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Abstract

The macro mechanical behavior of rock material is attributed to the meso/mineral characteristics. To deeply reveal the mechanisms of
strain rate effect on mechanical properties and crack propagation, a series of unconfined compression experiments and simulations for
exploring the meso-scale characteristic were conducted at different strain rates. Based on the micro-loading equipment with micropho-
tography capabilities and the numerical grain-based model method, the meso-scale crack propagation and energy evolution character-
istics of granite during the pre-peak loading process were analyzed. The results indicate that with the increase of strain rate, the crack
distribution entropy value increases, which means that cracks are more evenly distributed among various minerals. The differences in
stored elastic strain energy among different minerals decrease, resulting in more uniform energy release. In addition, cracks associated
with biotite transits from intergranular to transgranular modes. Therefore, the increased strain rate can prompt more minerals to par-
ticipate in deformation, thereby enhancing the mechanical properties. This study deeply reveals the mechanisms of strain rate on granite
crack propagation at the meso-scale, offering valuable insights for the stability and safety of underground space engineering.

Keywords: Granite; Strain rate effect mechanisms; Meso-scale; Crack propagation; Energy evolution

1 Introduction

Excavation operation in the underground space signifi-
cantly influences the stress distribution and damage evolu-
tion of surrounding rock (Martin, 1993; Bao et al., 2020;
Liang et al., 2022; He et al., 2023). Thus, a suitable excava-
tion rate, which is highly related to the quasi-static strain
rate effect, is essential to be determined first to ensure the
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safety of underground space engineering (Li et al., 2021;
Xu et al., 2023; Xiao et al., 2023; Liu et al., 2024).
Studies indicate that increasing strain rates result in
higher rock strength, greater elastic modulus, and faster
crack propagation (Xie et al., 2020; Xiao et al., 2023). Fur-
thermore, with higher strain rates, the energy released due
to damage intensifies, reflected in more pronounced brittle
failure characteristics (Gao et al., 2015). This implies that
the energy evolution process is influenced by strain rate
and plays a critical role in understanding rock failure
mechanisms (Xie et al., 2009). Thus, over the past two dec-
ades, numerous studies have investigated rock behavior at
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varying strain rates from an energy perspective (Liang
et al., 2015; Li et al., 2021; Xu et al., 2023).

Variations in strain rate significantly influence the distri-
bution and dissipation of energy within rocks, thereby
altering crack propagation patterns (Liang et al., 2015).
Li et al. (2014) conducted unconfined compression tests
on coarse-grained marble and found that higher strain
rates increase stored elastic energy, promoting brittle fail-
ure through tensile cracking. Similarly, Zhao et al. (2020)
studied brittle granite under various loading rates, finding
that higher rates significantly increased both total and elas-
tic strain energy, leading to a sharper energy release during
failure. This results in more severe rock bursts, particularly
at higher strain rates. Additionally, Zhou et al. (2018)
investigated the effect of loading rates on crack propaga-
tion speed and fracture toughness, showing that higher
loading rates result in faster crack propagation due to the
rapid accumulation and release of energy at the crack tip.
Given that macro failure results from the extension, merg-
ing, and linking of micro-cracks, some researchers have
explored this problem on a smaller scale. They found that
energy accumulates more rapidly at higher strain rates,
causing cracks to propagate from intergranular to trans-
granular fractures (Xu et al., 2023). Numerical studies
using the grain-based model (GBM) by Li et al. (2018)
replicated this phenomenon and demonstrated that trans-
granular cracks are associated with energy dissipation,
while intergranular cracks relate to stress concentration
between grains. They further demonstrated that cracking
behavior strongly depends on the interface energy release
rate (Liet al., 2021). These studies highlight the importance
of examining rock material at the meso-scale. In summary,
macroscopic failure and engineering instability are closely
related to the propagation of microcracks (Feng et al.,
2020, 2023; Xiao et al., 2024). The mechanical properties
of different minerals significantly influence the initiation
and propagation of cracks at varying strain rates, which,
in turn, affect the stability of rock masses and the overall
performance of underground engineering structures. How-
ever, detailed knowledge regarding the behavior of different
minerals (such as quartz, feldspar, and biotite) and the evo-
lution of energy under different strain rates remains lack-
ing. Furthermore, due to limitations in experimental
equipment, the dynamic progressive crack processes at
the meso-scale, which are crucial for validating numerical
results, have yet to be captured.

To address these limitations, this study utilized an in-
situ micro-mechanical tester, equipped with a real-time
optical microscope, to capture crack propagation at the
meso-scale. GBM-based numerical simulations were per-
formed to provide detailed insights into how different min-
erals store and release energy under varying strain rates. By
integrating experimental observations with numerical mod-
eling, this research seeks to uncover the microscopic mech-
anisms by which increased strain rates influence energy
dynamics and improve the mechanical properties of rocks.
Ultimately, this study provides important implications for

the design and stability assessment of underground space
engineering.

2 Experimental and numerical simulation methods
2.1 Sample preparation

The granite samples used in this study were obtained
from Jining, Shandong Province, with grain sizes ranging
from 0.1 to 0.5 mm. X-ray diffraction (XRD) analysis
revealed that the primary rock-forming minerals are pla-
gioclase (34.9%), quartz (27.4%), microcline (22.7%), bio-
tite (12.5%), and kaolinite (2.5%). To enable real-time
observation of crack propagation during testing, the sam-
ples were prepared into rectangular prisms measuring
8 mm X 8§ mm X 16 mm, as shown in Fig. 1(a).

