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EXPERIMENTAL STUDY ON TRIAXIAL COMPRESSION MECHANICAL PROPERTIES
OF GROUTING REINFORCEMENT OF BROKEN SURROUNDING ROCK

Grouting is a widely used method of reinforcement for stabilising fractured surrounding rock.
To investigate the triaxial compression behaviour of surrounding rock after grouting reinforcement,
laboratory-prepared grouted specimens were subjected to triaxial compression tests using an RMT-150B
testing system. The analysis focused on the effects of confining stress, particle size, and water-to-cement
ratio on the stress-strain behaviour. The internal friction angle and cohesion were determined based on
the Mohr-Coulomb criterion. The variations in strain at peak stress and the elastic modulus were clari-
fied, and the failure modes of the grouted specimens were examined. Additionally, Kendall’s correlation
analysis was employed to evaluate the relationship between confining stress and other parameters. The
results indicate that increasing confining stress significantly enhances the load-bearing capacity of the
surrounding rock. The optimal rock particle gradation was observed when the particle size ranged be-
tween 5-10 mm, yielding the highest compressive capacity. Conversely, increasing the water-to-cement
ratio reduced the strength of the specimens. Among the analysed factors, confining stress exhibited the
strongest correlation with peak stress.
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1. Introduction

Discontinuous planes are typically randomly distributed within the rock mass. However,
in specific areas such as fault fracture zones, the distribution density of these discontinuous
planes is significantly higher. Coupled with the loading and unloading effects induced by un-
derground mining activities, secondary fractures frequently develop, leading to the abnormal
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fracturing of roadway surrounding rock. To ensure the stability of fractured surrounding rock,
grouting reinforcement is commonly employed to enhance its load-bearing capacity [1]. After
grouting, the surrounding rock is subjected to three-dimensional stress loading (Fig. 1). In the
Fig. 1, o, is the vertical stress, o, and g, are the horizontal stress. In this paper, the conventional
triaxial test is carried out, and it is considered that o, and o, are equal. Grouting reinforcement
involves injecting cement slurry or chemical slurry into the gaps between rock blocks to en-
hance the cementation strength between them, thereby improving the load-bearing capacity of
the surrounding rock. The bearing performance of surrounding rock after grouting holds great
engineering significance for the optimisation of grouting parameters.
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Fig. 1. Schematic diagram of grouting reinforcement of broken surrounding rock

Scholars have carried out systematic research on the mechanical properties of fractured
rock mass. In 1979, J.C. Jaeger and N.J.W. Cook [2] first proposed the single structural plane
theory, used two Mohr-Coulomb formulas to describe the shear failure of intact rock and along
the structural plane, respectively, and established the strength model of the fractured rock mass.
T. Ramamurthy and V.K. Aron [3] established the nonlinear failure criterion of rock mass and put
forward the first empirical formula suitable for determining the strength of single fracture rock
mass. M. Singh and B. Singh [4] concluded that when the fracture dip angle is 30°, 45° and 60°,
the deformation of fractured rock mass is mainly due to the permanent deformation caused by
the sliding of rock block along the fracture surface, and the elastic theory is no longer suitable.
Tang et al. [5] studied the stress-strain curve, mechanical parameters and failure mode of single
fracture low-strength rock samples with different dip angles and lengths. Zhou et al. [6] prepared
cuboid crack specimens by mixing high-strength gypsum with water, and studied the strength,
crack distribution, crack incubation and evolution law and plate cracking formation mechanism
of crack specimens under unilateral limited compression. Wang et al. [7] takes sandy mudstone
rock specimens with different numbers and opening cracks as the research object, the strength,
deformation and failure characteristics of low-strength rock specimens are analysed. Yang et al.
[8-10] systematically studied the crack expansion process of red sandstone fissure samples on
the strength and deformation parameters. The above research focuses on the impact of cracks
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on the strength and deformation characteristics of the surrounding rock, but the grouting effect
has not been considered.

In recent years, research on grouting materials has been gradually deepened. In addition
to the application of cement-based materials, organic grouting materials have many fruitful re-
search results [11-14]. However, due to the high price of organic grouting materials and the high
requirements for production conditions, cement-based grouting materials are still the dominant
materials used in mines at this stage [15-20].

