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Experimental and numerical
investigation on mechanical
properties and fracture
mechanisms of deep marble under
triaxial compression
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To investigate the evolution mechanism of rock mechanical properties under high-stress conditions,
marble samples from deep underground were selected for a series of triaxial compression tests,
microscopic fracture surface scanning, and discrete element numerical simulations. The results

indicate that significant changes in the mechanical properties of marble occur when the confining
pressure exceeds 30 MPa. Under low confining pressure conditions, the stress-strain curve of the rock
exhibits relatively weak post-peak deformation capacity. As the confining pressure increases, the peak
strength of the rock increases significantly, while the elastic modulus remains relatively stable. The
rock exhibits low cohesion and high internal friction angle. Under high confining pressure conditions,
the stress-strain curve demonstrates more ideal plastic deformation characteristics. As the confining
pressure increases, the increase in peak strength becomes less pronounced, while the elastic modulus
rises. The rock exhibits high cohesion and low internal friction angle. Analysis of the fracture surface
morphology shows that under high confining pressure, the failure mechanism of the rock graduvally
shifts from primarily grain boundary cracking to predominantly transgranular fracture. The microscopic
differences in the internal fracture mechanism of the rock are the key factors driving the evolution of its
mechanical properties.

Keywords Rock mechanics, Triaxial compression, Macroscopic mechanical properties, Microscopic fracture
mechanism

The utilization of deep underground space for large-scale energy storage has emerged as a dominant global
strategy for energy reserves, playing a critical role in safeguarding national energy security, securing strategic
material supplies, and advancing the achievement of carbon peaking and carbon neutrality goals!. In the field of
deep underground engineering, rock strength and failure characteristics are the basis for theoretical calculations
and design work>*. Studying the deformation and failure characteristics of rocks under high-stress conditions
is of significant reference value for deep tunnel support, mining microseismic monitoring, and rock burst early
warning®~’.

Under triaxial compression, with the increase in confining pressure, the failure mode of rocks gradually
transitions from brittle failure to ductile failure. Under low confining pressure, rocks exhibit distinct peak
strength and typical brittle failure characteristics. However, under high confining pressure, the peak strength of
the rock no longer increases significantly and forms a clear shear band, with the failure mode shifting to ductile
failure®-10. Additionally, under triaxial compression, with the increase in confining pressure, the peak strength,
residual strength, elastic modulus, and deformation modulus of the rock all show a linear growth trend, while the
dip angle of the rock shear failure band gradually decreases'""!2. In the brittle-ductile transition stage, rocks may
simultaneously exhibit both shear failure and cataclastic flow as failure modes. With an increase in the average
particle size, the critical confining pressure required for the brittle-ductile transition is significantly reduced!>!“.
It is generally believed that under low confining pressure, stress within the rock is mainly concentrated in
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limited, low-strength regions, resulting in clear strain-softening behavior. In contrast, under high confining
pressure, even materials with higher internal strength will reach their bearing limit, leading to more uniform
yielding and weakening deformation, and thus showing obvious plastic deformation characteristics. Research
indicates that large deformation plastic failure modes frequently occur in surrounding rock within deep, high-
stress environments, posing significant challenges for the design of support structures'.

Under triaxial compression, with the increase in confining pressure, the shear strength of the rock exhibits
nonlinear characteristics'®!”. Specifically, as confining pressure increases, the cohesion of the rock material
continuously increases, while the internal friction angle gradually decreases'®. Under low confining pressure, the
rock primarily exhibits tensile failure, with fracture surface dip angles being steeper and significantly differing
from predictions based on the Mohr-Coulomb criterion. In contrast, under high confining pressure, the failure
mode of the rock is dominated by shear failure, and the fracture surface dip angle tends to align more closely
with the predictions of the Mohr-Coulomb criterion'®.