2.2 Equipment and test scheme

The experimental setup was adapted from a miniature
mechanical device miniature tensile instrument-light micro-
scope (MTI-LM), comprising a Fullam SEM 2000 tensile
tester and an optical microscope, as shown in Fig. 1(b).
This system provides high precision, automatic servo con-
trol, and real-time data acquisition, making it suitable for
a wide range of applications, including bending tests
(Rinehart et al., 2015), unconfined compression tests
(Huang et al., 2020), and tensile tests (Liu et al., 2022).

Following previous studies (Xiao et al., 2023), three sets
of loading rate tests were conducted at 0.001, 0.010, and
0.100 mm/s. The corresponding strain rates were
6.25 x 10>, 6.25 x 10*, and 6.25 x 107 s71, respectively,

Leica MC190 HD
microscope

Loading control system

|
Test control and display
system |

Fig. 1. Granite specimen and experimental setup. (a) Granite specimen,
and (b) loading apparatus.
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Table 1
Size of prepared samples and test scheme.

Sample number Length (mm) Width (mm) Height (mm) Loading rate (mm/s) Strain rate
C)
Gl-1 8.01 7.99 16.03 0.001 6.25 x 107
Gl1-2 8.02 8.00 16.12
Gl1-3 8.04 8.05 15.96
G2-1 7.95 7.90 15.99 0.010 6.25 x 107
G2-2 8.08 8.05 15.98
G2-3 8.01 8.00 16.04
G3-1 7.90 7.88 15.95 0.100 6.25 % 107
G3-2 8.02 7.99 15.98
G3-3 7.92 7.90 15.94

all within the quasi-static strain rate range (Xic et al.,
2020). The detailed test scheme is provided in Table 1.
The imaging scheme involved capturing individual photos
before and after loading, with the entire process monitored
in real-time via a microscope. Recording was performed at
25 frames per second to capture the progression during
testing.

2.3 GBM establishment and microscopic parameter
calibration

The GBM method is advantageous as it enables the dif-
ferentiated assignment of properties to individual mineral
grains, accurately replicating the heterogeneous nature of
mineral crystals within the rock (Potyondy & Cundall,
2004; Lan et al.,, 2010, 2013; Peng et al., 2018; Zhou
et al., 2024a, 2024b). This allows the model to more pre-
cisely capture the effects of strain rate on energy evolution
within distinct mineral structures.

The GBM model employed in this study is based on
PFC2D, and the modeling process is as follows:

(@) (b)

Feldspar

Biotite

Plagioclase

(1) An initial sample was generated with large particles in
accordance with the mineral content and particle
sizes outlined in Section 2.1 (Fig. 2(a));

(2) Voronoi cells were created using the Qhull program
(Barber et al., 1996), with the centroid of each cell
positioned at the center of each large particle
(Fig. 2(b));

(3) Smaller particles were filled within each Voronoi
polygonal region to simulate fracturable minerals
(Fig. 2(c));

(4) Contact models were assigned (Fig. 2(d)). The con-
tact model within the mineral grains was the
parallel-bonded model (PBM), while the model
between grains was the smooth-joint model (SJM),
as illustrated in Fig. 2(e), with their corresponding
movement modes shown in Fig. 2(f) (Lambert &
Coll, 2014; Zhou et al., 2024a).

The parameter calibration is based on the laboratory
results from the unconfined compression and Brazilian
tests, as shown in Table 2. Figure 3 illustrates the numeri-
cal simulation tests used for this calibration. The basic
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Fig. 2. Schematic representation of the GBM model establishment. (a) Initial sample composed of large particles, (b) Voronoi polygonal division of the
sample, (c) smaller particles filled within the Voronoi polygon regions, (d) assignment of intragranular and intergranular contact models, (e) characteristics

of the PBM and SJM, and (f) movement modes of PBM and SJM.
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Table 2

Macro-mechanical properties as obtained from laboratory tests and simulations.

Macro-mechanical properties

Laboratory average value

Numerical average value Error (%)

UCS (MPa) 12.10
Elastic modulus (GPa) 30.65
Brazilian tensile strength (MPa) 1.92
Tensile modulus (GPa) 14.83

12.57 3.88
30.28 1.21

2.05 6.77
14.28 3.71

Brazilian tensile test

Feldspar Biotite

Unconfined compressive test

-

Plagioclase

Fig. 3. Schematic of the GBM model specimen for parameter calibration.

guidance for calibration is the general mineral microscopic
mechanical properties, including effective modulus, tensile
strength, and compressive strength, with the sequence of:
quartz > plagioclase and potassium feldspar > biotite >
mineral interface (Lan et al., 2010, 2013; Peng et al.,
2018; Zhou et al., 2024a). Prior to conducting parameter
calibration, the following fundamental modeling assump-
tions were also defined: (1) Constitutive parameters associ-
ated with intra-mineral contacts within each mineral were
specified as fixed values. (2) The friction coefficient between
specimen ends and loading platens was set to zero to elim-
inate boundary constraint effects.