In situ coring is difficult due to the cutting of the structural plane, with the artificial split-
ting method often used to prepare fractures [21-23]. Although this method can obtain fractures,
it is only a single fracture, and the development form of fractures is difficult to reflect the actual
situation of rock during failure, with clear artificial traces. Therefore, rock particles were used for
research. Zhang et al. [24] made coal particles with particle sizes less than 3 mm, then cemented
them with superfine cement (SC) and aluminium cement (AC), and self-developed polymer foam
(PF) growing material, made specimens, carried out uniaxial compression tests, and analysed
their mechanical properties. Pan et al. [25-28] analysed the influence of particle size and water
cement ratio on the uniaxial compressive strength of the sample and the anchorage performance
with parameters of broken rock grouting. Dong et al. [29] studied the mechanical properties
and instability mechanism of large-scale grouting specimens under different parameters. Wang
et al. [30] investigated the effects of different particle sizes and different water-to-cement ratios
on the void characteristics and mechanical properties of the broken surrounding rock grouting
body. Fenget al. [31] selected broken rock mass of distinct particle sizes and injected different
concentrations of cement slurry, explored the mechanical bearing mechanism of broken sur-
rounding rock grouting and solid based on acoustic emission monitoring and DIC deformation
measurement technology, and established the constitutive model of grouting and solid bearing
capacity of broken surrounding rock. Wu et al. examined the effect of grouting reinforcement on
the bearing capacity of fissured rock masses. The strength and deformation characteristics of the
rock mass reinforced by grouting under different loading modes are analysed. Wanget al. [33]
simulated the mechanical characteristics of the surrounding rock in the reclaimed rock mass. Tanet
al. [34] used the discrete element method (DEM) numerical model to study the effect of particle
size and arrangement on the macroscopic tensile strength of rock samples. A. Kilic [35] studied
the influence of water-to-cement ratio and other factors on the pullout force of bolt by labora-
tory test. Mahdi Moosavi [36] carried out the direct shear tests of Portland cement consolidation
of water-to-cement ratio 0.4 and 0.5, and analyzed the characteristics of consolidation strength
under different confining pressures. M. Axelsson [37] conducted a research on the coagulation
mechanism and diffusion performance of cement slurry under different water-to-cement ratios.

Existing studies have significantly promoted the development of grouting reinforcement of
fractured surrounding rock, but the stability of rock particles cemented with cement slurry still needs
to be further studied, especially the mechanical analysis under triaxial compression. The engineer-
ing rock mass is usually in a triaxial compressive stress state, and the intermediate principal stress
can enhance the strength. It is safe to consider the strength under confining stress as the strength
of all minimum principal stresses. Therefore, the conventional triaxial strength criterion based
on the confining stress test of cylindrical specimens is often used in engineering design [38-41].

In this study, rock blocks with varying particle sizes were used as the base material to
prepare grouted specimens. Triaxial compression tests were conducted using the RMT-150B
testing machine to analyse the variation in stress-strain behaviour, strength parameters, strain at
peak stress, and elastic modulus under different confining stresses, water-to-cement ratios, and
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particle sizes. Furthermore, the deformation and failure characteristics of the grouted specimens
were thoroughly analysed. The findings of this research provide a theoretical foundation for the
scientific optimisation of grouting parameters in fractured surrounding rock.

2. Test introduction

2.1. Test samples and equipment

The mineral particles are selected from the rock cores taken from the 34 mining areas of
Qinan Coal Mine in Huaibei mining area (Fig. 2), and the lithology is mudstone. Firstly, the rock
blocks obtained from coring are broken manually, and then the rock particles with different par-
ticle sizes are screened by a standard rock screen. During fabrication, water, mudstone particles,
and cement were thoroughly mixed in the mold. During specimen fabrication, water, mudstone
particles, and cement were proportioned at a mass ratio of 0.5/0.75:0.5:1. The density of all
specimens was controlled within the range of 2.4-2.6 g/cm?. The mudstone used in the experi-
ments exhibited an average uniaxial compressive strength of 64.14 MPa and an elastic modulus
of 18.57 GPa. The mixture was then poured into the mold and allowed to solidify, followed by
30 days of water spray curing. After the 30-day curing period, the demolding process was initi-
ated. Subsequently, the ends of the specimens were cut and ground to ensure the parallelism error
between the upper and lower end faces <0.05 mm and the flatness of the upper and lower end
faces <0.02 mm. After being fabricated into standard specimens, they were stored under natural
conditions for 5 days prior to testing (Fig. 3).
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Fig. 2. The core location Fig. 3. Workflow of grouting specimens
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2.2. Test equipment and scheme

The RMT-150B rock mechanics test system (Fig. 4) is adopted to carry out the triaxial
compression test. The equipment is servo-controlled. The maximum output force of the vertical
hydraulic cylinder is 1000 kN, and the maximum confining stress is 50 MPa.