The microscopic structure of the rock plays a crucial role in controlling its macroscopic mechanical behavior
under triaxial compression?’. Rocks with uniform mineral composition and consistent particle size are more
prone to plastic failure, whereas rocks with dispersed particle sizes exhibit significant suppression of plastic
failure?!. The relationship between the microscopic particle size of rocks and their macroscopic mechanical
properties adheres to the Hall-Petch empirical relationship. As the average grain size of the rock increases, the
critical confining pressure required for the brittle-ductile transition significantly decreases??. Large particles in
the rock play a key role in resisting deformation and transmitting stress, while smaller particles are more likely
to rotate under pressure, and as axial pressure increases, more small particles undergo rotation. Under triaxial
compression, two types of microcracks develop within the rock: one is intergranular cracking, which occurs
primarily along grain boundaries, and the other is intragranular or transgranular cracking, which forms along
the cleavage planes of the crystals?*. By combining “equivalent rock mass” numerical simulations with laboratory
rock mechanics tests, it is found that the mechanical response of the rock is mainly controlled by the opening
of pre-existing fractures, the initiation and propagation of new cracks, and the interaction between cracks?.
Considering the elastic deformation of particles, elastic-plastic deformation of contact surfaces, and the cracking
mechanisms within and between particles, a numerical model can be constructed to effectively simulate the
rocK’s stress-strain relationship and failure characteristics. This model successfully reveals the mechanical
response and failure evolution of rocks under complex stress states?®.

Cundall and Strack?” proposed the particle flow method and PFC program based on the discrete element
theory. This method has been applied to the study of the fundamental properties of rock-like materials, the
dynamic response of granular materials, and the fracture mechanisms and crack evolution patterns of rock-like
materials, yielding significant results?>%.

Previous studies have enriched our understanding of the macroscopic mechanical properties and failure
mechanisms of rocks under high-stress conditions. However, since the samples are typically not taken from deep
underground, their test results may lack representativeness. Furthermore, in triaxial compression tests, the failure
process and internal conditions are difficult to directly observe, highlighting the need for more comprehensive
analysis of deep rock samples through discrete element numerical simulation. Discrete element modeling not
only reproduces the macroscopic mechanical characteristics of rocks, but also reveals the development and
evolution mechanisms of internal cracks. This study integrates experimental testing with discrete element
simulations, determining the macroscopic mechanical properties of the rock while also simulating the evolution
process and failure modes of internal cracks. Additionally, the relationship between microfracture patterns and
macroscopic mechanical behaviors is analyzed. The results provide important references for the design and
safety assessment of deep underground engineering.

Engineering background

As shown in Fig. 1, the Jinping IT Hydropower Station is located at the Jinping Big River Bay on the Yalong River
mainstream in Sichuan Province, China. The design team has made full use of the natural elevation drop at the
Jinping Big River Bay by excavating tunnels to shorten the flow path for water diversion and power generation.
The water diversion system of the station consists of four pressurized tunnels, each with a diameter of 13 m. The
tunnels range in length from 16 to 19 km, with an average burial depth of 1610 m and a maximum burial depth
of 2525 m. Notably, 75% of the tunnel length is located at depths greater than 1500 meters®.

The deep surrounding rock environment of the water diversion tunnels at Jinping II exhibits significantly
higher in-situ stresses compared to shallow tunnels. Measurements show that the maximum principal stress is
46 MPa and the minimum principal stress is 26 MPa, with the expected maximum stress at the deepest point of
the tunnel reaching 70 MPa. The properties of geotechnical materials are key determining factors in geotechnical
engineering®*2. The surrounding rock of the diversion tunnels is primarily composed of Triassic Middle and
Upper Series marble, limestone, sandstone, and slate, with marble being the dominant material. Rock bursts
induced by high stresses are a major engineering geological concern in this region. The marble samples used
in this study were sourced from the western end of Tunnel No. 3 at the Jinping II Hydropower Station’s water
diversion system, and belong to the Triassic Middle Series Zagu Nao Formation (T2Z). The marble samples
used in the experiment are white or light gray in appearance, and the rock primarily consists of medium to fine-
grained crystals.