The sample size and loading rate were kept consistent
with the experimental conditions. The microscopic param-
eter calibration procedure followed the method proposed
by Potyondy and Cundall (2004), Saadat and Taheri
(2019a, 2019b), and Zhou et al. (2025), as follows:

(1) Particle property assignment. The particle size and
mineral density were assigned based on previous
studies (Peng et al., 2018; Liang et al., 2025b).

(2) Elastic modulus and tensile modulus calibration. The
macro elastic modulus and tensile modulus were cal-
ibrated by adjusting the PBM modulus, PBM
normal-to-shear stiffness ratio, mineral intergranular
SIM contact normal stiffness factor, and SJM shear
normal stiffness factor for each mineral.

(3) Macro tensile strength calibration. The macro tensile
strength obtained from the Brazilian test was cali-
brated by adjusting the PB tensile strength within
the mineral grains and the SJ bond tensile strength
between grains. Additionally, the friction parameters
(friction angle and friction coefficient) within and
between grains were adjusted to match the numerical
simulation results with the experimental results.

(4) Unconfined compressive strength (UCS) calibration.
The UCS was calibrated by adjusting the PBM cohe-
sion within the mineral grains and the SJ bond cohe-
sion strength between grains.

Since multiple microscopic parameters can influence
various macro parameters, these steps typically require
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multiple iterations to achieve satisfactory calibration
results. The parameters calibrated based on these steps
are shown in Table 3. The macro-mechanical properties
from the simulation results and laboratory tests are listed
in Table 2, and error analysis shows that the numerical
results closely match the experimental results. Using these
calibrated parameters, numerical tests for unconfined com-
pression at different strain rates were conducted.

To ensure result accuracy, three random seeds were used
to generate samples with different mineral distributions,
labeled GBM1, GBM2, and GBM3.

2.4 Principle of energy calculation

Under unconfined compression, the rock specimen sys-
tem maintains dynamic energy equilibrium with the exter-
nal environment, and the internal energy evolution obeys
the law of energy conservation (Xie et al., 2009, 2020;
Cho, 2013). To investigate the failure behavior of granite
and the energy evolution of constituent minerals under dif-
ferent strain rates, a customized energy calculation pro-
gram was developed. The analysis particularly focuses on
the pre-peak stage, during which energy accumulation
and microcrack initiation play dominant roles.

Given the small size of the specimen, gravitational
potential energy is negligible. The total input energy of
the system AU®, provided by the unconfined compressive
load, is assumed to be entirely converted into elastic strain
energy AU°, dissipated energy AUY, and kinetic energy
AU¥. The energy conservation equation is thus simplified
as (Tu et al., 2016; Zhou et al., 2023):

AU® = AU® + AU® + AU~ (1)

Elastic strain energy characterizes the ability of materi-
als to absorb and store energy under stress, which is essen-
tial for evaluating crack initiation and propagation (Zhou
et al., 2023). Therefore, only the elastic strain energy is con-
sidered in the current analysis. The elastic strain energy is
obtained using the following equation:

AU® = Z:l:luii - Z:’:lug‘” (2)

where 7 is the total number of particles in the system, and
ug,; and uf; are the elastic energy densities of the i-th parti-
cle at the initial state and at time ¢, respectively.

To further analyze the contribution of individual min-
eral phases, the total elastic strain energy is decomposed
into four components corresponding to quartz, feldspar,
plagioclase, and biotite:

AU® = AUe_Quarlz 4 AUe_Feldspar T AUe_Plagioclase T AUe_Biotile-
3)

The elastic energy associated with each mineral phase is
calculated using the following formulation:

Biotite

Plagioclase
0.15

Quartz
0.15
1.66
2650

K-feldspar

0.15
1.66
2600

Microparameters

Microscopic parameters of the GBM model.

Table 3

vy
—
S

Minimum particle radius, Ry, (mm)

Particle/size ratio, Rmax/Ryin

Microproperties of the particle

1.66
2850
23.0
2.0
20
1.0

1.1

1.66
2600
1.7
27.5
1.0

3.1
20

1.0
28.5
3.5
20
1.0

1.6
27.5
3.1
20
1.0
16
20
0.3
0.9
0.3

PB modulus, pb_emod (GPa)

PB normal-to-shear stiffness ratio, pb_krat
PB cohesion, pb_coh (MPa)

PB tensile strength, pb_ten (MPa)

PB friction angle, pb_fa (°)

PB friction coefficient, pb_fric

SJ bond cohesion strength, sj_coh (MPa)
SJ bond tensile strength,sj_ten (MPa)

SJ bond friction angle, sj_fa(°)

SJ bond friction coefficient, sj_fric

SJ contact normal stiffness factor

SJ shear normal stiffness factor

Particle density, p (kg'm™)

Microproperties of the mineral contacts (PBM)
Microproperties of the mineral boundaries (SJM)
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e n_mM e noM o
AU = Zi:] Ui — Zi:l Yo
M € {Quartz, Feldspar, Plagioclase, Biotite}.
(4)

For each particle, the elastic energy density is calculated
based on its stress state and volume:

e __ Vf
P2E,
where V; is the volume of the i-th particle, Ej is the initial
elastic modulus, p is Poisson’s ratio (approximately 0.25),
and oy, o3 are the major and minor principal stresses,
respectively.

u [012 +0y° — 2u0103], (5)