Multiple groups of tests were designed and conducted to compare and analyse the effects of
particle size, confining stress, and water-to-cement ratio on the strength of grouted specimens.

In the triaxial compression test, two water-to-cement ratios were used: 0.5:1 and 0.75:1.
The particle sizes of the mineral particles were set at three ranges: 2.5-5 mm, 5-10 mm, and
10-20 mm. The confining stress was divided into two categories: five groups of low confin-
ing stress tests ranging from 1 MPa to 5 MPa and three groups of high confining stress tests at
11 MPa, 13 MPa, and 15 MPa. To minimize data scatter in test results, triplicate experiments
were conducted for each test group. Outliers were identified and removed, with valid data sub-
sequently selected for analysis.

The loading process consisted of two steps: 1. The confining stress was applied to the preset
value at a uniform loading rate, ensuring that pressures in both directions were synchronised in
the pre-loading stage. 2. After maintaining the confining stress at a constant level, the axial load
was applied using force control mode at a rate of 0.05 MPa/s until the specimen failed in the
loading failure stage. The detailed test loading path is illustrated in Fig. 5.
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Fig. 5. Test loading path

Fig. 4. Test equipment

2. Stress-strain relationship discussion

From an overall perspective, the triaxial compression stress-strain curves of the grouted
specimens (Fig. 6, Fig. 7, and Fig. 8) can be categorized into two distinct types. The first type
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exhibits a rising section, followed by a falling section and stabilisation, displaying particularly
brittle characteristics in the post-peak stage. The second type shows no brittle drop in the post-
peak stage but instead features a stress plateau, indicating ductile behaviour in the post-peak
stage. The rising section before the peak is consistent across all specimens and can be divided
into three stages: a nonlinear increase (fracture compaction), a linear increase (elastic stage),
and another nonlinear increase (yield stage). The effects of confining stress, particle size, and
water-to-cement ratio on the stress-strain curves are analysed in detail.

Fig. 6 illustrates the stress-strain curves of grouted specimens with a water-to-cement ratio
of 0.5 and particle sizes of 2.5-5 mm under varying confining stresses. As the confining stress
increases, the rising section of the stress-strain curve becomes progressively steeper, and the peak
stress increases correspondingly. When the confining stress is below 4 MPa, the curve exhibits
strain-softening behaviour. However, when the confining stress reaches 4 MPa, the post-peak
stage demonstrates ductile characteristics, indicating that 4 MPa represents the transition stress
from brittleness to ductility.

The deformation and failure of the specimen under axial compression — whether by splitting
or shearing — are driven by tensile or shear stresses resulting from the applied compressive stress.
Confining stress effectively suppresses radial deformation and delays the instability caused by
the continuous expansion of deformation. When the transition stress is reached, the specimen
can sustain stress at a relatively stable level. Below the transition stress, strain softening takes
place; however, above that level, ductility becomes the dominant factor.
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Fig. 6. Stress-strain curves under different confining stress

Additionally, Fig. 6 shows that under uniaxial compression, the stress-strain curve fluctu-
ates around the peak. This fluctuation is attributed to the instantaneous fracture of certain rock
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particles within the specimen or the sudden sliding between cement and rock particles as axial
pressure increases. Higher confining stress significantly enhances shear resistance and sliding
stability at the contact interfaces between rock particles and cement. As a result, these instantane-
ous deformations are suppressed, and the stress-strain curve becomes smoother overall.

Particle size is another critical factor influencing the performance of grouted specimens.
Taking the stress-strain curve with a water-to-cement ratio of 0.5 as an example (Fig. 7), the
notation “2.5-5-1" in the legend represents a particle size of 2.5-5 mm and a confining stress of
1 MPa, with similar notation for other conditions. Three confining stress levels — 1 MPa, 5 MPa,
and 13 MPa — were selected for analysis, and the nine stress-strain curves were grouped into
three categories based on confining stress.

