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Abstract

Traditional grouting technology only provides a bonding effect to surrounding rock fissures. Therefore, an expansion agent
was added to the grouting material to provide compressive stress to the rock mass to make it more stable. Based on Mohr—
Coulomb theory, the expression of the stress state of rock crack surface under different reinforcement methods and specimen
strength under biaxial compression were derived. The action mechanism of grouting reinforcement on improving the strength
of rock mass and the failure mode of rock mass after grouting are revealed. With the aid of the Digital Image Correlation
(DIC) technique and ABAQUS software, the biaxial compression test and numerical simulation of expansive slurry-inclined
layered rock mass composite (ESRC) with different contents of expansive agent were carried out, respectively. The results
show that the strength of slurry-rock mass composite is higher with the expansive slurry grouting as compared with the
regular slurry grouting. When the expansion agent contents are from 0 to 6%, the strength of the ESRC increased with an
increase in the expansion agent content, the failure of ESRC occurred in the component with the lowest strength first. When
there is little difference in strength between the weakest member and the sub-weak member, the failure occurred in these two
components, while there is large difference in strength, the failure only occurred in the weakest component.

Highlights

e Through theoretical derivation, the strength expression of composite rock mass under different grouting conditions is
obtained.

e The mechanism of grouting to improve the mechanical strength of rock mass is analyzed. And its failure mode is analyzed,
which is of great significance to judge the strength and failure mode of composite rock mass.

e The theoretical analysis and numerical simulation results are consistent with the lab test results, and the lab test results
show that expansive slurry can improve the strength of fractured rock mass better than regular slurry.
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1 Introduction

In underground rock mass engineering, steeply inclined lay-
ered rock masses are often encountered in roadways con-
struction (Zhou et al. 2019; Li et al. 2022), especially in
complex geological strata composed of interlayered rocks
and bedding planes that has transverse isotropy characters.
Due to the poor mechanical properties of bedding planes,
the strength and stiffness of transverse isotropic plane dif-
fers from those that are perpendicular in direction (Xu
et al. 2017), resulting in the instability of steeply layered
rock mass that causes a great challenge to the underground
engineering construction. Therefore, the key to the effective
support method in steeply inclined layered rock mass is the
reinforcement and improvement of bedding planes.

At present, grouting reinforcement technology is widely
used in the geotechnical engineering in steeply inclined rock
mass (Saeidia et al. 2013; Wang et al. 2019; Lee et al. 2020).
Grouting the bedding planes increases the friction and cohe-
sive force; thus, the weak interlayered rock is bonded as a
whole, and the overall stability of the rock mass is improved
(Gothaill and Stille 2009, 2010; Celik and Akcuru 2020).
The Portland cement is a traditional grouting material that
provides only bonding force to the joint rock mass but
not squeezing effect (unless grouting with high pressure).
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Furthermore, Portland cement undergoes dry shrinkage after
solidification, that may affect bonding performance (Panch-
matia et al. 2020; Zhang et al. 2020; Zhang and Scherer
2020).

Basically, rock strength is greater in a three-dimensional
stress state than in a one-dimensional stress state (Liu et al.
2020; Das and Singh 2020; Zhang et al. 2022). Therefore,
adding an appropriate amount of expansion agent into the
slurry will produce a certain volume expansion during the
bonding process. The expansion agent squeezes and com-
pacts the rock mass through its own volume expansion that
changes the stress state of the supported rock mass, and
improves the bearing capacity of the surrounding rock,
resulting in the improvement of grouting reinforcement
effect.

At present, many scholars have carried out grouting tests
with different grouting materials to study the mechanical
properties between slurry and rock mass after grouting rein-
forcement. Garcia Calvo et al. (2020) prepared expansive
slurry with ettringite and CaO as the raw materials, and
characterized the expansion and mechanical properties of
the slurry. Saeed et al. (2020) prepared expansive slurry with
carbon fiber polymer as the filling material of anchor rod,
and studied the bonding performance of filled anchor rod
through pull-out test. Chen et al. (2021) studied the influence
of geometry on the axial mechanical properties and failure
mode of slurry by preparing cylindrical and cubic samples.
The research showed that the strength of cubic samples was
higher than that of cylindrical samples. Zhao and Zhou
(2016) carried out experiment on rock samples with single
and double crack under grouting. Using uniaxial compres-
sion test, the variation law of the mechanical properties of
the samples was studied. It was found that grouting mainly
plays the role of transmitting stress and reducing stress
concentration at the separation tip and bridge area. Li et al.
(2020) studied the mechanical properties of grouting materi-
als using the shear test and numerical simulation. The results
showed that the damage started from the weakest part of the
material, and the improvement of the mechanical proper-
ties of grouting materials was useful to the reinforcement of
rock cracks. In addition, based on the above research, many
scholars further improved the grouting reinforcement effect
by applying pre-stress in the grouting process, such as the
bolt and grouting combined reinforcement method (Chen
et al. 2014; Zou and Zhang 2021).

