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Abstract

Rock brittleness is an important mechanical property that describes damage of
rocks. This study proposes a rock brittleness evaluation index considering
the postpeak energy release rate and damage surface morphology parameters.
The accuracy of the brittleness index is verified by the triaxial direct shear test of
granite under different confining pressures. By comparing the accuracy and
precision of eight existing brittleness evaluation indexes, the results show that
BlIpprr can more accurately evaluate the postpeak brittleness of granite under
direct shear conditions. The findings confirm that the brittleness of Beishan
granite decreases with increasing confining pressure, with Blpgrp declining by
23.5% as the confining pressure increases from 2 to 22 MPa. Similarly, brittleness
decreases with increasing temperature, with Blpgry decreasing by 20.16% as
the temperature increases from 30 to 110°C. The research findings provide sig-
nificant guidance for evaluating the stability of engineering rock masses and
predicting geological hazard risks.
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Highlights

* The energy evolution of Beishan granite under high-temperature and high-
stress triaxial direct shear (TDS) conditions is obtained.

* Damage surface characterization of Beishan granite under high-temperature
and high-stress TDS conditions is determined.

* A new rock brittleness index is established to describe the energy evolution of
granite under TDS conditions.

* Beishan granite brittleness under TDS conditions at high temperatures in real
time is obtained.

The rock brittleness index is a key parameter
when evaluating the damage characteristics of a rock

Rock brittleness is an important mechanical property that
describes the damage of rocks (Gong & Wang, 2022; Liu,
Wang, et al., 2023; Meng et al., 2021), and it is crucial in
many fields such as petroleum engineering, geotechnical
engineering, and geohazard research (Rahimzadeh Kivi
et al., 2018; Zhao et al., 2020). Stability problems in rock
excavation (Hajiabdolmajid & Kaiser, 2003; Meng
et al., 2015), hydraulic fracturing for unconventional en-
ergy sources (Wang et al., 2021; Zhang et al., 2016), tunnel
boring machine cutter wear for hard rock excavation
(Zhang et al.,, 2024), and rockbursts in underground
engineering (Kidybinski, 1981; Singh, 1986; Zhao et al.,
2021) involve brittleness evaluations.

(Altindag, 2002; Meng et al., 2021; Tarasov, 2023). The
violent damage process usually indicates high brittleness
of the rock (Kahraman & Altindag, 2004; Nejati &
Moosavi, 2017; Yarali & Kahraman, 2011). However,
the method of measuring and calculating the brittleness
of rocks has not led to a unified standard and calculation
method. Table 1 lists the common brittleness calculation
methods in some fields. Rock brittleness indices are
defined in various forms such as the strength ratio,
the modulus ratio, and the energy index ratio (Meng
et al., 2015; Zhang et al., 2016). Although brittleness
indices have been widely used in different areas of rock
engineering, there is no consensus on the definition and
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TABLE 1 Summary of commonly used brittleness indexes.

Methods Definition Description Source
Based on rock mineral BI, = _ Mz Wx indicate weight fraction of component x, Jarvie et al. (2007)
. Wytz+carbcly — A — _
constituents qtz = quartz, carb = carbonate, cly = clay,
Bl = — Mazrdol dol = dolomite, TOC = total organic carbon Wang and Gale (2009)
© Wautearb+ely+TOC QFM = quartz + feldspar + mica
Bl - WQFM+carb QFP = quartz + feldspar + pyrite Jin et al. (2015)
- Wotal
Based on hardness Bl = 1;—’ H is the hardness, Kjc is the mode I fracture Lawn and Marshall (1979)
¢ toughness, C is the characteristic crack length,
BI = HTE and « is the indent size for Vickers indents at a Quinn and Quinn (1997)
Kic specified load.
Bls=< Sehgal et al. (1995)
Based on the strength BIL = %‘E o. and oy are the uniaxial compressive strength Hucka and Das (1974)
parameter - and the tensile strength, respectively
BL = % Hucka and Das (1974)
c T
Bly = o.0,/2 Altindag (2003)
Bl = \o,01/2 Altindag (2010)

Based on the
stress—strain curve

Bl = (t, — )/t
Bl = (& — &.)le;
B3 = ¢4

Bl = &./g

Bhs = (& — &)le

7, and 7, are the peak and residual strengths,
respectively, ¢, and ¢ are the reversible (or
elastic) and total strains at failure, respectively, ¢,
is the sustained plastic strain at failure, ¢, is the
residual strain, U, Usotat, Upeak, and Upog are the
elastic energy, the total elastic energy, the total
energy at peak, and the rupture energy,
respectively.

