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The energy dissipation usually occurs during rock failure, which can demonstrate the meso
failure process of rock in a relatively accurate way. Based on the results of conventional
triaxial compression experiments on the Jinping marble, a numerical biaxial compression
model was established by PFC2D to observe the development of the micro-cracks and
energy evolution during the test, and then the laws of crack propagation, energy
dissipation and damage evolution were analyzed. The numerical simulation results
indicate that both the crack number and the total energy dissipated during the loading
process increase with confining pressures, which is basically consistent with the
experiment results. Two damage variables were presented in terms of the density from
other researchers’ results and energy dissipation from numerical simulation, respectively.
The energy-based damage variable varies with axial strain in the shape of “S,” and
approaches one more closely than that based on density at the final failure period. The
research in the rock failure from the perspective of energy may further understand the
mechanical behavior of rocks.

Keywords: particle flow, triaxial compression, energy dissipation, damage evolution, crack distribution

INTRODUCTION

Physical failure process of the material is always accompanied with energy conversion, which has
great significance to investigate the energy evolution law in the process of loading the rock materials
for solving practical engineering problems (Zhang et al., 2015). The energy evolution process is
accompanied with damage, and the essence of damage is the generation and the development of
micro-cracks. During the process of the rock deformation and failure, the micro-cracks have some
relation to the energy.

Through the laboratory experiments,we can only observe the macro-cracks when the specimen is
finally destroyed, and cannot trace the distribution and development of micro-cracks during the
destruction. Therefore, the development of micro-cracks of rock materials were generally simulated
by numerical software. For instance, Yang et al. (2014) conducted triaxial compression tests on
sandstone and studied the geometry and distribution characteristics of cracks under different
confining pressures by using CT scanning technology. Yin et al. (2015) used REPA2D to analyze the
crack propagation of a single-fissure composite rock. Zhao et al. (2020) studied the crack evolution of
coal samples under impact loading by CDEM method. The 2D particle flow code (PFC2D) is an

Frontiers in Materials | www.frontiersin.org

1 June 2021 | Volume 8 | Article 665955


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.665955&domain=pdf&date_stamp=2021-06-24
https://www.frontiersin.org/articles/10.3389/fmats.2021.665955/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.665955/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.665955/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.665955/full
http://creativecommons.org/licenses/by/4.0/
mailto:y1y1s1@qq.com
https://doi.org/10.3389/fmats.2021.665955
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.665955

Yang et al.

important way to study the crack propagation characteristics of rock
at present because it can obtain the dynamic development of the
crack easily and quickly. With the method of PFC2D, Zhang et al.
(2016) studied the crack propagation of the fractured sandstone
under uniaxial compression at different loading rates. Zhang et al.
(2015) found that the micro-cracks have a power function
relationship with axial strain. Zhou et al. (2017) studied the
displacement distribution of cracks after specimens failed, the
changes in the number of cracks, evolution law of crack
distribution and the distribution of crack angles. Yang et al
(2018) studied the crack evolution process of mudstone under
single-stage and multi-stage triaxial compression. Huang et al.
(2016) carried out numerical simulation on specimens with two
non-parallel cracks, and analyzed the crack initiation, propagation
and coalescence process of pre-cracked specimens under triaxial
compression conditions. The generation, propagation and
penetration of cracks in rock are accompanied with energy
dissipation, the study of rock damage and deformation from the
perspective of energy is objective and closer to its failure mechanism,
which develop to be an important way to reveal the mechanism of
rock failure (Yang et al., 2007; Zhang and Gao, 2015). Miao et al.
(2021) studied the evolution characteristics of energy dissipation,
friction energy dissipation and fracture energy dissipation of granite
under triaxial cyclic loading. Qin et al. (2020) analyzed the three
types of strain energy and the variation of dissipation energy with
axial strain. Liu et al. (2013) analyzed the relationship between the
total energy and stress and strain by means of the triaxial
compression experiments on marble. Based on the laboratory
triaxial compression tests, Li et al. (2020), calculated the energy
and its distribution under different loading rates.