After grouting, the rock mass and slurry form a composite
rock mass that influence the strength and failure modes by
the individual action of the rock mass and the slurry. Pre-
dicting the accuracy of the strength and failure mode of the
composite rock mass after grouting is a significant approach,
that reveals the reinforcement mechanism of grouting. The
Mohr—Coulomb criterion is widely used in the field of
rock mechanics (Shen et al. 2018; Si et al. 2019; Lepakshi
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and Venkatarama Reddy 2020) to predict the strength and
failure mode of the composite rock mass. Many scholars
have proven over the years its reliability and applicability
through several studies. In the pre-test, the failure mode
of ESRC material is mainly shear failure during the test,
which complies with the failure characteristics described
by Mohr—Coulomb criterion. Thus, the Mohr—Coulomb
criterion is selected as the criterion of ESRC. Wu et al.
(2019) estimated the horizontal stress of underground rock
mass using the Mohr—Coulomb criterion based on the limit
equilibrium condition, and verified the accuracy of the esti-
mated model through the field test results. Luo et al. (2020)
established the strength model of rock mass under the influ-
ence of compression shear characteristics and dip angle
using the combination test results of compression shear and
Mohr—Coulomb criterion, and revealed the mechanism of
rock material weakening by dip angle effect. In addition,
many scholars have studied the mechanical properties of
composite rock mass under different reinforcement methods
through theoretical derivation, laboratory test, and numeri-
cal simulation.

Based on the Mohr—Coulomb criterion, the grouting
reinforcement mechanism, the strength and failure mode of
ESRC after grouting are explored. Through laboratory test,
the prefabricated single fractured rock samples are taken
as the research objects. Cement and high-efficiency sound-
less crush agent are used as the raw materials to prepare the
expansive slurry to reinforce the fractured rock masses (Yao
et al. 2021a, b). The stress state of the samples is simulated
by biaxial compression test; combining the DIC technology
and numerical simulation, the strength, failure character-
istics, and displacement variation of ESRC samples with
different expansive agent contents are studied.

—> <

—> <
3

—> <

—> <

—> <

Fig. 1 Mechanical model of ESRC

2 Strength Criterion of ESRC

After injecting expansive slurry into the bedding plane of
steeply inclined layered rock mass, the slurry will produce
volume expansion on the bedding plane, and produce expan-
sion stress that restrains the rock mass. The stress state of
the rock mass will be improved under the joint action of the
bonding force of the slurry and the constraint stress of sur-
rounding rock.

The mechanical model of ESRC is shown in Fig. 1. The
bedding plane element is regarded as a crack. The crack dip
angle is 6, the cohesion of the crack surface is c,, and the
internal friction angle is ¢,. Assuming that the rock mass is
constrained by the maximum principal stress (¢,) and the
minimum principal stress (o), the stress along the crack
depth remains unchanged; thus, the stress state can be con-
sidered as plane stress state. After injecting the expansive
slurry, it will produce expansion stress (c,) to the bedding
plane.

According to the Saint Venant’s principle, when the
expansion stress is less than the constraint stress of the sur-
rounding rock mass, and the crack size is much smaller than
the size of the composite rock mass itself, the expansion
stress generated by the expansive slurry only acts near the
crack surface, while the constraint stress state of the rock
mass boundary is almost unchanged. As a result, basic
assumptions made for the rock are as follows. Except for
the bedding plane, the rock mass on both sides is isotropic
and homogeneous.

The strength of the above model is determined by the
minimum value of the crack surface and the rock mass
strength. Under the action of the same minimum principal
stress, when they reach the limit equilibrium state, the lower
corresponding maximum principal stress will cause rock’s
failure first. According to the mechanical equilibrium condi-
tions, the normal stress (o,) and the shear stress (z,) of the
crack surface can be calculated as follows.