Triaxial compression experiments

Rock specimens and experimental apparatus

The rock specimens used in this study were sourced from deep strata at depths exceeding 1500 m. All rock
samples were extracted from the same rock mass and drilled in the same direction to minimize the influence
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Fig. 1. The locations of the Yalong River and Jinping water diversion tunnel. The map was independently
created by the corresponding author using publicly available geographic information from Baidu Map V21
(https://map.baidu.com/) and drawn with Microsoft PowerPoint.
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Fig. 2. RMT-150 rock triaxial loading apparatus.

of material anisotropy and sample variability on the experimental results. The rock exhibits a medium to fine-
grained texture, with a highly uniform composition and no visible inclusions or structural discontinuities. Prior
to testing, all specimens were processed into @50 mm X 100 mm standard cylinders, and allowed to air dry.
Two ends of the specimens were perpendicular to the height, with surface roughness smaller than 0.05 mm.
The five specimens subjected to confining pressures of 10 MPa, 20 MPa, 30 MPa, 35 MPa, and 40 MPa were
designated as S-1, S-2, S-3, S-4, and S-5, respectively.

The experiment was accomplished on the RMT-150 rock mechanics servo-controlled testing system in the
Rock Laboratory of Changjiang River Scientific Research Institute (Fig. 2). The Changjiang River Scientific
Research Institute, in collaboration with the Institute of Rock and Soil Mechanics of the Chinese Academy
of Sciences, upgraded and modified the existing control system. This upgrade improved the accuracy and
performance of the hydraulic power system and the numerical control equipment of the testing machine. During
the experiment, the axial load was stabilized and applied through the feedback signal of the sensor. The axial and
hoop strains of the rock specimens were measured by using LVDT and high-precision strain gauges.
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Fig. 3. Scanning electron microscope (QUANTA 200) and observation samples.
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Fig. 4. Schematic diagram of failure modes of specimens under different confining pressures.

Experimental procedure

The confining pressure in this experiment was set at five levels: 10 MPa, 20 MPa, 30 MPa, 35 MPa, and 40 MPa.
Prior to the experiment, shrink tubing was applied to seal the specimens, and LVDT was installed on the outer
surface of the specimens. Once the specimens were properly installed, confining and axial pressures were applied
simultaneously using a hydrostatic pressurization method at a loading rate of 0.05 MPa/s. The pressures were
increased until the target confining pressure was reached, and then stabilized for 1 min. Following this, axial
load was applied at a displacement-controlled rate of 0.002 mm/s. After the specimen reached its peak strength,
the axial displacement rate was maintained to obtain the post-peak stress-strain curve. Once the specimen failed
completely, the loading was stopped, and the hydraulic oil in the testing chamber was drained. The specimen was
then removed, and the failure mode was observed and recorded.

Finally, small fragments were collected from the fracture surface of the specimen, prepared into suitable
samples for scanning electron microscopy (SEM) observation, and sent to the SEM laboratory for detailed
examination of the fracture morphology. Figure 3 shows the fracture samples coated with gold for SEM
observation.

Failure modes of marble samples under different confining pressures

Figure 4 illustrates the failure modes of marble samples under different confining pressures. It can be observed
that the rock samples predominantly exhibit shear failure along a macro single fracture plane. As the confining
pressure increases, the angle between the main fracture plane and the direction of the maximum principal stress
gradually increases. Examination of the macro fracture surfaces of the rock samples reveals that under low
confining pressure, the fracture surfaces are relatively rough. However, with increasing confining pressure, the
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fracture surfaces become progressively smoother. Furthermore, under higher confining pressures, white rock
powder is observed along the shear fracture surfaces, which is likely a result of intense frictional forces.

Result analysis

Axial stress-strain curve of deep marble under different confining pressures

Figure 5 presents the triaxial compression stress-strain curves of deep marble samples under varying confining
pressures. It can be observed that, at lower confining pressures of 10 MPa and 20 MPa, the stress-strain curves
exhibit a distinct peak, with the post-peak deformation capability of the rock being relatively weak. However,
when the confining pressure increases to 30 MPa, the peak of the stress-strain curve becomes less pronounced,
and the post-peak stage exhibits ideal plastic behavior.

Hoek?? classified rock failure modes into brittle failure, ductile failure, and a transitional state between the
two. Brittle failure is characterized by a rapid reduction in the rock’s load-bearing capacity with increasing
deformation, while ductile failure is marked by the rock maintaining its load-bearing ability while undergoing
permanent deformation. As seen in Fig. 5, with increasing confining pressure, the failure mode of the rock
gradually transitions from brittle to ductile. In this experiment, it can be inferred that at confining pressures
between 20 MPa and 30 MPa, the deep marble transitions from brittle to ductile behavior.