At present, the research on energy depends mainly on the
laboratory tests, and the laboratory tests cannot obtain energy
directly, which needs complex calculations. However, the energy
can be calculated quickly and simply by PFC2D. Most scholars
used PFC to carry out the triaxial compression tests of rock
materials which focused on the micro-cracks, and little attention
was paid to the combination of energy and micro-cracks.
Therefore, the numerical simulation was conducted in this
paper based on the laboratory tests to obtain the distribution
and number of the micro-cracks within the specimen, and
analyzed the energy under different confining pressures. In
addition, the energy conversion process and the influence of
confining pressures on the dissipation energy were analyzed. By
analyzing the micro-cracks distribution and energy conversion
law, the failure mechanism of the specimen under triaxial
compression was explained.

MICRO-CRACK PROPAGATION

Laboratory Uniaxial and Conventional

Triaxial Compression Experiments

The laboratory experiments were conducted on the THMC multi-
functional coupling test machine developed by the Wuhan
Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences. The marble samples were taken from the Jinping
Hydropower Station, and processed into cylindrical samples
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FIGURE 1 | Stress-strain curves of Jinping marble samples.

with diameter of 50 mm and height of 100 mm the triaxial
compression experiments were conducted on the rock samples,
with confining pressures of 0, 5, 10, and 15 MPa, respectively, and
the stress-strain curves are shown in Figure 1. The stress-strain
curve shows that the Jinping marble is a kind of classical hard
brittle rock. Figure 2 shows the failure profiles of the rock
specimens, the fracture plane of marble under confining
pressure of 0 MPa is more complicated than those under other
confining pressures. The single fracture plane with diagonal
failure occurs when the confining pressure is not zero.

Numerical Model

The contact models in PFC mainly include parallel bond model,
which only transmits force, and contact bond model, which
transmits both force and torque (Wang and Dai, 2019).
Therefore, the parallel bond model was used in this article to
numerically simulate the biaxial compression experiments. The
size of the numerical model was consistent with the size of the
laboratory marble sample. The investigation by Zhou et al. (2011)
shows that when the particle size ratio is 1.66, the value of the
particle radius has less effect on the simulation results. Thus, the
particle size ratio was 1.66 here and the minimum particle radius
was taken as 0.4 mm. After the model was established, the macro-
mechanical parameters of the material were determined to match
the corresponding meso-mechanical property parameters. The
meso-parameters of the numerical model obtained by repeated
debugging are listed in Table 1.

The uniaxial experiment was used to calibrate the meso-
mechanical parameters of the specimen, and their stress-strain
curves are shown in the Figure 3. The uniaxial strengths from the
experiment and are almost identical with that from numerical
model, especially at the peak of curve.

Parameter Verification by the Laboratory

Experiment
To verify the numerical model in PFC2D, the numerical
experiments under confining pressures of 5, 10 and 15 MPa
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FIGURE 2 | Failure profile of Jinping marble samples.

TABLE 1 | Micromechanical parameters of numerical model.

Parameters Values Parameters Values
Minimum particle size/mm 0.4 Parallel bond modulus/GPa 40
Particle size ratio 1.66 Parallel-bond normal strength/MPa 11
Density/(kg/m°) 2,700 Parallel-bond shear strength/MPa 14
Particle contact Modulus/GPa 15.9 Ratio of normal-to-shear stiffness of the parallel bond 0.8
Particle contact stiffness ratio 0.8 Radius multiplier 1.0
Friction coefficient 0.5 -
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FIGURE 3 | Uniaxial stress-strain curve test.

were carried out. The peak strengths from laboratory
experiments and numerical simulation under different
confining pressures are listed in Table 2, which indicates
that the numerical model can simulate the Jinping marble
in a satisfactory way.

The Mohr-Coulomb criterion expressed by the principal stress
can be written as:

0=Mo3+N (1)

TABLE 2 | Peak strengths from laboratory experiments and numerical simulation
under different confining pressures.