1 1
0y = 5(0'1 +o03)+ 5(61 — 03)cos 20 @)

Ty = %(o-1 — 03)sin26 2)
Based on the Mohr—Coulomb criterion, the shear stress of

the crack surface meets the following equation.

Ty = Cy + Oy tan @, 3)

From Eqgs. (1)—(3), the expression of the crack surface
strength expressed by the maximum principal stress and the
minimum principal stress under Mohr—Coulomb criterion
can be obtained in the following equation.

@ Springer
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Fig.2 Stress state under differ-
ent reinforcement methods

a Without grouting

o 2(cy + 05 tan @, sin 20)

o1 = (1 — tan @, cot 0) sin 26 @)

The stress state of the rock mass crack surface is shown
in Fig. 2. The three conditions expressed are without rein-
forcement, regular slurry and expansive slurry reinforce-
ment, respectively.

Comparing the without grouting state (see Fig. 2(a)), with
the regular slurry grouting, the bonding force (7) caused by
the slurry condensation will be generated on the crack sur-
face (shown Fig. 2(b)). The bonding force is the force gener-
ated by the rock mass after being reinforced. It is opposite to
the direction of shear stress (z,) under the action of principal
stress. In addition, to the bonding force, the crack surface
is also subject to the expansion stress (¢,) and the increased
friction (4f) due to the increase of the normal force on the
crack surface after the expansive slurry grouting (shown
Fig. 2(c)). Therefore,

Af = po, 3)

The expressions of the normal stress (agy) and the shear
stress (rg‘*) on the crack surface under the reinforcement of
regular slurry grouting are as follows, respectively.

‘ 1 1
ol =0y = E(0-] +03) + 5(51 — 03)cos 20 ©6)
rs 1 1
7y = 5(0) —03)sin20 = T O

Similarly, the shear stress of the crack surface based on
the Mohr—Coulomb criterion satisfies

rs __ IS rs rs
Ty =Cp T 0, tang, ©))
From Egs. (6)-(8), the expression of crack surface
strength (o7*) after regular slurry grouting reinforcement
expressed by maximum principal stress and minimum prin-
cipal stress based on Mohr—Coulomb criterion is as follows.
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b Regular slurry

C Expansive slurry

" 2(cy +ostan gy sin20 + T)
'™ (1-tang cotd)sin26

®

Similarly, the expression of crack surface strength (67*)
expressed by maximum principal stress and minimum prin-
cipal stress after expansive slurry grouting reinforcement
based on Mohr Coulomb criterion is as follows.

o 2[cy’ + (038020 + 0,) tan @' + T + po,]

o= (1 — tan ¢¢' cot §) sin 20

10)

When the grouting crack has a certain width, the rock
mass reinforced by grouting can be regarded as a composite
rock mass sample with rock mass and slurry. When the rock
masses have the same properties on both sides, the mechani-
cal properties of the two sides of the slurry are the same.
Therefore, only one side of the rock mass is considered.

Both the slurry and the rock mass comply with the
Mohr—Coulomb criterion. The strength expressions of the
rock mass (o]) and the slurry (o}) expressed by maximum
principal stress and minimum principal stress are as follows.

1 + sin 2c, cos
of = ! P : r & @r (11
1 —sing, 1 —sin @,
~ 1+sin 2c¢. cos
o) = Prgr g TR s (12)
1 —sing, 1 —sing,

where ag s ag are the confining stress of rock mass and slurry
under compression. For expansive slurry, the confining
stress is the sum of the initial confining stress and the expan-
sion stress (05° = 03 = 05 + 0,).

According to the above analysis, the theoretical strength
of the composite rock mass is determined as shown in
Eq. (13).

Opsge = min(e?, o7, 6%) (13)

From Egs. (4), (9), (10), (11), (12), it can be found that
when the rock mass and slurry parameters are determined,



Strength and Failure Mode of Expansive Slurry-Inclined Layered Rock Mass Composite Based on...

the maximum principal stress (o) of the crack surface is a
function of the minimum principal stress (c3). Obviously, if
the minimum principal stress is constant, the relationship
between the three is [o]*[ > [o]"] > |af|. After expansive
slurry grouting, when the crack surface reaches the limit
equilibrium state, the value of the corresponding maximum
principal stress will increase as well as the overall strength.