Bishop (1967)
Andreev (1995)
Andreev (1995)
Hucka and Das (1974)

Andreev (1995)

BI](, = 1/83
Bl; = o./es
Blhg = U/ Uoral

Bl = U/ Upost

BIZO = Upeak/Utotal

Gong and Sun (2015)
Liang et al. (2017)
Hucka and Das (1974)
Munoz et al. (2016)

Munoz et al. (2016)

measurement of rock brittleness (Meng et al., 2021).
The method combining energy coefficients is the most
widely used one (Gong et al., 2024; Munoz et al., 2016;
Rahimzadeh Kivi et al., 2018; Wang et al., 2020; Zhang
et al., 2022). The nature of rock damage is an irreversible
transformation process driven by energy; the process
involves energy absorption, energy storage, and energy
dissipation, and the energy evolution mechanism is closely
related to the microcracks and damage states within the
rock (Feng et al., 2024; Wang et al., 2023; Zhang
et al., 2019). It has been suggested that rock brittleness
indicators should be characterized by simultaneous dam-
age surfaces (Liu, Wang, et al., 2023).

A reliable scientific rock brittleness evaluation index
should cover the whole process of rock rupture, and
the variability of the rock rupture surface, subjected to
nonhomogeneity and anisotropy, should also be con-
sidered. To fill the existing research gap, this study ana-
lyzes the energy evolution law of the stress—strain curve
on the whole process of rock rupture through the triaxial
direct shear (TDS) test of rock, investigates the effect
of different circumferential pressure and temperature
conditions on the randomness of the breaking surface,
and proposes a new evaluation index of rock brittleness
based on the principle of energy and the effect of the

randomness of the breaking surface on rock damage.
The reliability and accuracy of the new indicators were
verified through experimental validation and comparison
with existing calculation methods.

2 | BRITTLENESS INDEX FOR
DAMAGE OF BRITTLE
HARD ROCK

2.1 | Energy analysis of shear failure

Failure of rocks is the result of accumulating internal
damage and is essentially a change in energy (Gong
et al., 2024; He et al., 2018; Xie et al., 2011). To char-
acterize the brittleness of rock shear failure, the energy
evolution process of rock shear damage was analyzed
as is shown in Figure 1. In the prepeak phase, most of
the external input energy is stored within the rock as
elastic strain energy, and a small portion of the external
input energy is dissipated in the form of plastic defor-
mation. Upon arrival at the postpeak phase, most of
the external input energy and the internal energy stored
in the rock is violently released with the onset of the
damage and a small portion of the remaining energy is
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Characteristics of energy evolution in the triaxial direct shear failure process. (a) Schematic diagram of elastic strain energy and

dissipated energy and (b) schematic diagram of the division of energy types.

stored in the rock in the form of residual elastic strain
energy. The method of dividing the energy of each part
is shown in Figure 1, and the calculation method is
shown in Equations (1)-(9).

As illustrated in Figure la, the total energy input
throughout the entire experimental process is

Uotar = Ue + Uy (1)

The total density of U can be calculated using
Equation (2).

€1

€3
Utotar = IO tde + 2J‘0 o3de. 2)

The elastic strain energy density U, is determined
using Equation (3).

1

UCZZ_EO

[012 + 203 - 2v(a% + 20103)]. (3)
The dissipated energy density Uy is expressed as

Us = Uotat — e 4)

To further investigate the influence of postpeak
behavior, the energy is subdivided as shown in Figure 1b.
The prepeak elastic strain energy density is

2
Ue = R (5)
P2Ey
The residual elastic strain energy density is

2

Tr
Us = .
f- o (6)
The dissipated energy density is
P 2
P ‘L'p
Ud:fo rds—z—EO. @)

The postpeak energy release rate

When ¢, < ¢,

Ut — I rde - US, @®)

When ¢, > ¢,
& E,
Uf=L de — U§+70(8p—8u)2, )
P

where Up denotes the prepeak elastic strain energy
density, U: denotes the residual elastic strain energy
density, U denotes the postpeak energy release rate, and
Uy denotes the dissipated energy density. &4, &p, &4, and
& represent the prepeak plastic strain, the peak strain, the
postpeak plastic strain, and the residual strain, respec-
tively, E, denotes the elastic modulus, and v represents
the Poisson's ratio (Figure 2).

22 |
surfaces

Morphological parameters of damaged

The joint roughness coefficient (JRC) values and joint
matching coefficient (JMC) values are key parameters
to characterize the surface roughness and match in
geotechnical engineering. The JRC value can be
calculated using Equations (10) and (11) according to
the literature (Heinze et al., 2021). About 100 straight
lines are taken in the x-direction at intervals of 0.5 mm
to compute the JRC values in the y-direction. The JRC
values of the samples are obtained by averaging all the
straight-line JRC values in the y-direction. The JMC
value is obtained from the ratio of the nodal contact
area to the specimen cross-sectional area in Equation
(12) (Zhao, 1997)

JRC =322+ 32.47 log(Z,), (10)
1 & zi— 2 ?

S i~ i 11

2 Nllzz(xixi-l) ' .
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FIGURE 2 Acquisition of JRC and JMC values (Barton, 1976; Zhao, 1997). (a) Schematic diagram of the calculation method of JRC and (b)

schematic diagram of the calculation method of JMC.