When the confining stress is 1 MPa, the rising section of the stress-strain curve for speci-
mens with a particle size of 2.5-5 mm is the slowest, while the increasing section for specimens
with a particle size of 5-10 mm is the steepest. Correspondingly, the peak stress of the 5-10 mm
particle size is significantly higher than that of other particle sizes. A similar trend is observed
under confining stresses of 5 MPa and 13 MPa, where specimens with intermediate particle sizes
exhibit higher strength and elastic modulus than small or large particle sizes. As can be seen
from Fig. 7, under a confining stess of 1 MPa, the peak strains for small-, medium-, and large-
particle-sized specimens are 8.7x107, 5.7x1073, 5.1x1073, respectively, indicating that larger
particle sizes result in smaller pre-peak deformations. This phenomenon may be attributed to
the greater initial crack density in smaller particles, where crack closure during loading induces
additional deformation. Notably, the peak strains of medium- and large-particle-sized specimens
exhibit close proximity. For specimens undergoing brittle failure under 5 MPa confining stress,
the peak strains are 11.1x107> (large-particle) and 10.5x10> (medium-particle), demonstrating
a consistent trend with the observations at I MPa confining pressure.
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Fig. 7. Stress-strain curves of different particle sizes
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This behaviour can be explained as follows: for small particle sizes, the cement slurry
fills the rock particle gaps more uniformly, resulting in better structural integrity. However, the
friction between particles is low, leading to reduced resistance to deformation and, thus, lower
strength and elastic modulus. With larger particle sizes, the gaps between rock particles increase,
allowing the cement slurry to occupy more space. Since the cement slurry has low strength, the
overall strength and elastic modulus of large-particle grouted specimens remain relatively low.
Specimens with intermediate particle sizes provide the best balance between structural integrity
and particle friction, resulting in superior strength and elastic modulus.

Regarding deformation behaviour, when the confining stress is 1 MPa, specimens with
different particle sizes exhibit brittle deformation and failure. At 13 MPa, all specimens exhibit
ductile characteristics. At 5 MPa, specimens with intermediate and large particle sizes show brit-
tle behaviour, while those with small particle sizes display ductile behaviour. This indicates that
smaller particle sizes correspond to lower transition stresses from brittle to ductile behaviour.

The water-to-cement ratio is set at 0.5 and 0.75, with a particle size of 2.5-5 mm. The confin-
ing stresses are 1 MPa, 3 MPa, and 5 MPa for comparative analysis, resulting in six stress-strain
curves, which are grouped into three categories (Fig. 8). The arrow in the figure indicates the
change in the water-to-cement ratio from 0.5 to 0.75 under the same confining stress.

When the water-to-cement ratio increases from 0.5 to 0.75, the peak stress and elastic
modulus of the specimens decrease significantly. This reduction is attributed to the higher water
content causing segregation between the cement slurry and water, at the same time, high water-
to-cement ratio will make the specimen produce more pores, thereby lowering the strength of
the cement slurry. Furthermore, at a confining stress of 3 MPa, strain softening is observed after
the peak for specimens with a water-to-cement ratio of 0.5. However, when the ratio increases
to 0.75, the post-peak behaviour transitions to ductile, indicating that a higher water-to-cement
ratio reduces the transformation stress from brittle to ductile behaviour.
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Fig. 8. Stress-strain of different water-to-cement ratio
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3. Strength characteristics

3.1. Variation law of internal friction angle and cohesion

281

According to the Mohr-Coulomb criterion, the relationship between the principal stresses is
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Where: o and o3 are the maximum and minimum principal stresses, respectively, (MPa); ¢ is the
internal friction angle, (°); ¢ is cohesion, (MPa).

From the above formula, it can be observed that the maximum principal stress is linearly
related to the minimum principal stress. When plotted on a graph (Fig. 9), the relationship can

be fitted using a linear function, allowing the coefficient to be determined.