Confining pressure effect on the peak strengths of marbles under triaxial compression
To quantify the differential effect of confining pressure on the peak strengths of the rock samples, a confining
pressure effect coeflicient is defined as follows:

K=t (1)

g3

Where K is the confining pressure effect coefficient, o, is the peak stress (or strength) under different confining
pressures, o, is the confining pressure, and R_ is the uniaxial compressive strength. A higher confining pressure
effect coefficient indicates a greater increase in peak strength per unit of confining pressure.

Figure 6 shows the relationship between confining pressure and the corresponding confining pressure effect
coeflicient, while Table 1 lists the specific values calculated based on the experimental data. As seen in Fig. 6;
Table 1, the confining pressure effect coefficient decreases as confining pressure increases, and remains relatively
constant once the confining pressure exceeds 30 MPa. This suggests that beyond 30 MPa, the increase in peak
strength of deep marble samples slows down significantly. After the rock exhibits ductile failure characteristics,
further increases in confining pressure no longer result in a significant improvement in rock strength.

Elastic modulus of deep marble under different confining pressures

Table 2 presents the elastic modulus values of marble samples under different confining pressure conditions.
For each confining pressure level, the elastic modulus was measured at 25%, 45%, and 65% axial stress levels.
Figure 7 illustrates the trend of the average elastic modulus values and their standard deviations under varying
confining pressures.

As shown in Fig. 7, when the confining pressure is less than 30 MPa, the elastic modulus of the rock remains
nearly constant or even slightly decreases as the confining pressure increases. However, when the confining
pressure exceeds 30 MPa, the elastic modulus of the rock gradually increases with the rising confining pressure.
This increase in elastic modulus can be attributed to the gradual reduction in the shear failure angle of the rock
as the confining pressure increases, which, in turn, makes axial deformation more difficult. Consequently, when
the confining pressure is greater than 30 MPa, the elastic modulus of the rock shows a steady upward trend.
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Fig. 5. Axial stress-strain curve of marble under triaxial compression.
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Fig. 6. Relationship between different confining pressures and the corresponding confining pressure effect

coefficients.
Confining pressure/MPa 0 10 20 |30 35 40
Peak strength/MPa 112.43 | 231.77 | 296 | 336.58 | 363.82 | 380.02
Confining pressure effect coefficient/K 11.93 | 9.18 7.47 7.18 6.69

Table 1. Confining pressure effect coefficient of rocks subjected to triaxial compression.

0,=10MP | 0,=20Mpa | 5,=30 MPa | 5,=35 MPa | 0,=40 MPa

Axial stress percentage | Elastic modulus/GPa

25% 55.07 59.88 58.58 63.03 68.95
45% 59.12 59.25 57.66 60.48 62.70
65% 50.88 47.04 43.80 48.11 47.39

Table 2. Calculated elastic modulus of marble corresponding to each confining pressure at different axial
stress percentages.
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Fig. 7. Variation trend of elastic modulus with changes in confining pressure.

As shown in Fig. 4, when the confining pressure is 30 MPa, the rock sample exhibits two branches of the
main fracture. One branch has a relatively steep dip angle, which makes the sample more susceptible to axial
deformation. This leads to a noticeable reduction in the elastic modulus under 30 MPa confining pressure.
Opverall, there is a significant correlation between the dip angle of the main fracture and the axial elastic modulus
of the rock sample. The steeper the dip angle, the lower the elastic modulus. Generally, as the confining pressure
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increases, the dip angle of the main fracture tends to become gentler, resulting in a gradual increase in the elastic
modulus.