4
JMC = 70, (12)
where x; is one of the NV discrete points along the contour
direction, z; is the height value corresponding to the
contour, Ay is the nodal contact area, and A4 is the cross-
sectional area of the specimen.

2.3 | A rock brittleness evaluation index

Brittleness is a very important property of engineering
materials, which reflects the deformation and fracture
characteristics of materials under stress. Several studies
have shown that the postpeak energy release rate of a rock
has a large influence on the brittleness of the rock, so the
postpeak energy release rate should be regarded as an
important influencing factor in the evaluation of rock
brittleness. The roughness of the rock-damaged surface
and the coincidence between the two sections also have
some influence on the postpeak energy release. In order to
better reflect the brittle damage evolution of rocks under
TDS conditions, this study utilizes the rock brittleness
evaluation indexes (Blpgrp) established by using the
postpeak energy release rate of the rock and the char-
acteristics of the damaged surface. The brittleness index
calculation formula is shown in Equation (13) as follows:

Uf
JRC - IMC . (13)
p

Bpgrr =

3 | TDS TEST

Due to the experimental design of direct shear failure sur-
faces and the presence of free surfaces, the characteristics of
triaxial stress in deep engineering are overlooked. Previous
studies have shown that while triaxial compression tests
account for triaxial stress conditions and have significantly
contributed toward understanding rock shear strength and
deformation, the failure surfaces in such tests show consid-
erable uncertainty, often fragmenting into multiple pieces.
This introduces potential errors in quantifying shear failure
surface characteristics. To address this, we used a modified
TDS apparatus to obtain more precise quantitative infor-
mation on failure surfaces. Detailed information on the
shear apparatus can be found in the referenced literature

FIGURE 3 Granite specimen.

(Liu, Liu, et al., 2023). Granite from Beishan, Gansu Prov-
ince, was selected for the TDS test to obtain the postpeak
energy release rate and damage surface parameters of the
rock to verify the brittleness index. The specimen size is
processed into cylindrical specimens of 50 mm diameter and
50 mm height, as shown in Figure 3.

The test was carried out using the rock high-temperature
and high-pressure TDS testing system of the Key Labora-
tory of the Ministry of Education for Safe Mining of Deep
Metal Mines of Northeastern University (Figure 4). Geos-
tress measurements indicate that the in situ stress at a depth
of 560 m reaches approximately 20 MPa (Chen et al., 2023),
while thermal analysis reveals that the rock mass barrier's
peak temperature attains 110°C (Seo et al., 2024). A total of
four different confining pressure levels were set up at 30°C
(2,9, 15, and 22 MPa), and five temperature levels were set
up at 22 MPa confining pressure (30, 50, 70, 90, and 110°C)
for a total of 24 sets of tests.

In the TDS tests, the shear indenter, the TDS device,
and the specimen were assembled, with a lubricant
applied to contact surfaces to minimize friction, and the
assembly was encapsulated in a heat-shrinkable sleeve.
The specimen was leveled horizontally on the base. Shear
and circumferential linear variable differential trans-
former (LVDT) sensors were connected, and force and
displacement sensors were calibrated and zero-adjusted
to ensure proper measurement ranges. Oil injection was
performed to apply confining pressure and temperature,
which was increased to the target value at 5°C/min,
held for 2h, and then pressurized at 0.1 MPa/s. After
stabilization, shear stress was applied at 0.02 mm/min
until specimen failure. The deformation was measured
using an LVDT sensor, and stress and deformation are
calculated as shown in Equations (14)—(16).
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FIGURE 4 Rock high-temperature and high-pressure triaxial test system.

FIGURE 5 Schematic diagram of the force state and deformation
of the specimen.

=L (14)

where D (mm) is the diameter of the cylindrical specimen
and L (mm) is the height of the cylindrical specimen.

Equation (11) represents the calculation of strain in
the shear direction.

u

X= T (15)

Equation (12) represents the calculation of the circum-
ferential strain (Figure 5).

= (16)

3.1 | Test results

The test results of the TDS of Beishan granite are
shown in Figure 6, which indicate that the shear
strength decreases with an increase in the confining

70
———2MPa,30 C

———9MPa, 30 C

—— 15MPa, 30 C
———22MPa,30 C
———22MPa, 50 C
———22MPa, 70 C
———22MPa, 90 C

—— 22 MPa, 110 C
ﬁgu..

Shear stress (MPa)

1.0 1.5 2.0 2.5
Strain (%)

FIGURE 6 Triaxial direct shear stress—strain curves of Beishan
granite.

pressure, and shows a trend of first increasing and then
decreasing with an increase in the temperature. The
stress—strain curves of direct shear failure are shown to
have a more stable postpeak curve compared with the
traditional triaxial compression test, and this phe-
nomenon provides more convincing data support for
the brittle characterization of postpeak rock damage.
Peak and residual strengths are strongly influenced by
the confining pressure and the temperature. Increasing
the confining pressure from 2 to 22 MPa enhances the
peak strength by 4.39 times and residual strength by
5.77 times. As shown in Figure 6, stress—strain curves
demonstrate that both strengths initially increase and
then decline with increasing temperature. Specifically,
increasing the temperature from 30 to 70°C boosts
peak and residual strengths by 30.15% and 45.33%,
respectively. However, further increasing the temper-
ature to 110°C reduces peak and residual strengths by
23.61% and 30.54%, respectively.