3 Results analysis
3.1 Effect of strain rate on mechanical properties

To capture the entire failure process, stress—strain curves
for granite samples at different strain rates were plotted, as
shown in Fig. 4(a), (b), and (c). Based on these stress—strain
curves, the process can be divided into three stages: com-
paction of pores and fissures (Region I), elastic deforma-
tion to stable microcrack development (Region II), and
unstable fracture phase (Region III). Specifically, during
the initial loading phase, as the load increases, the pre-
existing micropores in the sample gradually close, leading
to rock compaction and forming early nonlinear deforma-
tion. At this stage, the stress—strain curve exhibits a con-
cave downward shape, referred to as the crack closure
stage of pores and fissures (Region I). Following this stage,
the stress—strain curve becomes nearly linear, indicating
stable microcrack propagation (Region II), which shortens
progressively with increasing strain rate. After the elastic
phase, the miniature tensile instrument (MTI) system is
used to directly observe crack propagation, as the sample
transitions from volumetric compression to dilation until
peak strength is reached, representing the unstable fracture
stage (Region III). It is important to note that this study
focuses only on the pre-peak stage, as this stage is crucial
for understanding the initiation and development of
cracks, which play a significant role in the crack behavior
of the material (Eberhardt et al., 1999). Figure 4(d) shows
the evolution of strength with strain rate. It is evident that
as the strain rate increases, the strength of granite also
increases. When the strain rate increases from 6.25 x 10~
t0 6.25 x 10 57!, the average peak strength increases from
12.10 to 14.37 MPa, representing an increase of 18.76.

To obtain the influence of strain rate on the elastic mod-
ulus of granite, the average elastic modulus of the rock was
calculated using Eq. (6). Here, E,, represents the average
elastic modulus of the rock (GPa); o, represents the stress
corresponding to the start point of the axial strain curve’s
linear segment (MPa) (red dots shown in Fig. 4); gy, repre-
sents the stress corresponding to the endpoint of the axial
strain curve’s linear segment (MPa) (green dots shown in

Fig. 4); &, represents the axial strain at stress oy,; &, repre-
sents the axial strain at stress o,. The resulting evolution
curve of the elastic modulus with strain rate is shown in
Fig. 4(e). As the strain rate increases, the elastic modulus
of the rock also increases. When the strain rate changes
from 6.25 x 10 to 6.25 x 10 s, the average elastic mod-
ulus increases from 30.65 to 35.90 GPa, representing an
increase of 17.13%.

Op — O,
Eav =

(6)

To better analyze the effect of strain rate on the defor-
mation behavior of granite, the axial strain corresponding
to the peak strength was recorded, as shown in Fig. 4(f). As
the strain rate increases, the axial strain also exhibits an
increasing trend. When the strain rate increases from
6.25 x 107 57! to 6.25 x 107 57!, the average axial strain
rises from 0.067% to 0.084%, representing a 25.37%
increase.

Figure 5 presents the numerical simulation results at dif-
ferent strain rates. Figure 5(a) and (b) shows the peak
strength and elastic modulus of the GBM model at different
rates, respectively. The results indicate that both the peak
strength and elastic modulus of the GBM model increase
with increasing strain rates. Specifically, when the strain rate
increases from 6.25 x 107 to 6.25 x 102 s7!, the average
peak strength of the GBM model increases from 12.57 to
14.74 MPa, an increase of 17.26%; and the average elastic
modulus increases from 30.28 to 34.98 GPa, an increase of
15.52%. When comparing the increase in peak strength
and elastic modulus from the experiments, the GBM model
results closely match the experimental data, indicating that
the strain rate response pattern of the GBM model is consis-
tent with actual behavior.

The rock failure process involves crack initiation, devel-
opment, and coalescence (Bao et al., 2021; Liang et al.,
2025a, 2025¢), making it essential to obtain the characteris-
tic stress points. The method for identifying these points fol-
lows the procedure previously described. To better compare
the contribution of each characteristic stress to the failure
process, the crack initiation stress (o) and crack damage
stresses (o.q) were normalized against the peak stress (op)
(as shown in Fig. 6). It can be observed that as the strain
rate increases, the peak strength (o) gradually increases,
while the crack initiation stress (o) and damage stress
(0.q) remain relatively stable. The normalized values of
0./, and oq4/0, gradually decrease. Specifically, with
increasing strain rate, the normalized o./o, decreases from
0.43 to 0.37, a reduction of 13.95%, and the normalized
a0y decreases from 0.82 to 0.71, a reduction of 13.41%.
These trends are consistent with the results of previous stud-
ies (Wang et al., 2011; Zhu et al., 2020; Yu et al., 2023).

&b — €

3.2 Effect of strain rate on failure modes

To further explore the impact of strain rates on failure
modes, Fig. 7 illustrates the unconfined compression failure
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Fig. 4. Strain rate test results. (a), (b), and (c) show the stress—strain curves of rocks at strain rates of 6.25 x 107>, 6.25 x 10*, and 6.25 x 107 s7',
respectively, (d) evolution of strength with strain rate, (e) evolution of elastic modulus with strain rate, and (f) evolution of axial strain with strain rate.

patterns of the samples at different strain rates. The results
show that at lower strain rates, the samples tend to fracture
into large blocks, while at higher strain rates, the failure is
predominantly characterized by pulverization. These find-
ings are consistent with those reported in previous studies
(Doan & Gary, 2009; Li et al., 2014). Combined with the
results from Fig. 4, it can be observed that as the strain rate
increases, the strength, elastic modulus, and axial strain of

granite exhibit greater variability. This may be due to the
fact that at lower strain rates, internal crack propagation
in the specimen is relatively stable, with micro-cracks con-
verging along local weak planes, resulting in blocky frag-
mentation. However, as the strain rate increases, internal
crack propagation within the specimen accelerates signifi-
cantly and becomes more uniform, ultimately leading to
a pulverized failure mode.
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Fig. 5. GBM model results at different strain rates. (a) Peak strength results of the GBM model at different strain rates, and (b) elastic modulus results of

the GBM model at different strain rates.