The internal friction angle ¢ and cohesion ¢ are then determined as:
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Fig. 9. Strength fitting curve under different water-to-cement ratio

(b) water-to-cement ratio: 0.75

According to the test results, the strength results under different particle sizes, different
water-to-cement ratio and different confining pressures are shown in TABLE 1 and TABLE 2.
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It should be noted that when the water-to-cement ratio is 0.5, the confining pressure data of
2 MPa and 4 MPa under the particle size of 10-20 mm are obviously abnormal, so they are not
involved in the fitting. The high confining pressure test was not carried out when the water-to-
cement ratio was 0.75.

TABLE 1

Different confining pressure and particle size strength (water-to-cement ratio 0.5)

Confining stress/MPa 1 2 3 4 5 11 13 15

2.5-5mm | 27.66 | 30.28 | 33.71 | 33.30 | 38.07 | 67.25 | 66.87 | 74.16
Strength/MPa | 5-10mm | 41.04 | 38.30 | 49.54 | 4838 | 50.11 | 56.65 | 75.14 | 65.66
10-20 mm | 29.45 — 39.85 — 51.30 | 53.24 | 65.79 | 71.84

TABLE 2

Different confining pressure and particle size strength (water-to-cement ratio 0.75)

Confining stress/MPa 1 2 3 4 5
2.5-5 mm 18.54 19.93 23.10 26.42 28.32
Strength/MPa | 5-10 mm 18.86 23.81 26.82 29.22 32.15
10-20 mm 18.12 22.58 23.71 27.12 32.03

Based on the fitting results, the strength parameters under different water-to-cement ratios
and particle sizes were calculated using the above Egs. (4) and (5), as presented in TABLE 1.
When the water-to-cement ratio is 0.75, the internal friction angle increases gradually with the
increase in particle size, showing an overall increase of 29.2%, while cohesion decreases stea-
dily, with a reduction of 16.95%. In contrast, when the water-to-cement ratio is 0.5, the internal
friction angle first decreases and then increases with increasing particle size, whereas cohesion
initially increases and then decreases.

With the increase in the water-to-cement ratio, the internal friction angle increases while
cohesion decreases for the same particle size. This is primarily because the strength of the ce-
ment slurry decreases as the water-to-cement ratio increases, leading to a reduction in cohesion.
However, the higher water-to-cement ratio enhances the fluidity of the slurry, resulting in better
penetration and distribution within the specimen. This improves the overall cementation process
and structural integrity of the grouted specimen, thereby contributing to the observed increase
in the internal friction angle.

TABLE 3
Strength parameters of grouting specimens
‘Water-to-cement ratio | Particle size a b/(MPa) 0/(°) c/(MPa)
2.5-5 2.54 22.5 25.8 7.06
0.5 5-10 2.08 39.06 20.5 13.54
10-20 2.6 31.08 26.4 9.64
2.5-5 2.61 15.45 26.5 4.78
0.75 5-10 32 16.6 31.6 4.64
10-20 3.24 15 31.9 4.17
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The strength and elastic modulus of the grouted specimen are jointly influenced by cohe-
sion and the internal friction angle. Although these two parameters exhibit different variation
trends with increasing particle size, there exists an equilibrium point at the intermediate particle
size where their combined effects result in the highest strength. This equilibrium explains why
the strength and elastic modulus of the specimens with intermediate particle sizes are greater, as
reflected in the stress-strain curves.

3.2. Variation law of ultimate strain and elastic modulus

Fig. 10 illustrates the distribution trends of peak strain and elastic modulus under varying
confining stress levels for a water-to-cement ratio of 0.5 and a particle size of 2.5-5 mm. The
elastic modulus is represented by the secant modulus at half of the peak stress.

In general, as the confining stress increases from 1 MPa to 15 MPa, the peak strain rises
from 9x10 % to 18.81x1072 , representing an increase of 2.09 times. Similarly, the elastic modu-
lus increases from 3.76 GPa to 12.88 GPa, showing an increase of 2.43 times. These results
demonstrate that increasing the confining stress significantly enhances both the peak strain and
the elastic modulus.