Based on Equations (1)—(5), the experimental results
obtained from various energy values during TDS of
granite from Beishan are shown in Table 2.

Table 2 shows that Up and U} will increase approxi-
mately linearly with increasing levels of confining
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pressure; when the confining pressure increases from 2 to
22 MPa, U} increases from 2.16 to 14.59 kJ/m?>, which is
a 5.75-fold increase, and U{ increases from 0.31 to
2.68 kJ/m>, which is a 7.65-fold increase. U$ and U°® are
significantly affected by the confining pressure. U and
Uy increase approximately linearly with increasing con-
fining pressure when the confining pressure increases
from 2 to 22 MPa; U increases from 2.55 to 12.04 kJ/m?,
which is a 3.72-fold increase. Uy increases from 0.63 to
4.82 kJ/m>, which is a 6.65-fold increase. U’ and Uy are
significantly affected by the confining pressure. Up and
U: show an increasing and then a decreasing trend as the
temperature increases.

When the temperature increases from 30 to 70°C, U}
increases from 14.59 to 17.29 kJ/m?>, which is an increase
of 18.51%. U¢ increases from 2.68 to 4.36 kJ/m>, which is
an increase of 62.69%. When the temperature increases
from 70 to 110°C, Up decreases from 17.29 to 13.86 kJ/
m?, which is a decrease of 19.84%, and U ¢ decreases from
4.36 to 2.87 kJ/m>, which is a decrease of 34.17%. This
shows that U$ and Ut are significantly affected by the
temperature. U' and Uy show an increasing and then a
decreasing trend. When the temperature increases from 30

TABLE 2 Energy evolution of the different specimens tested.

to 70°C, U' increases from 12.04 to 13.06 kJ/m?>, which is
an increase of 8.47%, and Uy increases from 4.82 to
5.57kJ/m?>, which is an increase of 15.56%. When the
temperature increases from 70 to 110°C, U' decreases
from 13.06 to 10.26 kJ/m>, which is a decrease of 21.44%.
Uy decreases from 5.57 to 4.14 kJ/m>, which is a decrease
of 25.67%. Thus, U" and Uy are significantly affected by
the temperature.

Prepeak elastic strain energy density, residual elastic
strain energy density, postpeak energy release rate, and
dissipated energy density are all linearly and positively
correlated with the confining pressure. The residual elastic
strain energy density and the dissipated energy density
increased the most, by 7.65 and 6.65 times, respectively.
Taking the thermal strengthening point as the demarca-
tion, with an increase in the temperature, the prepeak
elastic strain energy density, the residual elastic strain
energy density, the postpeak energy release rate, and the
dissipated energy density show the trend of increasing and
then decreasing, and the prepeak elastic strain energy
density and the residual elastic strain energy density at the
thermal strengthening point show the greatest increase,
with increases of 18.51% and 62.69%, respectively.

Number P. (MPa) T (°C) US (kJ/m®) US (kJ/m®) U, (kJim?) Ut (kJim®)
BSSRT-0la 2 30 2.10 0.24 0.56 2.77
BSSRT-01b 2 30 2.41 0.41 0.83 2.62
BSSRT-0lc 2 30 1.96 0.27 0.49 2.27
BSSRT-02a 9 30 5.77 1.05 1.33 7.16
BSSRT-02b 9 30 5.50 0.92 1.27 5.55
BSSRT-02¢ 9 30 6.66 1.13 0.94 5.57
BSSRT-03a 15 30 10.40 2.19 3.75 9.31
BSSRT-03b 15 30 10.43 1.22 4.40 6.47
BSSRT-03c¢ 15 30 10.39 1.27 4.38 7.63
BSSRT-04a 22 30 15.09 2.84 4.62 12.32
BSSRT-04b 22 30 14.52 2.92 5.02 11.72
BSSRT-04c 22 30 14.15 2.28 4.81 12.08
BSSHM-01a 2 50 15.98 4.42 5.19 13.54
BSSHM-01b 22 50 16.34 331 5.08 11.92
BSSHM-01c¢ 22 50 16.17 3.31 4.85 11.76
BSSHM-02a 22 70 17.50 4.44 6.03 13.88
BSSHM-02b 22 70 17.26 433 5.76 12.84
BSSHM-02¢ 22 70 17.11 4.30 4.92 12.47
BSSHM-03a 22 90 13.97 4.02 4.20 11.79
BSSHM-03b 2 90 14.81 3.12 4.47 10.95
BSSHM-03c 22 90 15.36 2.99 4.88 10.55
BSSHM-04a 22 110 12.89 3.42 4.38 10.83
BSSHM-04b 22 110 14.04 2.38 4.31 10.28
BSSHM-04c 22 110 14.66 2.82 3.73 9.68
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3.2 | Energy evolution