To further investigate the effect of strain rate on crack
propagation at the meso-scale, the MTI-LM system was
employed to observe the detailed failure process of granite
under varying strain rates. The MTI-LM system enables
direct observation of crack behavior, capturing images
throughout the entire failure process (Liu et al., 2022). Fig-
ure 8 presents the microstructural failure of granite at
strain rates of 6.25 x 107, 6.25 x 10% and 6.25 x
10 57!, with the specimens predominantly exhibiting split-
ting failure. Figure 8(c)—(e), (h)—(j), and (m)—(o) displays
magnified views of specific stages within the white rectan-
gular areas, corresponding to the beginning of the elastic
region (Region I), the onset of unstable crack propagation
(Region II), and the peak stress point (Region III) on the
stress—strain curves in Fig. 4(a), (b), and (c). In Fig. 8,
the white minerals are quartz, the gray minerals are feld-
spar, and the black minerals are biotite.
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Fig. 6. Influence of strain rate on the characteristic stresses.

At a strain rate of 6.25 x 10~ s~!, as shown in Fig. 8(c),
(d), and (e), a macro-crack nearly parallel to the loading
direction is primarily observed, with cracks mainly propa-
gating along mineral grain boundaries. This indicates that
at low strain rates, the weak points at grain boundaries are
more likely to serve as crack propagation paths. Addition-
ally, when cracks propagate through biotite minerals, a
noticeable intergranular phenomenon occurs, suggesting
that biotite governs crack propagation. As the strain rate
increases to 6.25 x 10* s7!, the crack propagation path
becomes more complex, though the controlling effect of
biotite remains evident, as shown in Fig. §(h), (i), and (j).
There is an increase in both intragranular and intergranu-
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Fig. 7. Unconfined compression failure modes of specimens at different
strain rates.
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Fig. 8. Failure process of granite under different strain rates (Note: (a), (f), and (k) show images at the red points in Fig. 4; (b), (g), and (i) show images at
the blue points (peak stress) in Fig. 4. The remaining images present magnified views of the white boxed regions at the red, green, and blue points (peak

stress) for each strain rate).

lar crack propagation, especially within feldspar minerals.
At a strain rate of 6.25 x 102 s~' (Fig. 8(m), (n), and
(0)), there is a significant increase in cracks within quartz
and feldspar minerals. Cracks propagate directly through
biotite, indicating that the controlling effect of biotite on
crack propagation diminishes with increasing strain rate.
To more precisely investigate the effect of strain rate on
the interaction between cracks and minerals, we performed

thin section analysis of the fractured granite samples using
polarized light microscopy, with the results shown in
Fig. 9. At a strain rate of 6.25 x 10> 5™, cracks predomi-
nantly propagated along mineral interfaces, especially
between biotite and other minerals such as quartz and feld-
spar. The cracks tended to bypass biotite, propagating
along the mineral interfaces, suggesting that biotite plays
a role in limiting crack propagation through the mineral.
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Fig. 9. Polarized microscopy of fractured specimens at different strain rates (Note: The blue dashed lines indicate the propagation of macroscopic cracks,
while the orange-yellow dashed lines represent the propagation of microcracks. ‘Bt is short for biotite, ‘Qtz’ is short for quartz, ‘PI’ is short for plagioclase,
‘Kfs’ is short for K-feldspar, ‘Hbl’ is short for hornblende, and ‘Aug’ is short for pyroxene).

As the strain rate increased to 6.25 x 107 s7!, the crack
propagation path became more complex, with cracks
beginning to penetrate through the edges of biotite grains,
indicating a reduction in biotite’s ability to impede crack
growth. At a strain rate of 6.25 x 10 s™!, cracks directly
penetrated biotite and extended into the interior of other
minerals. The crack propagation was no longer signifi-
cantly influenced by mineral interface structures, and the
effect of biotite on crack propagation almost vanished,
allowing the cracks to pass through biotite and continue
propagating through other minerals.

In summary, from Fig. 9, it is evident that the influence
of biotite on crack propagation decreases with increasing
strain rate, with cracks transitioning from bypassing biotite
to directly penetrating it. At low strain rates, biotite
impedes crack growth, but this effect weakens as the strain
rate increases.