The notable improvement in peak strain indicates that the specimen exhibits better adapt-
ability to deformation under higher confining stress, highlighting its enhanced resistance to
failure in such conditions.
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Fig. 10. Influence of confining stress (water-to-cement ratio 0.5, particle size 2.5-5 mm)

Fig. 11 illustrates the variation of peak strain and elastic modulus with particle size. When
the confining stress is below 5 MPa, the peak strain initially decreases and then increases as the
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particle size increases. In contrast, the elastic modulus exhibits the opposite trend. Specifically,
for particle sizes of 5-10 mm, the peak strain is the lowest, while the elastic modulus is the high-
est. This indicates that specimens with particle sizes of 5-10 mm exhibit the best cementation,
minimal internal gaps, and strong resistance to deformation.

However, when the confining stress increases to 11 MPa, the relationship between peak strain
and particle size becomes chaotic and no longer follows a unified pattern. When the confining
stress exceeds 13 MPa, the elastic modulus for particle sizes of 2.5-5 mm is the highest, while that
for particle sizes of 5-10 mm is the lowest. These observations suggest that the effect of particle
size on the mechanical properties of the specimen diminishes and becomes more complex under
higher confining stresses.
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Fig. 11. Effect of particle size to peak strain and elastic modulus

The influence of the water-to-cement ratio on peak stress and elastic modulus is shown
in Fig. 12, with the data corresponding to a particle size of 2.5-5 mm. As the water-to-cement
ratio increases, the peak strain also increases. This is attributed to the evident separation between
the cement slurry and water, leading to larger deformation under axial compression. Moreover,
the rate of increase in peak strain becomes more pronounced as the confining stress rises.

At the same time, it can be observed that with an increase in the water-to-cement ratio, the
elastic modulus decreases gradually. This indicates a slower stress-rise stage, which corresponds
well to the observed increase in axial strain. These results highlight the negative impact of a higher
water-to-cement ratio on the stiffness and resistance of the grouted specimen, particularly under
increasing confining stress.

4. Failure characteristics

TABLE 2 presents the failure modes of specimens under different confining stresses, particle
sizes, and water-to-cement ratios. As the confining stress increases from 1 MPa to 5 MPa, the
failure mode transitions from complex modes such as splitting and shear to predominantly shear
failure. At a confining stress of 1 MPa, multiple cracks are observed, whereas at 5 MPa, only
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Fig. 12. Influence law of water-to-cement ratio

one primary control crack is evident. From the fracture photos, it can be seen that the mudstone
particles can still remain intact when the specimen is damaged, and the damaged part is the injec-
tion matrix, because the strength of mudstone is higher than that of cement.

When the confining stress is low, the primary crack significantly influences the failure mode
of the specimen. However, as the confining stress increases, the primary crack gradually closes,
reducing its impact on the failure mode. Under higher confining stress, the failure mode becomes
more uniform, typically forming a single or relatively regular shear plane.

Due to the end effect, the radial expansion of the specimen is restrained near the ends, but
this effect diminishes further away from the loading indenter. Consequently, the shear failure
surface exhibits a conical shape, with diagonal failure dominating. The failure surface initiates
and terminates on the side of the specimen rather than at the ends, reflecting the influence of
axial compression and the confining stress.

When the particle size increases from 2.5-5 mm to 10-20 mm, the failure mechanism of the
specimen remains consistent, exhibiting shear failure along the main control surface. Due to the
end effect, the shear failure surface maintains a conical shape; however, as particle size increases,
the shear failure surface becomes progressively coarser.

This coarsening is attributed to the obstruction caused by large-sized rock particles during
the development of the shear surface. Although the shear stress often cannot directly fracture
the rock particles, the cementation strength between the cement slurry and rock particles is typi-
cally lower than the applied shear force. As a result, the entire rock particles are displaced or
detached from the specimen. The larger the rock particles, the rougher and coarser the resulting
shear failure surface.

An increase in the water-to-cement ratio enhances the degree of cementation between rock
particles. From the figure, it can be observed that under a confining stress of 4 MPa and a water-
to-cement ratio of 0.5, the specimen with a particle size of 10-20 mm exhibits shear failure, with
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TABLE 4

Photos after the failure

confining stress 1 MPa (0.5-2.5-5)

confining stress 5 MPa (0.5-2.5-5)

particle size 2.5-5 mm (0.5-3)

particle size 10-20 mm (0.5-3)