Figure 7 illustrates the energy evolution associated with
the failure of granite under TDS conditions. As the
confining pressure increases from 2 to 22 MPa, total
energy accumulation shows a nonlinear growth trend,
with the accumulation rate initially increasing and then
decreasing. The evolution of elastic energy correlates
with the stress—strain curve, while the proportion of
dissipated energy to total energy gradually declines. This
may be related to the peak postenergy release rate, where
a higher release rate allows the sample to dissipate energy
as kinetic energy, thereby reducing frictional energy loss.
As the temperature increases from 30 to 110°C, com-
pared to energy accumulation at ambient temperature,
high temperature induces a shift from nonlinear to linear
growth in total energy accumulation. The postpeak
curves of elastic strain energy and dissipated energy
become smoother, possibly indicating that high temper-
ature influences the postpeak behavior of rock direct
shear failure, resulting in reduced brittleness.

These observations highlight how confining pressure
and temperature affect granite, leading to changes in
postpeak failure behavior and brittleness characteristics.
A plausible mechanism for temperature-induced post-
peak mechanical behavior in granite is proposed,
involving the synergistic effects of thermal expansion-
induced microcracking and cement softening, which
collectively promote brittle—ductile transition. This hier-
archical coupling effect represents a core manifestation
of the complexity in high-temperature rock mechanics.
The differential thermal expansion coefficients of min-
erals (e.g., feldspar, mica) likely induce intergranular
microcracks, reducing the overall rock stiffness and
shifting energy accumulation from nonlinear (elastic-
dominated) to linear (progressive damage-dominated)
behavior. Simultaneously, thermal mismatch at grain
boundaries generates new microcracks, advancing the
initial damage accumulation stage and decreasing
the proportion of nonlinear elastic energy storage. At
elevated temperatures, cracks tend to propagate stably
(subcritical growth) rather than through abrupt unstable
propagation as observed at lower temperatures, resulting
in reduced postpeak energy release rates and smoother
dissipation curves. While these factors are challenging to
quantify directly, Sections 3.2 and 3.3 attempt to eluci-
date this mechanism through fracture surface character-
istics and energy evolution patterns.

The postpeak brittle fracture of hard brittle rocks is
sudden and difficult to control; due to this uncertainty,
the postpeak damage of rocks remains in a nonstationary
state. The reason for this is the nonhomogeneity of rock
materials and damage localization of the rock; the initial
defects in the rock in the local stress concentration pro-
duce local deformation incoherence, which in turn causes
the initial localization of damage of the rock. From the
energy point of view, the postpeak fracture of a rock is a
violent transformation from the high unstable energy at
the peak to the low stable energy at the residual, and the
fracture energy required for postpeak damage of a rock is
a good depiction of this violent transformation of energy.
The size of the fracture energy required for postpeak

DWSC-WILEY——

damage determines the brittleness characteristics of
postpeak damage; therefore, the brittleness and
the degree of brittleness can be analyzed and evaluated
through the change of the fracture energy of postpeak
damage.

The prepeak elastic strain energy can represent the
energy storage capacity of the rock and the postpeak
energy release rate can characterize the intensity of the
rock rupture. Figure 8 shows the variation rules of the
prepeak elastic strain energy and the postpeak energy
release rate under different confining pressures and
temperatures, and the results show that the confining
pressure is increased from 2 to 22 MPa, and U$ and U’
show a linear increase law. A noteworthy phenomenon is
that the intersection of U$ and U’ occurs when the
confining pressure goes from low to high, and the sig-
nificance of this intersection can represent whether the
postpeak damage of the rock can occur spontaneously or
not. When U$ is smaller than U', the postpeak damage of
the rock needs the energy input from the outside in order
to occur, and when U} is larger than U', the postpeak
damage of the rock can be carried out spontaneously.
When the temperature increases from 30 to 110°C, Up
and U show a quadratic relationship, initially increasing
and then decreasing.

The postpeak energy release rate and the prepeak elastic
strain energy ratio can be used to represent the brittle
characteristics of postpeak rupture of rocks. The energy
ratio changes under different confining pressures and tem-
peratures are shown in Figure 9. As the confining pressure
is increased from 2 to 22 MPa, the energy ratio shows a
decreasing trend, which indicates that the strong confine-
ment state under high stress decreases the postpeak rupture
brittleness of the rock (Figure 9a). As the temperature is
increased from 30 to 110°C, the energy ratio shows a
decreasing trend (Figure 9b), which indicates that the high-
temperature effect also decreases the postpeak rupture
brittleness of the rock. Damage brittleness decreases. Since
the release and dissipation of postpeak energy are related to
the damaged surface, and the damaged surface of rocks
usually has a certain degree of randomness, which may
include the influence of mineral composition, mineral grain
size, and internal defects, and so on, to reduce the influence
of this randomness to more accurately evaluate the post-
peak brittleness of the rock damage, this study introduces
the influence of the parameters of the damaged surface in
the next part of the discussion.