Evolution of strength parameters of deep marble under different confining pressures

In geotechnical engineering, the linear Mohr-Coulomb (M-C) strength criterion is commonly used. In the
M-C strength criterion, the relationship between the maximum and minimum principal stresses is linear. Its
expression is given as:

o1 = qp + Mpos 2)

Where 0, and o, corresponding to the maximum and minimum principal stresses of the peak strengths, gpis
the uniaxial compressive strength, and M, is a constant. The relationship between the maximum and minimum
principal stresses and the rock’s shear strength parameters, cohesion C and internal friction angle ¢, can be
expressed as:

14 sinp
M = —-——
P 1~ sing 3)
2C cos
&= 1 — sinp @
By rearranging Eq. (2), the Mohr-Coulomb strength expression can be derived as:
T=C+tany - oy (5)

Where 7 is the shear stress on the yield surface and o, is the normal stress on the yield surface. The rock’s shear
strength consists of two components: one is the cohesion on the yield surface, which resists shear, and the other
is the frictional resistance, which is proportional to the normal stress o, with a proportionality coefficient of
tan ¢.

The strength values of the marble samples S-1, S-2, and S-3 under confining pressures of 10-30 MPa are
linearly fitted to obtain the cohesion C=39.97 MPa and internal friction angle ¢=42.8°. Thus, the Mohr-
Coulomb strength criterion for confining pressures of 10-30 MPa is expressed as:

7= 39.97 + 0.93 on (6)

The strength values of the marble samples S-3, S-4, and S-5 under confining pressures of 30-40 MPa are linearly
fitted to obtain the cohesion C=49.83 MPa and internal friction angle = 38.8°. Therefore, the Mohr-Coulomb
strength criterion for confining pressures of 30-40 MPa is expressed as:

7=49.83+0.80 on (7)

Figure 8 presents the M-C strength envelope fitted using the principal stress expressions. From Fig. 8, it can be
observed that, in the high confining pressure range, the M-C strength envelope becomes flatter. This indicates that
the internal friction angle of the rock at high confining pressures is smaller than that at low confining pressures,
while the cohesion of the rock at high confining pressures is greater than that at low confining pressures.

Evolution of mechanical properties of deep marble under different confining pressures
The results of triaxial compression tests on deep marble from the Jinping region indicate that significant changes
in the rock’s mechanical properties occur when the confining pressure exceeds 30 MPa. Therefore, in this study,
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Fig. 8. Fitting relationship of the Mohr-Coulomb strength criterion expressed in terms of principal stresses.
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Low confining pressure(<30 MPa) | Brittle failure Insignificant Significantly improve Relatively low | Relatively high

High confining pressure(=30 MPa) | Ductile failure Significant The increase is not significant | Relatively high | Relatively low

Table 3. Differences in the mechanical properties of marble under different confining pressure conditions.

(b) SEM images of rock fracture surfaces under high confining pressure.

Fig. 9. Scanning electron microscope (SEM) images of rock fracture surfaces.

confining pressures below 30 MPa are referred to as low confining pressure, while confining pressures of 30 MPa
and above are considered high confining pressure.

Table 3 presents the evolution of the mechanical properties of deep marble under different confining pressure
conditions. Under low confining pressure conditions, the stress-strain curve of the rock exhibits a relatively
weak post-peak deformation capacity. As the confining pressure increases, the peak strength of the rock rises
significantly, while the elastic modulus shows minimal variation. Similarly, under low confining pressures, the
rocK’s cohesion is relatively low, while the internal friction angle is higher.

In contrast, under high confining pressure conditions, the stress-strain curve of the rock displays ideal
elastoplastic deformation characteristics. As the confining pressure increases, the increase in peak strength
gradually diminishes, while the elastic modulus increases. Furthermore, under high confining pressures, the
rocKk’s cohesion is higher, while the internal friction angle is lower.

Microscopic morphological characteristics of marble fracture surfaces under
different confining pressures

Figure 9 presents scanning electron microscope (SEM) images of the fracture surfaces of the rock. It is evident
from Fig. 9 that under different confining pressures, the fracture surfaces of the rock display distinct layering
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and cutting marks, with the fractures exhibiting a rough, irregular surface. This indicates that both low and high
confining pressures lead to transgranular fractures in the rock.

Figure 9(a) shows that under low confining pressures, the layered surface of the fracture is relatively smooth,
with distinct fracture edges. There are fewer transgranular fragments caused by shear friction, and the fragments
are polygonal and irregular in size. The smooth fracture surface suggests that, under low confining pressure
conditions, the rock primarily fractures along grain boundaries, with transgranular fractures occurring as
secondary. No clear friction marks are observed on the transgranular fracture surfaces, indicating that the
transgranular fractures primarily occur in a tensile mode.