4 Discussion
4.1 Evolution of microcracks at the meso-scale

To gain further insight into the evolution of microcracks
under varying strain rates, the distribution of cracks at dif-
ferent loading stages was analyzed. Figure 10(a), (b), and
(c) depicts the distribution of microcracks at different load-
ing stages (0., 0.4, and o,,) under different strain rates. As
the strain rate increases from 6.25 x 107 to 6.25 x 102> s,
significant changes occur in the distribution and types of
cracks. At low strain rates, cracks are primarily intragran-
ular tensile cracks and are relatively few in number. How-
ever, as the strain rate increases, the types of cracks become
more complex, with a notable increase in intragranular
shear cracks and intergranular cracks. The crack network
also becomes more intricate and dense, especially in the
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areas near biotite (pink), where the concentration and den-
sity of cracks are highest. As strain rate increases, cracks
transition from propagating around biotite to penetrating
through it, which is consistent with the experimental results
shown in Fig. 10(d), (e), and (f).

To quantitatively analyze the influence of different load-
ing rates on the evolution of microcracks in minerals, the
crack density coefficient defined by Li et al. (2022) was
used. This coefficient quantitatively describes the number
of microcracks originating within different minerals per
unit area. A smaller coefficient indicates that cracks are less
likely to originate, suggesting relatively minor damage,
whereas a larger coefficient indicates greater damage. The
formula for calculating this coefficient is as follows:

Ky = Nu x 100%,
Cu
M € {Quartz, Feldspar, Plagioclase, Biotite}, (7)

where K, is the crack density coefficient, N,, represents the
number of cracks inside the mineral, and C,, represents the
mineral content.

Based on Eq. (7), the crack density coefficients under dif-
ferent strain rates were statistically analyzed at the failure
point (Fig. 10(g)). It can be observed that at the same strain
rate, the crack density coefficients per unit area for quartz,
feldspar, and plagioclase are similar, whereas the crack den-
sity coefficient per unit area for biotite is significantly lower
than that of other minerals. This indicates that quartz, feld-
spar, and plagioclase are more severely damaged, while bio-
tite sustains less damage. With the increase in strain rate, the
crack density coefficients K, of all four minerals increase,
ranked in descending order as: biotite > plagioclase > feld-
spar > quartz. Among them, the crack density coefficient
per unit area for biotite increases significantly, from 28.0%
to 52.4%, with an overall increase amplitude of 87.14%.
Combined with Fig. 10(a), (b), and (c), it is evident that as
the strain rate increases, the overall degree of damage in all
four minerals intensifies, with biotite being the most promi-
nent. The microcracks initially expand along the weak planes
of biotite and eventually penetrate through it.

To further quantitatively compare the differences in
microcrack initiation at different strain rates, the various
types of cracks were normalized with respect to the total
number of cracks (Fig. 10(h)). With the increase in strain
rate, the normalized intergranular tensile cracks gradually
decrease, the intragranular tensile cracks gradually increase,
and the intergranular shear cracks remain nearly
unchanged. Specifically, as the strain rate increases, the nor-
malized intergranular tensile cracks decrease from 38.19% to
29.55%, a reduction of 22.62%, while the intragranular ten-
sile cracks increase from 60.57% to 69.50%, an increase of
14.74%. These trends are consistent with the experimental
results and previous studies (Li et al., 2020).

According to the results above, strain rate significantly
affects the crack propagation and aggregation. To quantify
the degree of crack distribution concentration, this study

introduces the concept of entropy (Xu et al., 2020; Cheng
et al., 2022; Han et al., 2023). The specific expression of
entropy is provided in Eq. (8). The detailed calculation
steps are as follows:

(1) Divide the specimen into 200 uniform grid units
(10 x 20);

(2) Calculate the number of cracks in each grid unit;

(3) Determine the proportion of cracks in each grid unit
relative to the total number of cracks in the specimen;

(4) Use Eq. (8) to calculate crack entropy.

A higher entropy value indicates a more disordered and
uniform spatial distribution of cracks, while a lower
entropy value indicates a more ordered and concentrated
spatial distribution of cracks.

n n
H=— <1 u
Za Ntotal o8 <Ntota1) ’ (8)

where H is the entropy; « is the number of uniformly
divided grid units within the specimen; n, is the number
of cracks contained within the a-th grid unit; and Ny 1S
the total number of cracks within the specimen.

The entropy values of cracks are shown in Fig. 11. As the
strain rate increases from 6.25 x 107> t0 6.25 x 10> s™!, the crack
entropy corresponding to 6, 04, and g, increases by 8.40%,
8.39%, and 3.60%, respectively. This indicates that the distribu-
tion of cracks becomes more uniform. From the perspective of
the contribution of mineral crystal materials, at higher strain
rates, more parts of rock materials play a supporting role, result-
ing in higher strength. This suggests that the greater the strain
rate, the higher the strength exhibited by the material.

4.2 Stress distribution at the meso-scale

Based on the above-mentioned results, strain rate pri-
marily influences the damage degree of various minerals
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in granite, with biotite exhibiting the most significant
changes. This alters the controlling ability of biotite in
crack propagation. To compare the strain rate effect on
crack behavior in biotite, a detailed analysis of local dam-
age near biotite, based on Fig. 10(a), (b), and (c), was con-
ducted. The evolution of minor principal stress and contact
force chains at different strain rates was obtained, as shown
in Fig. 12, with the biotite regions outlined in red.

At a strain rate of 6.25 x 10> s™', granite exhibits a uni-
form stress distribution and contact force chain network at
the crack initiation stage (Fig. 12(a) and (a’)). As stress
increases to the damage stage, concentration occurs in
the biotite region, with contact force chains becoming more
localized (Fig. 12(b) and (b’)). At peak stress, stress is
highly concentrated in the biotite area, and the contact
force chain network begins to break, forming distinct
cracks (Fig. 12(c) and (c’)). Notably, at low strain rates,
cracks tend to propagate around the biotite region, high-
lighting its significant role in guiding the crack path and
causing cracks to follow the edges of biotite rather than
propagate directly through it.