3.3 | Characterization of damaged surface
morphology

In this study, a quantitative evaluation of the damaged
surface of the rock is carried out using the 3D scanner and
the supporting software produced by Artec Space Spider
Company (Figure 10); the 3D accuracy of the scanner 3D
point precision is 0.05mm, 3D resolution is 0.1 mm,
and 3D accuracy over distance is 0.05+ 0.3 mm/m.
The scanning results of the cross-section information with
different confining pressures and temperatures are shown in
Figure 11. The cloud diagrams represent the height infor-
mation of the direct shear broken surface of different
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FIGURE 7 Energy evolution during the triaxial direct shear process of granite. (a) 7= 30°C, P.=2 MPa, (b) T=30°C, P.=9 MPa,
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Damage surface scanning

FIGURE 10 Access to damage surface information.

specimens, with a length and width of 50 mm X 50 mm, the
shear direction from left to right, and the different color
distributions represent the projections of the different
heights in the plane.

JRC and JMC provide intuitive metrics for quanti-
fying the shear characteristics of failure surfaces through
the mapping relationship between the geometric mor-
phology and mechanical response: JRC represents the
contribution of “morphological complexity” to shear
resistance, while JMC characterizes the influence of
“contact effectiveness” on energy distribution. Together,
they systematically explain the temperature-induced

Acquisition of morphology parameters

Calculation of JRC and JMC values

evolution of failure surface behavior, such as energy
mode transitions and postpeak smoothing, serving as a
critical bridge connecting microstructural changes to
macroscopic mechanical responses. Figure 12 shows the
change rule of JRC and JMC of the damaged surface of
the specimen under different confining pressures, and the
results show that the JRC of the damaged surface
decreases slightly with the increase of the confining
pressure, and the value of JMC of the damaged surface
increases with the increase of the confining pressure. The
reason for this phenomenon may be that the constraining
effect of the confining pressure causes an increase in the
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FIGURE 11

Results of section information scanning: (a) 7= 30°C, P.=2 MPa, (b) T=30°C, P.=9 MPa (c) T=30°C, P.= 15MPa, (d) T=30°C,

P.=22MPa, (e) T=50°C, P.=22MPa, (f) T=70°C, P.=22MPa, (g) T=90°C, P.=22MPa, and (h) 7= 110°C, P. =22 MPa (The legend represents
the height in the z-direction in mm, with 25 mm from the bottom of the specimen as the reference plane).
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FIGURE 12 JRC values and JMC values versus confining pressure: (a) JRC versus pressure and (b) JMC versus pressure.

perforation damage, which reduces the JRC value of
the damaged surface, and the high confining pressure
increases the contact friction behavior between the
damaged surfaces, so the JMC value of the damaged
surfaces increases with it.

The change rule of JRC and JMC of the damaged
surface of the specimen at different temperatures is
shown in Figure 13, and the results show that the JRC
of the damaged surface decreases slightly with the
increase of the temperature, and the change of the
JMC value of the damaged surface with the tempera-
ture is not obvious. With the same trend of the influ-
ence of the confining pressure on the damaged surface,
the increase in temperature also caused a downward
trend in the JRC value of the damaged surface, which
may be attributed to the incongruity of the thermal
expansion effect between minerals to promote the
proportion of perforation damage and the thermal
cracking behavior between minerals caused by the

decrease in the JRC value of the damaged surface,
while the JMC is mainly affected by the shear rate and
friction behavior of the damaged surface and the
damage surface friction behavior of the damaged sur-
face is mainly affected by the shear rate and friction
behavior of the damaged surface. The friction behavior
between the surfaces did not change much, so the JMC
values of the damaged surfaces did not show significant
changes.

Rough surfaces (high JRC) are prone to brittle
failure, such as dilation and fracture, while smooth
surfaces (low JRC) tend to show steady-state sliding,
directly influencing the nonlinear characteristics of
energy release. High temperatures may alter surface
roughness through thermal expansion or mineral
decomposition, such as microcrack blunting or mineral
softening, thereby explaining the transition in energy
accumulation patterns through JRC changes. The
geometric conformity between the upper and lower
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FIGURE 13 JRC values and JMC values versus temperature: (a) JRC versus temperature and (b) JMC versus temperature.

surfaces of the failure plane, characterized by the
proportion and spatial alignment of contact areas, is
critical. High JMC values, indicating good matching,
result in larger actual contact areas and more uniform
frictional resistance, leading to smoother energy dis-
sipation. Conversely, low JMC values cause localized
stress concentration and sudden slip. Poorly matched
joints (low JMC) are susceptible to stress drops due to
interlocking failure in the postpeak stage, while well-
matched joints (high JMC) show gradual sliding,
directly correlating with the observed smoothing of post-
peak curves in experiments. At elevated temperatures,
rock may experience thermal expansion differences, lead-
ing to reduced matching (lower JMC) or mineral melting
filling gaps (higher JM C). However, since the temperature
in this study remains relatively low compared to the
melting points of the minerals, JMC does not show sig-
nificant changes.