3 Initial Failure Mode of ESRC

Obviously, the maximum principal stress (o,) of the rock
mass and the slurry is also a function of the minimum prin-
cipal stress (o3). When the minimum principal stress (o3) is
equal to 0, the uniaxial compressive strength (UCS) of the
crack surface, the rock mass, and the slurry are demonstrated
by Eqgs. (14)-(16), respectively.

o 2[62“' + (03 sin260 + 0,) tan (pg‘ + T+ uo,]
% T o= (1 — tan @ cot §) sin 26 (14)

, _ 2c.cosp,

c

c as)

T 1 —sing,

s 2c,c08 @

(o}
¢

" 1 —sing, (16)

af, o', o’ represent the uniaxial compressive strength of
the crack surface, the rock mass, and the slurry, respectively.

According to the first-order function relationship between
the maximum principal stress (o) and the minimum prin-
cipal stress (o3), the derivation of the minimum principal
stress is obtained. The slope of the minimum principal stress
of crack surface, rock mass, and slurry with respect to the

maximum principal stress is also obtained.

3683
3 daf 3 2tan @y 7
Ho= do, = (1 - tan gy cot) an
do; 1+sing
= _ 1 __T>" ¥
Hr= do; 1-sing, (18)
do]  1+sineg,
po=— = — (19)

_E_ 1 —sin @,

When Egs. (18) and (19) are included ¢,, ¢, € (0, %), U,
and yu, are always greater than 0. For steeply inclined layered
rock mass, (if satisfied this statement is not clear) § € (%, %);
therefore, sin 26 is greater than O and cot @ is less than 0.
When ¢’ € (0, %), tan @y’ is also greater than 0, and p is
always greater than 0. Then the minimum principal stress
corresponding to the above three is an increasing function
of the maximum principal stress.

Assumed that the minimum principal stress remains
unchanged during loading, and the mechanical properties
between the two cementation surfaces are the same. Accord-
ing to the above analysis, the strength of the composite rock
mass is related to the uniaxial compressive strength of its
components and the slope of the minimum principal stress
(03) with respect to the maximum principal stress(o).

The initial failure modes of ESRC are discussed as fol-
lows through the relationship between the components of
Egs. (14)—(19) corresponding to the uniaxial compressive
strength and the slope.

Failure occurs first along a single component, specifically
along the crack surface, in the rock mass, or the slurry.

The failure occurs first along any two components; thus,
simultaneous failure along the crack surface and rock mass,
simultaneous failure along the crack surface and through
slurry, or simultaneous failure along the rock mass and
slurry.

Fig.3 Strength relationship of g,
rock mass under the first failure A
of single component

"~ '_ r
Oy C,=0, + 1,05

A

O,

L 0,

a Initial failure along rock mass

O—l
A

s _ s
O0.10,=0, + U0,
—»0;

b Initial failure along crack surface

C Initial failure along slurry
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Fig.4 Simultaneous failure
along two components

U\

¢ Initial failure (slurry and crack surface)

Failure occurs simultaneously along or in the three
components.

The failure mode corresponding to Fig. 3 is that the fail-
ure occurs first along a single component. Taking Fig. 3(a)
as an example, the uniaxial compressive strength of the rock
mass will be the lowest of the three. Also, the slope of the
corresponding minimum principal stress with respect to the
maximum principal stress will be the lowest.

Figure 4 shows the simultaneous failure of ESRC along
two components in the rock, the crack surface or the slurry.
Taking Fig. 4(a) as an example, the uniaxial compression
strength of the crack surface is the highest. Also, the cor-
responding slope (u,) is the highest. At this time, the stress
on both sides is o3 = o}, and the corresponding confining
stress can be calculated by simultaneous Eqs. (11) and (12).
When the stress on both sides is less than or greater than ag ,
the rock mass will fail along the component with the low-
est strength. In the same way, the corresponding confining
stress can also be calculated when the ESRC samples fail
simultaneously along the rock interior and the crack surface,
and along the slurry interior and crack surface.

Figure 5 shows that the ESRC sample fails simultane-
ously along the rock mass, on the crack surface, and in the
slurry. In this situation, the corresponding confining stress

U\

Fig.5 Simultaneous failure along rock mass, fracture surface, and
slurry
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is calculated by the simultaneous Egs. (4), (11), and (12).
When the stress on both sides is less than or greater than o7,
the ESRC will have a single component failure mode along
the component with the lowest strength.