Failure surface

Water-to-cement ratio 0.5 (10-20-4)

water-to-cement ratio 0.75 (10-20-4)

large rock particles remaining intact and not detaching after failure. However, when the water-
to-cement ratio is increased to 0.75, more rock particles are observed in the damaged specimen.
This occurs because the higher water-to-cement ratio weakens the cementation strength between
the cement slurry and rock particles during compression failure, causing the particles to lose
adhesion to the specimen and resulting in more rock particles detaching and falling off.
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5. Correlation analysis

The correlation between different mechanical parameters was analysed based on the me-
chanical properties of grout under varying confining stresses and particle sizes, as discussed
earlier. Kendall rank correlation analysis was employed for this study, as it is well-suited for
small sample sizes and does not require the data to follow a normal distribution. In this paper,
Kendall rank correlation analysis was utilized to examine the relationships between various
mechanical parameters of grout under different confining stresses, providing a statistical basis
for understanding the interdependence of these parameters.

TABLE 5

The 0, ¢, and E of grouting specimens under different confining stress
(water-to-cement ratio : 0.5, particle size: 2.5-5 mm)

o3/ MPa o,/ MPa £,/107° E/GPa
0 7.78 12.24 3.23
1 27.41 8.6 4.28
2 30.20 15.93 331
3 33.71 12.51 4.42
4 33.49 17.20 3.07
5 38 24.88 3.61
11 67.13 17.08 8.27
13 66.47 17.4 9.54
15 74.16 27.85 8.66

The correlation coefficient matrix, derived from the above data (TABLE 5), is a diagonal
matrix that illustrates the relationships between various mechanical parameters (TABLE 6). The
correlation coefficient between the peak stress of the grouting specimen and the confining stress
is 0.89, indicating a strong positive correlation. This reflects the significant effect of confining
stress on specimen strength, a conclusion supported by numerous studies (2431,

TABLE 6
Correlation coefficient matrix
o3 o, & E
03 1 0.89 0.72 0.56
o, 0.89 1 0.61 0.56
& 0.72 0.61 1 0.28
E 0.56 0.56 0.28 1

Additionally, the strength of the grouting specimen shows a strong positive correlation
with the peak strain, with a correlation coefficient of 0.72. The correlation coefficient between
confining stress and elastic modulus is 0.56, demonstrating that an increase in confining stress
enhances the elastic modulus.

The correlations between confining stress, peak strain, and elastic modulus with the strength
of grouting specimens are ranked as follows: confining stress > peak strain > elastic modulus.
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Furthermore, the strength of the specimen exhibits strong positive correlations with both the
peak strain (correlation coefficient 0.61) and the elastic modulus (correlation coefficient 0.56),
highlighting the interdependence of these parameters in determining the mechanical behaviour
of grouting specimens.

6. Conclusions

()

@)

(€)

4)

©)

As the confining stress increases, the specimens transition from brittle to ductile be-
haviour, accompanied by increases in both peak strain and elastic modulus. The peak
stress and elastic modulus reach their maximum values for specimens with particle
sizes of 5-10 mm, indicating the optimal gradation. Additionally, the transformation
stress increases with larger particle sizes. Conversely, as the water-to-cement ratio
increases, both the peak stress and elastic modulus decrease, while the transformation
stress continues to rise.

As the water-to-cement ratio increases, the cohesion of the grouting specimen initially
increases and then decreases. Under different water-to-cement ratios, the variation pat-
terns of internal friction angle and cohesion with increasing particle size differ, reflecting
the complex interaction between particle size, cementation, and slurry properties.
The peak strain and elastic modulus exhibit a nonlinear increase with the rise in confin-
ing stress. Under low confining stress, the peak strain and elastic modulus reach their
maximum values for specimens with intermediate particle sizes. An increase in the
water-to-cement ratio leads to a higher peak strain but a reduction in elastic modulus,
indicating a trade-off between deformability and stiffness.

Under low confining stress, the failure of specimens exhibits multiple modes, including
splitting and shear failure. As the confining stress increases, the failure is dominated
by a single shear surface, with the shear failure surface becoming relatively rough for
specimens with larger particle sizes. Additionally, an increase in the water-to-cement
ratio reduces the strength of the cement slurry, resulting in a greater number of detached
and scattered rock particles in specimens with a high water-to-cement ratio.

The confining stress has the strongest influence on specimen strength, followed by
peak strain, while the elastic modulus has a comparatively weaker correlation.
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