4 | DISCUSSION

4.1 | Verification of the reliability of Blpgry
To verify the reliability of the new brittleness index pro-
posed in this study, the applicability to direct shear dam-
age, and the evaluation effect of rock brittleness at high
temperatures, eight widely used brittleness index evalua-
tion methods are selected for comparative verification, and
the calculation results are shown in Table 3. The new
brittleness index Blpgrp can be obtained using the for-
mula in part.2 and the experimental data in part.3, and the
reliability of the new index is verified. Previous research
has confirmed that in the triaxial test, the increase of the
confining pressure will reduce the brittleness of the rock
and make it almost ductile. This study validates the newly
proposed brittleness index by applying the principle that
increasing confining pressure reduces rock brittleness.
Figure 14 shows the Blpgrr values under confining
pressures of 2, 9, 15, and 22 MPa, and the results show
that when the confining pressure increases, the brittleness
value reflected by the Blpgrr value decreases; The results

1.80
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9 Blyy (b)
° Bl (©)
1.65 -
5
2 °
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8
& °
135+
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FIGURE 14 Variation of the brittleness index (Blpgrp) with the
confining pressure.

demonstrate that the newly proposed brittleness index
effectively captures the trend of reduced rock brittleness
under increasing confining pressure, so it can be concluded
that the Blpgrp value can accurately evaluate the brittle-
ness of the rock.

4.2 |
indexes

Comparison with other brittleness

The average of the three repetitions of the test was
obtained and is shown in Figure 15, and the changes in
the brittleness index under various brittleness calculation
methods affected by different confining pressures are also
shown. The results show that the existing brittleness
evaluation indexes do not describe the brittleness changes
of rocks under TDS conditions well. BI,3, Bl 4, Bl;5, and
Bl show no obvious change with the increase of the
confining pressure because only the peak characteristics
of stress—strain are considered in the calculation meth-
ods, and the postpeak behavior is not taken into account.
Surprisingly, the variations in Bl and Bl,, contradict
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TABLE 3 Calculated results of the brittleness index.
Number By, By, By B4 B;s Bys By By Bpgrr
BSSRT-01a 0.72 0.56 0.09 0.13 0.87 0.37 0.70 0.47 1.72
BSSRT-01b 0.70 0.53 0.09 0.13 0.87 0.38 0.80 0.52 1.68
BSSRT-01c 0.73 0.54 0.09 0.13 0.87 0.39 0.77 0.49 1.63
BSSRT-02a 0.65 0.49 0.09 0.13 0.87 0.38 0.70 0.46 1.59
BSSRT-02b 0.58 0.46 0.09 0.13 0.87 0.42 0.85 0.51 1.55
BSSRT-02¢ 0.65 0.48 0.09 0.13 0.87 0.47 0.99 0.53 1.50
BSSRT-03a 0.63 0.44 0.08 0.13 0.87 0.41 0.90 0.55 1.46
BSSRT-03b 0.68 0.42 0.08 0.13 0.87 0.46 1.36 0.66 1.41
BSSRT-03c 0.63 0.43 0.08 0.13 0.87 0.44 1.17 0.62 1.37
BSSRT-04a 0.57 0.35 0.08 0.13 0.87 0.43 1.00 0.57 1.33
BSSRT-04b 0.61 0.45 0.08 0.13 0.87 0.42 0.99 0.57 1.28
BSSRT-04c 0.65 0.48 0.08 0.13 0.87 0.42 0.99 0.57 1.24
BSSHM-01a 0.43 0.18 0.08 0.14 0.86 0.41 0.89 0.54 2.40
BSSHM-01b 0.59 0.24 0.11 0.16 0.84 0.45 1.07 0.58 2.04
BSSHM-0lc 0.59 0.21 0.11 0.15 0.85 0.45 1.07 0.58 2.06
BSSHM-02a 0.52 0.21 0.06 0.10 0.90 0.42 0.96 0.56 2.16
BSSHM-02b 0.58 0.26 0.12 0.18 0.82 0.43 1.01 0.57 1.98
BSSHM-02¢ 0.57 0.26 0.05 0.08 0.92 0.44 1.02 0.57 1.97
BSSHM-03a 0.55 0.26 0.08 0.14 0.86 0.41 0.88 0.53 2.18
BSSHM-03b 0.55 0.19 0.10 0.14 0.86 0.44 1.05 0.58 1.86
BSSHM-03c 0.56 0.15 0.11 0.16 0.84 0.45 1.13 0.60 1.69
BSSHM-04a 0.50 0.14 0.11 0.17 0.83 0.41 0.90 0.55 2.17
BSSHM-04b 0.63 0.20 0.10 0.12 0.88 0.45 1.11 0.59 1.83
BSSHM-04c 0.61 0.20 0.09 0.12 0.88 0.47 1.17 0.60 1.66
24 N although they show a tendency to decrease with the con-
- g”_‘_ g”:o:g” By~ %= Bly—<— Bl fining pressure. It seems that BI;; and Bl do not take
: * e into account the effect of the damaged surface, although
1sL Bloers=1.71-0.04%(Pc/Pey), R"=0.99 they take into account the postpeak parameters. Through
— the analysis of the JRC and JMC values in Section 3.3, it
3 °\° is found that there is an obvious correlation between JRC
; - T and JMC values in terms of the confining pressure and
g temperature. After the introduction of the JRC and JMC
E values, Blpgrr shows a decreasing trend with the increase
of the confining pressure. It can characterize well the
0.6 == - - — o= — — - - --— brittleness of the rock with the change of the confining
pressure. As the confining pressure increases from 2 to
0
B=--c--g---@W--=-=§ 22 MPa, Blpgrr decreases by 23.50%.
0 6 12 18 24