4 Biaxial Compression Test and Numerical
Simulation

Based on the above theoretical derivations, the laboratory
test and numerical simulation methods are applied to study
the strength change law and failure characteristics of the
samples under different grouting conditions. The specific
test scheme is as follows.

4.1 Experiment Scheme of Lab Test

The raw materials for preparing the rock mass sample
include cement and quartz sand. The materials for preparing
the expansive slurry include cement, expansive agent, and
accelerator. The crack inclination of the sample is 75° and
the crack width is 6 mm. To realistically simulate the bed-
ding surface, the crack contour is generated by random func-
tion, and the roughness is 1.14. The crack mold was made
by 3D printing technology. The size of each square mold is
100 100x 100 mm. The expansive slurry with expansion
agent content of 0%, 3%, 6%, and 9% was selected.

A membrane stress sensor was installed on the side
wall of the mold before the slurry was poured to test the
binding force of the samples under the action of grouting
reinforcement. To ensure that the samples were always in a
constrained state during the curing process, the experimen-
tal setup was not removed until the sample grouting was
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Table 1 Mechanical parameters of sample

Type (UCS) /MPa Cohesion /MPa Internal fric-
tion angle /°
Rock mass 18.20 4.42 38.21
Regular slurry (0%) 23.64 5.84 37.24
Expansive slurry (3%) 21.59 5.46 34.13
Expansive slurry (6%) 18.97 5.07 2991
Expansive slurry (9%) 12.14 3.71 24.80

complete for the loading test. The biaxial compression test
was carried out after the specimen was cured.

In addition, according to the mechanical parameters of
the rock mass and the slurry, the corresponding rock mass
samples and slurry samples were prepared. The mechanical
parameters of the rock mass and the slurry measured after
curing are shown in Table 1.

4.2 Samples Preparation

(1) Mold preparation
First, the cleaned iron mold was fixed, a release agent
was applied, and the 3D printed mold on the iron mold
was installed to form a combined mold. The prefabri-
cated crack spacer was inserted into the clamping slot
of the mold and was weighed.
(2) Crack samples
The raw materials were prepared according to their
proportions and was poured into the mold. It was then
shaken on the shaking table for 30 s to ensure the flat-
ness and the uniformity of the sample surface. The
spacer was taken when the sample reached the initial
setting state. The mold was then disassembled after
72 h. The samples were placed into a 20 °C constant
temperature curing box for curing for 7d.

(3) Slurry injection

Fig.6 Lab test process

When the curing time of the samples was complete, the
paired samples were placed back into the square model and
it was ensured that the they were stuck to the side wall of
the mold on the side opposite to the crack. The expansive
slurry was then injected into the crack. Before the grouting,
a thin-film stress sensor was installed on the side wall of the
mold to test the expansion stress of the sample in the mold.
To distinguish the slurry and the rock sample, a little red
pigment that does not react with the slurry raw materials was
mixed with the expansive slurry during preparation.

4.3 Biaxial Compression

When the grouting curing time was complete, the cured
samples were prepared into speckle samples, and the dis-
placement change characteristics of the samples during the
loading failure process were monitored by DIC system. The
loading system was YZW-30A microcomputer that is con-
trolled by electronic rock direct shear instrument, and it has
a load displacement control. The loading rate is 0.02 mm/
min. A basic confining stress (1 MPa) was applied to all
the samples. Also, an additional confining stress was added
according to the expansion stress ¢, of each sample. When
the confining stress of the sample was stable, the axial load-
ing and the DIC system were started at the same time. The
lab test process is shown in Fig. 6.

4.4 Numerical Simulation

The numerical simulation method is used as a compari-
son between theoretical and experimental methods. The
ABAQUS software whose operation is based on the finite
element method was used to conduct the numerical simula-
tion. A size of 100 X 100 mm square dimension was used as
the calculation model of the ESRC sample. The Mohr—Cou-
lomb criterion and the plane strain (CPE4R) element were
selected. A cohesive element was embedded at one of the
two crack surfaces to define the tangential shear strength
behavior and also simulate the bonding force of the slurry.

Confini
S pressu
d P®
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b <— Table 3 Mechanical parameters of fractured rock sample and crack
- < surface after grouting
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Fig.7 Numerical simulation model

When the shear stress reaches the shear strength, the element
will break and fail.