Figure 9(b) shows that under high confining pressure, the layered surface of the fracture is blurred, with the
edges being smoothed. There are more transgranular fragments produced by shear friction, and these fragments
are spherical and accumulate on the fracture surface. These microscopic characteristics suggest that, under high
confining pressure conditions, the rock primarily undergoes transgranular failure, and friction marks are evident
after the grains are sheared through, indicating a failure mode dominated by shear friction after transgranular
fracture.

Overall, the microscopic characteristics of the marble fracture surfaces suggest that, under high confining
pressure, the rock exhibits higher wear at the fracture surface after transgranular failure, with the dominant
failure mechanism being shear friction following transgranular fracture. In contrast, under low confining
pressure, while transgranular failure also occurs, there is no significant wear at the fracture surface, and the
fracture is mainly dominated by tensile failure. Under low confining pressure, the rock primarily fractures along
grain boundaries, where the shear strength of the grain boundaries controls the strength of the fracture surface.
After local transgranular failure occurs, the rock’s load-bearing capacity decreases sharply, leading to low wear
after transgranular failure. Under high confining pressure, the rock predominantly experiences transgranular
failure, with the shear strength of the grains controlling the strength of the fracture surface, leading to higher
wear at the fracture surface.

Numerical simulation of fracture mechanisms in triaxial compression of deep marble
Discrete element model construction

Rock samples contain a large number of grain boundaries, whose mechanical properties are typically weaker
than those of the rock’s crystal material. Due to the random distribution of grain boundaries, the rock samples
exhibit heterogeneity and anisotropy. Under different confining pressure conditions, grain boundaries serve as
a medium for transferring the load-bearing structure of the rock, significantly influencing the variation of its
mechanical properties.

As shown in Fig. 10, the particle model has dimensions of 100 mm x 50 mm and is constructed from a series of
circular particles (see Fig. 10). The steps for generating the equivalent crystalline model of marble are as follows:
(1) create initial circular particles that match the size of mineral crystals. (2) perform Voronoi tessellation on
the circular particles, remove the original particles, and consider the boundaries of the tessellated regions as the
boundaries of the mineral crystals. (3) fill each mineral crystal region with smaller circular particles, ensuring
that each particle has at least three contact points.

As shown in Fig. 11, two types of contact models are set within the GBM model: the contact between particles
within the grains is defined as a parallel bond model, while the contact at the crystalline network surfaces is
defined as a smooth-joint model. The micro-mechanical parameters of the model are summarized in Table 4.

The micro-mechanical parameter calibration process was as follows: (1) Fundamental mechanical tests were
conducted to determine the macroscopic mechanical properties of the actual rock material, including elastic
modulus, tensile strength, uniaxial compressive strength, and compressive strength under various confining
pressures. (2) The geometric distribution of grains was determined, and the mechanical properties within
and between grains were estimated based on relevant literature and engineering experience. (3) Numerical

50 mm

100 mm

(@)

Fig. 10. The process of model establishment.
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Fig. 11. Generated numerical specimen model of Marble. Grain boundaries are simulated using smooth-joint
contacts and grains are composed of a number of disks. The parallel bonds inside the grains are simulated
using parallel bond model.

Micro-parameters Value

Micro-properties of the minerals

Disk-size ratio, Rmax/Rmin 1.66
Disk-disk contact modulus/GPa 188
Contact normal to shear stiffness ratio 2.0
Disk friction coefficient 0.2
Disk density/kg/m3 2650
Parallel bond radius multiplier 1.0
Parallel bond modulus/GPa 188
Parallel bond normal to shear stiffness ratio 2.0
Parallel bond tensile strength/MPa 225
Parallel bond cohesion/MPa 300
Parallel bond friction angle/® 68

Micro-properties of the mineral boundaries (smooth-joint contacts)

Smooth-joint contact normal stiffness factor 0.6
Smooth-joint shear normal stiffness factor 0.8
Smooth-joint bond tensile strength/MPa 15
Smooth-joint bond cohesion/MPa 58
Smooth-joint bond friction angle/° 61
Smooth-joint bond friction coefficient 0.3

Table 4. Calibrated micro-parameters of grains and grain boundaries in the grain-based model of marble.

simulations were then carried out, and mesoscopic parameters were iteratively adjusted to match the laboratory
results.