Confining pressure (MPa)

FIGURE 15 Effectiveness of different brittleness calculation
methods for direct shear damage of granite.

the established principle that high confining pressure
reduces rock brittleness, which indicates that the
brittleness calculation methods for rock compression
conditions do not apply to shear conditions. Bl;; and BI},
are not sensitive to the change in the confining pressure,

4.3 | Brittleness at high temperatures in
real time

The variation of the brittleness index under various
brittleness calculation methods at different temperatures
is shown in Figure 16. The experimental results show that
calculation methods other than Blpgrr cannot capture
the brittleness characteristics of rocks at high tempera-
tures. The possible reason is that the main discriminating
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FIGURE 16 Blpgrr of direct shear damage of Beishan granite at
different temperatures.

parameters of these calculation methods are the charac-
teristic stress and the characteristic strain; however, the
characteristic stress and the characteristic strain are not
sensitive to the effect of moderately high temperatures,
and Blpgrp can better characterize the brittleness of the
rock as a function of temperature, which takes into
account the JRC and JMC values that characterize the
damage surfaces. As the temperature increases from 30
to 110°C, Blpgrr decreases by 20.16%.

5 | CONCLUSION

In this study, a new type of rock brittleness evaluation
index considering the characteristics of the damaged sur-
face and the postpeak energy release rate was proposed,
and its reliability and accuracy were verified by TDS
experiments under high temperature and high pressure
with Beishan granite. Also, the influence of the confining
pressure and temperature on the postpeak energy release
rate of the granite damaged by direct shear was deter-
mined. Three-dimensional laser scanning technology was
used to obtain the characteristic parameters of the con-
fining pressure and temperature on the damage surface.
Based on the experimental results, the following main
conclusions were drawn in the range of confining pressure
from 2 to 22 MPa and temperature from 30 to 110°C:

1. The postpeak energy release rate shows a linear positive
correlation with confining pressure. As the confining
pressure increases from 2 to 22 MPa, the postpeak en-
ergy release rate increases by 3.72 times. With increasing
temperature, the postpeak energy release rate initially
increases and then decreases, reaching its maximum at
70°C, which is 108.7% of the value at 30°C.

2. The JRC values are negatively correlated with the
confining pressure and temperature, and the temper-
ature and confining pressure affected the JRC values
to a similar extent. The temperature, however, has no
significant effect on the JMC values.

3. A new brittleness index is established by taking into
account the damaged surface characteristics and the

DWSCE-WILEY—2

postpeak energy release rate. The new brittleness
index is scientifically defined and simple to calculate.
The reliability of the proposed new brittleness index is
verified by a series of TDS tests, and by comparing the
results with those of the other eight brittleness
indexes, the results prove that the new evaluation
index is more accurate for brittleness evaluation of
direct shear damage of rocks under different confining
pressures, and it can be popularized and applied in the
engineering field.

4. Comparison of other brittleness indices with Blpgrp
for characterizing the direct shear failure of Beishan
granite under varying confining pressures and tem-
peratures demonstrates that Blpgrp shows clearer
trends and more accurate results. The findings con-
firm that the brittleness of Beishan granite decreases
with increasing confining pressure, with Blpgrp
declining by 23.5% as the confining pressure
increases from 2 to 22 MPa. Similarly, brittleness
decreases with increasing temperature, with Blpgrp
decreasing by 20.16% as the temperature increased
from 30 to 110°C.

It should be noted that the brittleness index proposed
in this article has only been validated for Beishan granite
under conditions of 30 to 110°C in the context of nuclear
waste disposal. Future work will focus on assessing its
applicability to a broader range of rock types and high
temperatures.
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APPENDIX A
Triaxial direct shear stress-strain curve of Beishan
granite.

See Figure Al.
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FIGURE Al Triaxial direct shear stress—strain curves of Beishan granite. (a) Repeat test 1 and (b) Repeat test 2.
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