The boundary condition was consistent with the biaxial
compression test. The horizontal displacement (U,) of the
left boundary and the vertical displacement (U,) of the bot-
tom boundary were limited. The constraint stress that was
consistent with the test was applied on the right side, and the
linear displacement loading was applied on the upper side.
The material parameters of the model are shown below. The
numerical model is shown in Fig. 7.

5 Test Results
5.1 Strength Characteristics

Some ESRC samples were prepared to test the expansion
stress and the mechanical parameters of the crack surface
after grouting. The expansion stress of the samples with
different expansive agent contents is shown in Table 2.

To test their shear strength, the cohesion and the internal
friction angle with the different expansive agent contents,
the shear test was carried out on the fractured rock sample
and the grouted sample to test the mechanical parameters of
the samples. The o, is also concerned in the shear test which
is added to the confining stress, as shown in Table 3.

According to the difference between the shear strength of
the fractured rock sample and the grouted sample, the bond-
ing force (T) value generated by the slurry was 3.38 MPa.
Assuming that the bonding force of the regular slurry and
the expansive slurry was the same, the friction coefficient of
crack surface is equal to 0.34 calculated by Eq. (10).

The mechanical parameters of the rock mass, the slurry,
and the crack surface in Tables 1 and 3 are substituted
into Egs. (10)—(13) for calculation. The results obtained by
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Type Shear Cohesion /Mpa  Internal fric-
strength / tion angle /°
Mpa

Fractured rock sam-  2.14 - 22.12

ple (no slurry)

Crack surface (0%)  5.52 4.56 32.61

Crack surface 3%)  5.61 4.65 37.43

Crack surface (6%) 5.73 4.83 39.94

Crack surface (9%)  5.53 3.84 35.75

theoretical calculation, experiment and numerical simula-
tion are shown in Fig. 8.

As shown in Fig. 8, the minimum strength of the three
components is the theoretical strength of the sample. When
the expansive agent was 0-6%, the strength of the sample
increased with the increase in the expansive agent content.
When the expansion agent was 9%, the strength of the sam-
ple decreased obviously, because of the strength decrease of
expansive slurry with higher expansion agent. It shows that
when the expansive agent increased to a certain value, the
strength of the slurry was low, resulting in the reduction of
the overall strength of the rock mass.

When the expansion agent was 0%, 3%, 6%, and 9%, the
relative errors between the theoretical calculation strength
and the lab test strength of the ESRC samples were 5.70%,
4.81%, 9.40%, and 17.83%, respectively. Also, the relative
errors between the numerical simulation strength and the
lab test strength were 4.50%, 2.77%, 11.34%, and 9.33%.
Because of the weak strength of the slurry itself, the samples
with 9% expansion agent content recorded the highest error
among the others. The theoretical calculation, the lab test,
and the numerical simulation strength are well in agreement
with each other, which shows the correctness and effective-
ness of this research.

Figure 9 shows the axial stress contour when the model
failed. When the expansive agent was 0%, 3%, 6%, 9%,
the maximum stress was distributed at the crack surface,
the crack surface, the slurry and rock mass, and the slurry,
respectively. It can be seen from Fig. § that when the expan-
sion agent was 6%, the test strength of the ESRC sample
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Fig.8 Theoretical strength, test strength, and calculation strength

was greater than the other three components. This shows
that an appropriate expansion stress of the expansion slurry
can improve the strength of the fractured rock mass. This is
consistent with the results of the maximum stress distribu-
tion of the slurry and the rock mass when the sample failed
in the numerical model.

Fig.9 The axial stress contour 5,522
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5.2 Analysis of Typical Stress—Strain Curves

The typical stress—strain curves of the ESRC samples with
the expansion agent contents of 0%, 3%, 6%, 9% are shown
in Fig. 10.

From Fig. 10, the compaction phase, the elastic deforma-
tion phase, the plastic yield phase, and the post-peak failure
phase of the ESRC samples are different, due to the differ-
ences of the expansive agent contents.

When the expansive agent was low, the linear elastic-
ity phenomenon was not clear. It was relatively gentle after
loading to a certain extent, and then started increasing. For
the samples with high expansive agent, a clear linear elastic-
ity was seen and lasted for a longer period of time.