At a strain rate of 6.25 x 10* s, the stress distribution
and force chain concentration at the crack initiation stress
stage slightly increase compared to the lower strain rate
(Fig. 12(d) and (d’)). At the damage stress stage, the con-
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centration of stress and force chains in the biotite region
becomes more pronounced, gradually forming stress con-
centration areas (Fig. 12(e) and (¢’)). At the peak stress
stage, stress is highly concentrated in the biotite region,
and the contact force chains exhibit significant rupture
(Fig. 12(f) and (f)). At this point, the crack propagation
path partially penetrates the biotite region. This suggests
that at moderate strain rates (6.25 x 10* s™"), cracks tend
to both bypass and penetrate biotite, indicating a reduced
but still present guiding effect of biotite on the crack path.

At a strain rate of 6.25 x 107 s~ the distribution of
stress and contact force chains begins to concentrate at
the crack initiation stress stage (Fig. 12(g) and (g")). How-
ever, upon entering the damage stress stage, the concentra-
tion in the biotite region intensifies significantly (Fig. 12(h)
and (h’)). At the peak stress stage, stress is highly concen-
trated in the biotite region, and the contact force chains
completely break, representing brittle failure behavior
(Fig. 12(i) and (i’)). At high strain rates (6.25 x 1072 s™'),
cracks tend to propagate directly through the biotite
region. This suggests that under high strain rate conditions,
the guiding effect of biotite on the crack path nearly disap-
pears, and cracks are more likely to penetrate biotite
directly, leading to rapid material failure and more intense
crack propagation.
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Fig. 13. Elastic strain energy of minerals at different strain rates. (a) Quartz, (b) feldspar, (c) plagioclase, and (d) biotite.


move_f0060

190

Q. Liang et al. | Underground Space 25 (2025) 176-194

(a)10 (b)10
@ Biotite @ Biotite
o Other minerals o Other minerals
2 5
2 6 2 6+r
[0 (5]
£ £ W
g g
o e , o 4r o
- Y 2
Bl e = o,0
0 - . 1 1 1 1 0 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0.06
Axial strain (%) Axial strain (%)
(c)10
@ Biotite
Other minerals

s 5[ [ N

> qffpd) %

N

S 6t 5

g

2 a4l -

2 &

B o

A 5l Q&P

**]
[be)
e
0 ""'m 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Axial strain (%)

Fig. 14. Elastic strain energy of different minerals at the same strain rate. (a) Mineral elastic strain energy with a strain rate of 6.25 x 10~ s™', (b) mineral
elastic strain energy with a strain rate of 6.25 x 10 s™!, and (c) mineral elastic strain energy with a strain rate of 6.25 x 10> s,

4.3 Energy evolution at the meso-scale

The storage of elastic strain energy within minerals is clo-
sely linked to crack propagation behavior (Yin et al., 2021;
Zhang et al., 2023). To further analyze the fracture mecha-
nisms of soft minerals under different strain rates, the pre-
peak elastic strain energy of various minerals was statistically
calculated from an energy perspective, based on the princi-
ples described in Section 2.4. Figure 13 shows the changes
in elastic strain energy for different minerals at various strain
rates. As the strain rate increases, the elastic strain energy of
each mineral gradually increases, with biotite exhibiting the
highest elastic strain energy and quartz the lowest.

To better compare the elastic strain energy storage
capacity of biotite with that of other minerals, Fig. 14 pre-
sents the changes in elastic strain energy with axial strain
for biotite and other minerals (including quartz, feldspar,
and plagioclase) at the same strain rate. The elastic strain
energy increases with axial strain, and for all strain rates,
biotite exhibits higher elastic strain energy than the other
minerals. This suggests that biotite can accumulate more
energy under the same strain conditions, demonstrating a
higher elastic energy storage capacity (Zhang et al., 2023).

To quantitatively characterize the uniformity of elastic
strain energy storage among minerals, the elastic strain

energy of biotite and other minerals was normalized
with respect to the total elastic strain energy using
Eqgs. (9)-(12).
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Fig. 15. Ratio of mineral elastic strain energy to total elastic strain energy
at different strain rates.
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AUS = AUe_Other + AUC_Biolite, (9)
AUe_Other _ AUe_Quartz 4 AUe_Feldspar + A(Je_Plagioclase7 (10)
Ue_Biotite
Ry Biotite = TAUS x 100%, (11)
e_Other
RM_Other = W X 1000/67 (12)

where AU°® represents the total elastic strain energy;
Rus_giotite TEPresents the ratio of the elastic strain energy of
biotite to the total elastic strain energy; and Ry;_omer repre-
sents the ratio of the elastic strain energy of other minerals
to the total elastic strain energy.

The resulting ratios of mineral elastic strain energy to
total elastic strain energy at different strain rates are shown
in Fig. 15. As the strain rate increases, Ry, _pjoie gradually
decreases from about 66% to 60%, indicating that the pro-
portion of elastic strain energy stored in biotite decreases
with increasing strain rate. Conversely, Ry omer fOr other
minerals gradually increases from 36% to about 40%,
showing that the proportion of elastic strain energy stored
in other minerals increases as the rate increases. This sug-
gests that as the strain rate increases, the disparity in elastic

Strain rate = 6.25x1073 s!