Peak strength/MPa Confining pressure/MPa

0 MPa 5 MPa 10 MPa 15 MPa
Numerical value 147.7 164.2 174.8 188.7
Experimental value 144.9 162.9 170.6 181.4

where M and N are strength criterion parameters. Eq. 1 indicates
that the normal strength of the specimen has a linear relationship
with the confining pressures (Yang et al., 2005). In addition, M
and N have relationship with the internal friction angle ¢ and
cohesion ¢ (Wang et al., 2019a) as:

¢ =arcsin[ (M - 1)/ (M + 1)] (2)
c¢=N(1-sing)/2cos ¢ (3)

Figure 4 indicates that the peak strengths, cohesions and
internal friction angles of the numerical model and the marble
specimen are generally similar but have some differences due to
the use of round particles in parallel bond model and the
influences of the samples and instruments in laboratory
experiments (Zhou et al., 2017). The linear fitting correlation
coefficients of numerical and laboratory experiments are 0.99 and
0.95, respectively. Linear fitting correlation coefficient from
simulation experiments is larger than that from laboratory
experiments, indicating that the laboratory experiment results
are affected by many factors. Thus, the discreteness of laboratory
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FIGURE 4 | Relationship between confining pressure and peak
strengths from laboratory tests and numerical simulation.

experiments is greater than that of numerical simulation. The
PFC2D used this paper to simulate the laboratory experiments
can abandon the influencing factors such as sample preparation
and test equipment.

Micro-Crack Propagation Law

Through the numerical simulation, the evolution process of
the initiation, propagation and final penetration of the micro-
cracks during the loading process of the specimen can be
obtained. Figure 5 shows the test results at 5, 10, and
15 MPa confining pressures. The pictures are the states at
the pre-peak strength of 70%0. (0. is the peak strength), the
post-peak strength of 45%c., the residual stage and the
specimen profile in laboratory, prospectively. The crack
distribution of the numerical model during the failure
process can be observed and the failure profile of the
marble can be compared.

The whole process of macro-crack formation is shown in
Figure 5. Under the same confining pressure, the damage or
the number of micro-cracks was little and scattered before the
stress reaches 70% of the peak strength. As the load
approached the peak strength, the number of the micro-
cracks increased, and the trend of macro-crack
development was roughly observed. Then the specimens
entered into the failure stage, and the micro-crack
propagation accelerated, the crack at the post-peak strength
of 45%0,. extended and formed macroscopic fracture plane.
When the specimens finally failed, the main shear failure
plane formed, which were consistent with the failure mode of
marble in the laboratory experiments.

The total number of the micro-cracks gradually increased
with confining pressure. At the confining pressure of 15 MPa,
the fracture plane was the widest and the cracks near the
fracture plane were densest. The failure needs more energy at
higher confining pressure to resist higher circumferential

FIGURE 5 | Crack distribution evolution and failure patterns of marble
samples under various confining pressures.

confinement, and thus more micro-cracks accumulated
(Wang et al., 2019b).

ENERGY EVOLUTION LAW

Energy Conversion Law

Without considering the external environment, according to the
first law of thermodynamics and the energy conservation law (Li
et al., 2011), the boundary energy can be expressed as:

U=U+U? (4)

where U is the boundary energy, that is, the total energy input to
the specimen by external work, U* is the elastic strain energy, and
UY is the dissipation energy.

Energy conversion is the essence of the physical changes in
materials. There are two kinds of energy conversion mechanisms,
namely, the strain hardening mechanism and strain softening
mechanism. The strain hardening mechanism considers that the
energy input from the outside is converted into strain energy, and
then accumulated inside the specimen to prevent plastic
deformation of the specimen. The strain softening mechanism
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FIGURE 6 | Energy-strain curve.

considers that the strain energy is converted into dissipation
energy, causing plastic deformation of the specimen (Zheng,
1990; Zhang and Gao, 2012).

The energy conversion in the rock loading is divided into four
processes: energy input, energy accumulation, energy dissipation
and energy release, which can be observed by PFC2D. Taking the
confining pressure of 5MPa as an example, the variation of
energy with strain is shown in Figure 6.

Before the peak strength, most energy from external work was
converted into strain energy, accumulating in the specimen, with
concave strain energy curve in Figure 6. The strain energy
increased slowly at the initial loading stage, and then
gradually. the specimen behaved strain hardening. The energy
dissipation before the peak strength was little, generally without
friction energy and kinetic energy.