When the expansive agent contents were 3% and 6%,
there were multiple peaks in the yield phase. Also, when
the expansion agents were 0% and 9%, the yield phase of
the samples was relatively gentle.

When the expansive agent contents were 3% and 6%, the
strength of the samples decreased rapidly after reaching
the peak strength, and the brittleness characteristics were
clear, but the bearing capacity was weak. When the expan-
sive agent contents were 0% and 9%, the strength decreased
slowly after reaching the peak strength, and the post-peak-
bearing capacity was stronger.

When the expansion agent content was 0%, the ductility
characteristics were clear after reaching the peak strength.
When the expansion agent contents were 3% and 6%, due to
the effect of the expansion stress, the internal compactness

s, 522
+2.007e+01|
+1.128e+01
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-8.541e
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of the sample was better than the regular slurry, showing a
clear brittleness characteristic. When the expansive agent
was 9%, the bearing capacity and compactness of the slurry
were weaker than lowering the expansion agent contents and
the samples showed ductility characteristics after reaching
the peak strength.

To sum it up, the strength of the ESRC samples is
6% >3% > 0% >9%. Although the slurry with 9% expan-
sion agent content has the highest expansion stress, but the
overall strength of the ESRC sample is the lowest. It shows
that the expansive slurry with higher expansive agent con-
tent may generate higher expansion stress but has weaker
strength of itself, which may be unbeneficial for the strength
improvement of ESRC samples.

5.3 Failure Mode

The failure characteristics of the ESRC samples differ with
different expansion agent contents. According to the strength
of the ESRC samples and initial failure mode, the weakest
component determines the initial failure section. Different
expansion agent contents in the crack rock mass causes dif-
ferent expansion pressure, that leads to the differences in
the strength of rock, the slurry, and the crack surface. The
strength of each component and the determination of the
initial failure component are calculated according to Eqgs.
(10)—(13), as shown in Table 4.

To further reveal the details of the deformation evolution
during loading, the axial displacement and the final failure
mode under different deformation states were observed. In
ABAQUS, equivalent plastic strain (PEEQ) is a cumulative
value that describes the increase in plastic deformation of a
material. When PEEQ is greater than 0, it indicates that the
material has failed. The results are shown in Fig. 11.

In the middle and the late stage of the elastic deforma-
tion phase (point 2, Fig. 11), the component with the low-
est strength produced more displacement first, which was
quite different from the surrounding components. The cracks
appeared first at these places during the continuous loading.
As shown in Fig. 11, the expansion agent contents were 0%
and 3%, the samples first produced more displacement at
the crack surface. When the expansion agent contents were
6% and 9%, the samples produced more displacement in
the slurry first. When a large displacement occurs at a com-
ponent, it indicates that there is a tendency of failure, and
this is completely consistent with the theoretical calculation
results.

The test strength was greater than the theoretical strength.
The reason is that, after the weakest component was dam-
aged, the crack at the component was tightly closed by the
confining pressure on both sides. When the bearing capac-
ity of the other components is strong, the samples also will

Table 4 Determination of

failure mode Expansion Components Theoretical calculation  Lab test strength Initial failure component
agent (%) strength /MPa /MPa
0 Rock 18.20 18.41 Crack surface
Crack surface 17.36
Slurry 24.55
3 Rock 19.81 19.53 Crack surface
Crack surface 19.15
Slurry 22.07
6 Rock 20.66 21.06 Slurry
Crack surface 20.50
Slurry 19.08
9 Rock 21.59 16.93 Slurry
Crack surface 18.50
Slurry 13.18
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have a certain bearing capacity. When the strength difference
between the weakest component and other components is too
high, the component will damage severely, and the samples
will damage directly along the component.

The results show that the strength relationship of the
rock mass, the slurry, and the crack surface is the main
factor affecting the deformation and failure of the ESRC.
The strength of the rock mass and the slurry determined
the bearing capacity of the two parts of the ESRC. Due to
the differences in the expansive agents, the compactness of
the rock mass and the shear strength of the crack surface
were also different. When the expansive agent content was
low, the failure mode was mainly affected by the crack
surface and the rock mass. With the increase in the expan-
sive agent content, the failure mode was mainly affected
by the slurry.

