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PeNG YaNG 1, DONGdONG PaNG 2* 

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.

Keywords: Broken surrounding rock; Triaxial compression; Peak stain; Elastic modulus 

1.	I ntroduction

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 

1	 JOINt NatIONaL-LOcaL ENGINeerING Research CeNter FOr SaFe aNd PrecIse COaL MINING, ANhUI 
UNIVersIty OF ScIeNce aNd TechNOLOGy, HUaINaN 232001, ChINa

2	 ANhUI UNIVersIty OF ScIeNce aNd TechNOLOGy, ChINa

*	 Corresponding author: 793053508@qq.com

© 2025. The Author(s). This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC-BY 4.0). The Journal license 
is: https://creativecommons.org/licenses/by/4.0/deed.en. This license allows others 
to distribute, remix, modify, and build upon the author's work, even commercially, 
as long as the original work is attributed to the author.BY









277

2.2.	T est 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.

Fig. 4. Test equipment

Fig. 5. Test loading path

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 



278

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.

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 8.7×10–3, 5.7×10–3, 5.1×10–3, 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 11.1×10–3 (large-particle) and 10.5×10–3 (medium-particle), demonstrating 
a consistent trend with the observations at 1 MPa confining pressure.

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.

Fig. 8. Stress-strain of different water-to-cement ratio 
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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.

(a) peak strain	 (b) elastic modulus

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.	F ailure 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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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 

Fig. 12. Influence law of water-to-cement ratio
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