Elastic strain energy
1x1073

910+

strain energy among different minerals diminishes, leading
to more uniform energy release and enhanced overall
strength.

Based on the local damage around biotite (Fig. 12), the
distribution of elastic strain energy in different minerals at
various strain rates was statistically analyzed, as shown in
Fig. 16. The white dotted regions indicate biotite, and the
particle color represents the magnitude of elastic strain
energy, ranging from blue (low elastic strain energy) to
red (high elastic strain energy). As loading continues, the
elastic strain energy stored in minerals increases. Com-
pared with other minerals, biotite stores more elastic strain
energy. At a low strain rate (6.25 x 107 s™!), the high elas-
tic strain energy of biotite imparts significant resistance to
crack propagation. Cracks encountering biotite have insuf-
ficient energy to penetrate, causing them to bypass the bio-
tite region (Fig. 10(d)). At a moderate strain rate
(6.25 x 10* s71), the increased energy allows some cracks
to overcome the resistance of biotite and begin to traverse
the edges of the biotite region. At a high strain rate
(6.25 x 10 s71), the elastic strain energy storage capacity
of biotite becomes similar to that of other minerals, reduc-
ing the differences in elastic strain energy storage among

Fig. 16. Local distribution of elastic strain energy (Note: Blue indicates low elastic strain energy, red indicates high elastic strain energy, and the regions

outlined by white lines indicate biotite minerals).
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Fig. 17. Mechanism of crack propagation in biotite minerals at different strain rates.

minerals. This results in more uniform energy release and
causes cracks associated with biotite to transition from
intergranular to transgranular propagation.

4.4 Mechanism of strain rate effect on crack propagation

Under quasi-static loading conditions with low strain
rates, there is sufficient time for stress redistribution, lead-
ing to stress concentration at the intergranular weak planes
around biotite minerals, forming intergranular tensile
cracks (Fig. 17(a)). As the load increases, cracks begin to
propagate in plagioclase and potassium feldspar, generat-
ing intragranular tensile cracks (Fig. 17(b)) (Ghasemi
et al., 2020). Biotite, with its lower stiffness and greater flex-
ibility (Aboayanah et al., 2024; Ghasemi et al., 2024), has a
higher capacity to store elastic strain energy, resulting in
greater resistance to crack penetration. Consequently,
cracks tend to propagate along the grain boundaries of bio-
tite particles rather than directly through them (Fig. 17(¢)).

Under high strain rate conditions, the initial loading
results in high stress concentration within the biotite grains
and between minerals, with insufficient time for stress redis-
tribution. Consequently, cracks initiate both intergranular
and intragranular tensile cracks along the biotite grains
and within the minerals (Fig. 17(d)). As the load increases
more dramatically, the fracture toughness of the material
decreases (Li et al., 2020), leading to the formation of more
intragranular tensile cracks within biotite (Fig. 17(e)).
Under rapid loading conditions, the crack propagation rate
increases significantly, and cracks do not have sufficient
time to follow the energy-minimizing path around the bio-
tite particles. Therefore, cracks tend to propagate along the
shortest path, penetrating through biotite and rapidly
releasing the accumulated energy (Fig. 17(f)).

Based on the results and discussion above, under uncon-
fined loading conditions, rocks exhibit significant strain

rate dependency at different strain rates. As the strain rate
increases, the influence of soft minerals (i.e., biotite) on the
rock fracture mode decreases due to differences in mineral
properties. Therefore, in underground engineering excava-
tion, when the excavation rate is low, soft minerals may
play a significant role in absorbing strain energy, slowing
the energy release process, and reducing the likelihood of
rockburst hazards. However, at higher excavation rates,
the influence of soft minerals on energy absorption dimin-
ishes, making the overall energy release process more
intense and increasing the risk of rockburst. These insights
are critical for guiding excavation strategies and enhancing
the overall stability of underground spaces.

5 Conclusions

This study integrates MTI-LM and GBM techniques to
investigate meso-scale crack propagation in granite under
different strain rates. A crack entropy index was introduced
to quantify crack concentration, and an energy-based anal-
ysis was conducted to reveal how strain rate influences the
mechanical behavior and fracture mechanisms of rock.
These findings have important implications for the stability
and design of underground space engineering. The main
conclusions are as follows:

(1) Effect on macroscopic mechanical parameters: The
strength, elastic modulus, and axial strain of granite all
increase with strain rate. The normalized crack initiation
stress 6,;/0, increases with strain rate, whereas the normal-
ized crack damage stress 6.4/ o), decreases with strain rate.

(2) Crack propagation and failure mode: The crack
entropy gradually increases, and the fracture mode
related to biotite minerals transitions from intergran-
ular to transgranular, indicating a more uniform dis-
tribution of microcracks.
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(3) Strain rate effect mechanism: At low strain rates,
microcracks preferentially propagate along intergran-
ular paths, bypassing soft minerals to reduce energy
consumption. In contrast, higher strain rates promote
transgranular cracking along shorter paths, enhanc-
ing crack uniformity and energy dissipation, thereby
improving the overall strength and stiffness of the
rock.
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