The advantages of applying the smooth-joint (S-J) model at grain boundaries are as follows: (1) The use of
the S-J model at grain boundaries enables more accurate simulation of joint or boundary behavior in crystalline
rocks. Unlike conventional contact models, it is independent of particle contact orientation. Instead, contact
behavior aligns with the predefined joint plane, allowing particles to overlap and slide upon failure. This
effectively prevents artificial crack bypassing and local geometric dilation®!. (2) In traditional bonded-particle
models, the uniaxial compressive strength (UCS)/tensile strength (TS) ratio is often overestimated compared
to laboratory results. By combining particle bonds within grains and the S-J model at grain boundaries, the
simulated UCS/TS ratio aligns more closely with experimental data, better capturing the actual mechanical
behavior of rocks®. (3) The S-] model provides a more realistic representation of rock failure by reproducing
the weak interface behavior between grains, including sliding, separation, and shear failure. This allows clear
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Fig. 12. The stress conditions of the model.
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Fig. 13. Axial stress-strain curves of the numerical model under different confining pressures.

distinction between intergranular and intragranular failure, enhancing the accuracy of fracture initiation and
propagation simulations.

Figure 12 shows the stress conditions of the model. Confining pressure is applied first, followed by axial
pressure until the model fails.

Modeling results
(1) Complete stress—strain curves of the marble numerical model.

Figure 13 shows the axial stress-strain curves of the numerical model under different confining pressure
conditions. As observed in the Fig. 13, when the confining pressure exceeds 30 MPa, the rate of increase in
peak stress significantly slows down, which is consistent with the results from actual experiments. Due to
the limitations in the number of particles in the numerical model, it is difficult to simulate the ideal plastic
deformation characteristics observed at high confining pressures.

Figure 14 illustrates the crack distribution of the marble numerical model under different confining pressure
conditions. In the Fig. 14, red cracks represent grain boundary fractures, while black cracks indicate fractures
within the grains. Grain boundary cracks reflect the cracking process along the boundaries of the rock grains,
while internal grain cracks represent the rupture of the rock grain.

As shown in Fig. 14, under triaxial compression, the macroscopic shear failure surface of the rock is
predominantly controlled by the propagation of black cracks. Under low confining pressure conditions
(<30 MPa), there are fewer internal grain fractures, leading to insufficient fracture development and less distinct
primary failure surfaces. In contrast, under high confining pressure conditions (>30 MPa), internal grain
fractures are more developed, the fracture surfaces are more concentrated, and the primary failure surface is
more easily identifiable.

(2) Statistical Analysis of Crack Propagation in the Numerical Model.
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Fig. 14. Crack distribution patterns of the marble particle model under different confining pressures.
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Fig. 15. Statistical analysis of crack quantities in the marble numerical model after failure under different
confining pressures.

Figure 15 presents the statistical distribution of the number of cracks in the marble model after failure under
triaxial compression. As shown in Fig. 15, with increasing confining pressure, the number of cracks along the
grain boundaries decreases, while the number of fractures within the grains significantly increases. When the
confining pressure exceeds 30 MPa, the rate of increase in the number of internal grain fractures slows down,
and the total number of cracks tends to stabilize.

Figure 16 illustrates the proportion of transgranular cracks to grain boundary cracks under different confining
pressure conditions. As shown in Fig. 16, with the increase in confining pressure, the crack propagation mode
of the rock gradually shifts from being dominated by grain boundary fractures to being primarily controlled by
transgranular fractures. When the confining pressure reaches a critical value (30 MPa in this study), the rate of
increase in the number of internal grain fractures begins to slow down. Compared to grain boundary fractures,
transgranular fractures exhibit higher cohesion. After internal grain fractures, the particles are sheared and
ground into smaller sizes, resulting in a lower internal friction angle.