The axial displacement under different phases final failure
mode of ESRC samples can be seen in Fig. 12

In Fig. 12 0%-1, 0%-2, and 0%-3 represent the com-
paction phase, elastic deformation phase, and post-peak
failure phase of the samples with 0% expansion agent
content, respectively. The state in the stress—strain curve
is shown in points 1-3 in Fig. 10. It can be seen in Fig. 12
that the samples with 3% and 6% expansive agent contents
exhibited more displacement at the boundary at the early
stage of the compaction phase. The crack surface was
affected by the expansion stress, and the internal com-
pactness was slightly better than those at the boundary. In
the compaction phase, after more displacement occurred
at the boundary, the confining force decreased, and the
loading device compensated it to the set value. When the
sample boundary was pressed again, more displacement
occurred.

In the middle and late stage of the elastic deformation
phase, when the expansive agent contents were 0% and

DIC-6%

Numerical-9%

Numerical-6%

3%, the maximum displacement of the sample appeared
at the crack surface. When the expansion agent contents
were 6% and 9%, the maximum displacement appeared
at the slurry. This is completely consistent with the judg-
ment made in Table 4.

When the expansive agent contents were 0% and 3%,
the samples finally failed along the crack surface and the
rock mass, and the rock mass failed severely. After the
crack surface was damaged, the crack surface and the
rock mass were continuously closed on both sides under
the action of pressure to form a support. The failure of
the rock mass with the weakest strength led to the gen-
eral instability of the samples. When the expansion agent
contents were 6% and 9%, the samples failed along the
slurry and the rock mass. Due to the weak strength of the
slurry, with the progress of loading, the slurry completely
penetrates while the rock is still relatively complete. The
damage of the sample is caused by the slurry.

When the expansive agent contents were 0% and 3%,
the PEEQ was concentrated in the rock mass, and when
the expansive agent contents were 6% and 9%, the PEEQ
was mainly concentrated in the slurry. This is consistent
with the experiment results.

The above result shows that when the samples reached
the middle and late stage of the elastic deformation phase
under biaxial compression, the component with the weak-
est strength produced more displacement and began to
deform first. The crack at the weakest component was
tightly closed by the confining pressure on both sides,
and the sample continued to be loaded. During the load-
ing progress, the component with the weaker strength
continued to deform and produced more displacement.
When the strength difference between the weakest and
weaker components was low (crack surface (0%) and rock
mass (3%)), the samples eventually failed along the two
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Fig. 12 Axial displacement under different phases and the final failure form

components. When the strength difference between the
weakest and the other components was high, the compo-
nent damaged severely, leading to the general instability
failure of the sample.

Figure 12 shows that the failure mode of the ESRC
samples from the lab test and the numerical simulation
are also well in agreement with each other.

6 Conclusion

The theoretical analysis, the biaxial compression lab test,
and numerical simulation were carried out for the expan-
sive slurry grouted rock samples under different expansion
stress. Based on the Mohr—Coulomb criterion, the stress
expressions of rock mass without grouting, regular slurry
grouting, and expansive slurry grouting were deduced in
limit equilibrium state. The conclusions have been sum-
marized as following.

(1) Expansive slurry grouting reinforcement can improve
the compressive strength of the fractured rock mass.
Compared with regular slurry, when the expansive
agent contents were 3% and 6%, the strength of the
ESRC samples increased by 6.08% and 12.58%, respec-
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tively. The reinforcement mechanism is that the stress
state of the slurry—rock bond surface changes because
of the confining stress produced by expansive agent,
and the maximum principal stress of the rock mass that
reached the limit equilibrium state is higher than that
of the rock mass without grouting and regular slurry.
The failure condition of the samples indicates that the
weakest component failed first. When the strength
difference between the weakest and the second weak-
est component was low, the final failure may occur in
these two components. When the weakest component
was lower than the other components, the specimen
eventually failed directly along the weakest component.
The theoretical calculation strength and failure mode
of ESRC samples were well in agreement with the lab
test and numerical simulation results of those.

With the increase of the content of expansion agent,
the expansion stress increases, which was favora-
ble to improve the strength of the crack surface, but
its strength was relatively low reducing the overall
strength of the composite sample. To ensure that the
expansive slurry produces great expansion stress with
well strength, it is necessary to carry out relevant
research on improving the strength of the slurry with
high expansive agent content. In addition, the strength
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of the rock mass was close to the slurry, the grouting
reinforcement effect to the slurry and rock with high
strength difference will be carried out in the future
study.
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