Based on the shear strength of grout-rock interface 
in different vertical stresses conditions, the Mohr-
coulomb law was used to obtain the cohesive strength 
and internal friction angle [26], as tabulated in Table 2. 
Therefore, the direct shear strength of grout-rock 
interface with W/C ratios of 0.8, 1 and 1.5 can be 
expressed as Eq. (1), Eq. (2) and Eq. (3), respectively.

Fig. 3. Diagram of sample preparation process.

Test array Trial 
number

Injection pressure 
(MPa) w/c ratio

First set

Sample 1

1

0.8

Sample 2 1

Sample 3 1.5

Second set

Sample 4 1

1Sample 5 1.5

Sample 6 2

Table 1. Two sets of grouting tests.

Fig. 4. Assembling of the self-control direct shear apparatus.
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                              =0.89 +251.55τ σ                         (1)

                              =0.77 +217.74τ σ                         (2)

=0.63 +171.95τ σ                          (3) 

where, τ = shear strength of grout-rock interface, kPa;  
σ = vertical stress, kPa.

After that, the cohesive strength - W/C ratio 
relationship and internal friction angle - W/C ratio 
relationship were plotted as Fig. 6. It can be seen that 
when injection pressure was kept constant, the W/C 
ratio has a significant effect on both cohesive strength 
and internal friction angle of samples. Specifically, 
when W/C ratio decreased from 1.5 to 1, the cohesive 
strength increases from 171.95 kPa to 217.74 kPa, and 
the internal friction angle rises from 32.31° to 37.69°. 
Also, the cohesive strength and internal friction angle 
can increase by 15.53 % and 16.65 %, respectively, 
with W/C ratio ranging from 1 to 0.8. Thus, it can be 
concluded that low W/C ratio can significantly increase 
the cohesive strength and internal friction angle of 
grout-rock interface. 

Moreover, it is noted that the cohesive strength 
and internal friction angle of samples before grouting 
are 31.05 kPa and 19.6°, i.e. they increased by 453.78%  
to 710.14%, and 64.85% to 112.81%, respectively, due 
to the injection of grout with W/C ration ranging from 
1.5 to 0.8. Obviously, grouting is an effective method  
to improve the properties of samples.

Fig. 5. Shear stress-strain curves of sample with different W/C 
ratios.

Fig. 6. Cohesive strength and internal friction angle of samples 
in different W/C ratio conditions.

Trial number
Shear strength (kPa) Cohesive trength

(kPa)
Internal friction angle

(°)p = 100 kPa p = 200 kPa p = 300 kPa p = 400 kPa

Sample 1 346.58 425.26 510.45 615.32 251.55 41.71

Sample 2 301.65 366.5 440.37 534.53 217.74 37.69

Sample 3 241.83 388.4 552.93 752.17 171.95 32.31

Table 2. Results of the first set of tests.
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Shear Properties of Grout-Rock Interface 
with Different Injection Pressures

Using the same method, the shear properties of 
grout-rock interface in different injection pressure 
conditions were also investigated. The shear stress-
strain curves of samples with injection pressures of 
1 MPa, 1.5 MPa and 2 MPa and a same W/C ratio of 
1, are presented in Fig. 5b) (sample 2 and sample 4),  
Fig. 7a) (sample 5) and Fig. 7b) (sample 6), respectively.

Also, they all show significantly ductile behaviors in 
the shear process. First, the stress increases rapidly to 
a peak, and then gradually decreases to a stable value, 
as shown in Table 3. For example, as the vertical stress 

increases from 100 kPa to 400 kPa, the maximum 
stresses of sample 5 can increase by 18.73% ~ 19.80%, 
with the corresponding displacements ranging from 
3.05×10-3 m to 4.31×10-3 m. While when injection 
pressure ranged from 1.5 MPa to 2 MPa, the maximum 
stresses of sample 6 can increase by 23.27 %, 22.28%, 
19.84 % and 17.08%, respectively. Thus, higher injection 
pressure results in larger shear stress.

Based on the Mohr-coulomb law, the cohesive 
strength and internal friction angle of grout-rock 
interface in different injection pressure conditions were 
also acquired, as shown in Table 3. Hence, the direct 
shear strength of grout-rock interface with injection 
pressures of 1 MPa, 1.5 MPa and 2 MPa can be 
calculated with Eq. (4), Eq. (5) and Eq. (6), respectively.

                            =0.77 +217.74τ σ                               (4)

                            =0.90 +291.86τ σ                               (5)

                            =0.98 +377.98τ σ                                (6)

where, τ = shear strength of grout-rock interface, kPa;  
σ = vertical stress, kPa.

In addition, the influence of injection pressure 
on cohesive strength and internal friction angle were 
studied, as plotted in Fig. 8. It is obviously shown that 
higher injection pressure can result in larger cohesive 
strength and internal friction angle. Specifically, when 

Trial number
Shear strength (kPa) Cohesive strength

(kPa)
Internal friction angle

(°)p = 100 kPa p = 200 kPa p = 300 kPa p = 400 kPa

Sample 4 301.65 366.5 440.37 534.53 217.74 37.69

Sample 5 390.23 465.77 552.99 662.5 291.86 42.11

Sample 6 481.04 569.54 662.7 775.67 377.98 44.34

Table 3. Results of the second set of tests.

Fig. 7. Shear stress-strain curves of sample with different 
injection pressures.

Fig. 8. Cohesive strength and internal friction angle of samples 
in different injection pressure conditions.
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injection pressure ranged from 1 MPa to 1.5 MPa,  
the cohesive strength increases from 217.74 kPa to 
291.86 kPa, and the internal friction angle rises from 
37.69° to 42.11°. Furthermore, the cohesive strength 
and internal friction angle can increase by 29.51% and 
5.30%, respectively, with injection pressure ranging 
from 1.5 MPa to 2 MPa. When injection pressure 
ranged from 1 MPa to 2 MPa, the cohesive strength 
and internal friction angle of samples after grouting 
can increased by 601.26% to 1117.33 %, and 92.30% 
to 126.22%, respectively. After that, conclusions can 
be drawn that not only cohesive strength but also 
internal friction angle can be increased due to the rise 
of injection pressure.

Conclusions

This paper aims at investigating on the shear 
properties of grout-rock interface by carrying out direct 
shear test. Based on the results obtained, the following 
conclusions can be made.

1. The gushed mud from fault-2 in Yonglian 
tunnel, which suffered multiple accidents such as 
collapse and mud inrush during the construction 
process, and a kind of Portland cement grout were 
selected as raw materials in this study. The raw 
materials are consistent with the engineering site, which 
increases the reliability of test results.

2. In order to simulate the actual generation 
environment of grout-rock interface, a test system 
consisting of cylindrical grouting device and parameter-
controlled grout pumping equipment, was developed. 
This test system can realize the formation of grout-rock 
interface under high pressure conditions, which changes 
the situation that the previous study was carried out 
under no pressure.

3. Structural planes with a thickness of 1×10-3 m
to 2×10-3 m were preseted inside the samples 
before grouting to get flatter grout-rock interfaces. 
However, there is no previous study on the properties  
of grout-rock interface. Therefore, it can be concluded 
that low W/C ratio and high injection pressure  
can significantly increase the cohesive strength and 
internal friction angle of grout-rock interface, which 
could aid in the design of grouting with this material  
in the future.
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