Micromechanisms of marble’s macroscopic mechanical property evolution under triaxial
compression

As the confining pressure gradually increases, the grain boundaries within the rock sample are compacted, and
its internal structure becomes denser, which is reflected in the gradual increase in the cohesion (C) of the rock.
At the same time, the increase in confining pressure promotes the interlocking of grain boundaries, leading to
further development of transgranular cracks and a reduction in the size of particles produced during failure. This
results in a decrease in the internal friction angle of the rock after failure.

Under conventional triaxial compression conditions, when the confining pressure is below 30 MPa, fractures
primarily occur along grain boundaries, leading to lower peak strength. As the confining pressure increases
from low to high, the grain boundaries are progressively compacted and interlocked, causing a shift in the
failure mode toward predominately transgranular fracturing. The interlocking effect of the grain boundaries
significantly increases the peak strength of the rock during this stage. When the confining pressure reaches
30 MPa, the grain boundaries become fully interlocked, and the rock essentially transitions to a transgranular
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Fig. 16. Statistical analysis of the proportion of intragranular cracks after failure in the marble numerical
model under different confining pressures.

failure mode. At this point, the interlocking effect of the grain boundaries under confining pressure is no longer
significant, and the growth of peak strength plateaus.

Conclusions and discussion

This study investigates the evolution of mechanical properties of deep marble samples from the Jinping region,
with depths exceeding 1500 m, through triaxial compression tests, rock fracture morphology scanning, and
discrete element numerical simulations. The results systematically explore the mechanical property evolution
of deep marble under triaxial compression. The findings indicate that the differences in the micromechanical
fracture mechanisms under varying confining pressures are key factors in the macroscopic mechanical property
changes.

The triaxial test results for deep marble from Jinping indicate that when the confining pressure exceeds
30 MPa, the mechanical properties of the rock undergo significant changes. Under low confining pressures,
the stress-strain curve of the rock exhibits relatively weak post-peak deformation behavior. As confining
pressure increases, the peak strength of the rock rises significantly, but the elastic modulus shows no noticeable
change. Under these conditions, the rock has low cohesion and a high internal friction angle. Conversely,
under high confining pressure conditions, the stress-strain curve demonstrates more ideal plastic deformation
characteristics. As confining pressure increases, the rate of increase in peak strength gradually diminishes, while
the elastic modulus increases. Under high confining pressure, the rock exhibits higher cohesion and a lower
internal friction angle.

Microscopic features of the marble fractures indicate that, under low confining pressure, there is little wear
on the fracture surface, and the fracture fragments are fewer and polygonal. The failure mechanism is mainly
dominated by tensile fracture along grain boundaries. Under high confining pressures, however, the degree
of wear on the fracture surface is higher, with more fragment debris that is spherical in shape. The failure
mechanism is primarily shear friction following transgranular fracture.

With increasing confining pressure, the shear angle of the rock fracture decreases, making axial deformation
of the rock more difficult. This results in a gradual increase in the elastic modulus of the rock when the confining
pressure exceeds 30 MPa. Under low confining pressure conditions, the interlocking effect of grain boundaries
is weak, and failure primarily occurs along grain boundaries. Due to the weak bonding between the boundaries,
cohesion is low. Additionally, the fracture surfaces formed along the grain boundaries are rough, leading to
a higher internal friction angle. Under high confining pressure, the interlocking effect of grain boundaries
becomes stronger, and failure primarily occurs within the grains. The higher strength of the grains results in
increased cohesion, while the fracture surfaces formed along the grains are smoother, leading to a lower internal
friction angle.

The confining pressure at which the grain boundaries are fully interlocked represents the brittle-ductile
transition pressure. In underground engineering stability analysis, when applying the M-C failure criterion,
the strength envelope should be divided into at least two segments, with the transition point between the two
segments representing the brittle-ductile transition stress.

To address current limitations and guide future work, we plan to incorporate triaxial unloading tests and
corresponding PFC simulations under high confining pressure conditions to better replicate the stress paths
encountered by surrounding rock in engineering environments. Moreover, to enhance applicability at the
engineering scale, future research will focus on jointed rock masses. This includes field monitoring and discrete
element modeling of failure mechanisms in jointed rock masses, aiming to provide more practical insights for
rock mechanics researchers and mining engineers.

Data availability

Data sets generated during the current study are available from the corresponding author on reasonable request.
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