At the peak strength, the strain energy reached the maximum
and the energy storage capacity of the specimen reached the
limit. Subsequently, the strain energy converted into the
dissipation energy at high speed, and the dissipation energy
increased sharply. The specimen behaved strain softening. This
stage was the failure stage, during which the micro-cracks
expanded rapidly, and began to be affected by friction
energy, with fast growth rate. In the later stage of failure, the
strain energy stored in the specimen was released in the form of
kinetic energy. Since the deformation and failure of the
specimen were not severe, the kinetic energy increased
insignificantly with small fluctuations.

In the residual stage, the strain energy was basically converted
into dissipation energy. As a part of dissipation energy, the
friction energy increased, and the residual strength in this
stage was mainly provided by friction.

The investigation on the energy conversion law and the crack
distribution evolution of the specimen indicates that the damage
process of rock is related to the dissipation energy and friction
energy which developed simultaneously with the crack. The
dissipation energy and friction energy increase sharply when
the micro-cracks develop rapidly. However, the strain energy
decreases rapidly when the micro-cracks develop sharply.
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FIGURE 7 | Variation of dissipation energy with strain under different
confining pressures.

Evolution Law of Dissipation Energy
In the process of the rock deformation and failure, the generation

and propagation of cracks are usually accompanied with energy
dissipation.

Figure 7 shows that higher confining pressure will consume more
energy when the specimen fails. Under confining pressure of 5 MPa,
the dissipation energy increased with the axial strain steadily at the
pre-peak strength stage, sharply at the failure stage, and steadily at the
residual stage of the stress-strain curve (see Figure 6). In the residual
stage, dissipation energy increased with the confining pressures.
Therefore, when the confining pressure was 15MPa, the
dissipation energy does not comply with the three-stage growth law.

The crack evolution under different confining pressures is shown
in Figure 5. In the pre-peak stage, the micro-cracks grew slowly. The
dissipation energy was low and relatively stable. In the failure stage,
energy dissipation increased sharply, with rapid development of
cracks. In the residual stage, the slope of the dissipation energy curve
increased with the confining pressures, and the specimens had
formed a complete macroscopic fracture plane, with generation
of only a few cracks. The fracture plane of the specimens
widened gradually with confining pressures, which led to large
friction slip area of the cracks and high energy dissipation rate.

Figure 8 shows the relationship between the dissipation energy
and the number of cracks under different confining pressures, which
indicates that the energy dissipation curves are almost coincident
with each other at the early stage, and both the crack number and the
dissipation energy increase with confining pressure.

According to the crack distribution (Figure 5), energy is dissipated
through the generation of cracks and friction slip between
macroscopic cracks under a given confining pressure. In the early
stage of the specimen loading, only a few micro-cracks occurred,
without generation of macro-cracks, and the energy was just dissipated
by the generation of micro-cracks. therefore, the dissipation energy
approximately increases with the crack number in a linear way.
Subsequently, the curve became concave. With the increase of
micro-cracks, the macro-cracks gradually formed, the growth rate
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different confining pressures.

of the dissipation energy accelerated. The development trend of the
energy dissipation curves is almost vertical in the final stage. The
number of cracks kept basically constant, and the energy continued to
dissipate through the friction slip between the macro-cracks.

DAMAGE EVOLUTION LAW

There are many damage variables defined in different ways. In
this paper, the damage variable was expressed based on the energy
evolution law of micro-crack propagation in rock. The specific
expression is:

Ut U-U

D=—
U U

5)
where U is the boundary energy, U is the dissipation energy, and
U* is the total strain energy.

It was believed that the damage of rock materials behaves the
change in density from a macroscopic view (Zhang et al.,, 2011).
According to the method of describing the damage in terms of
density, the damage variable was defined as:

2
3

&y

(6)

1+e,

where ¢, is the volumetric strain.

In this paper, the damage variables were obtained based on
energy and density under different confining pressures, as shown
in Figure 9. Under the confining pressures of 5, 10, and 15 MPa,
all the damage variables obtained on the base of energy and
density are shaped like “S.” Two kinds of curves are highly similar
in the whole process, but the damage variable obtained from

A 0.124 rl1.2
—a—Density-based damage variables
—a— Energy-based damage variables
0.10 - 1.0
3 3
- . 2
f§ 0.08 H " -0.8 §
£ 0.06 . 0.6 £
S [l 5
3 H 3
7] 1 ] A
£ 0.04 1 [ F04 S
2 H 5
E &5
£ 2
R 0.024 F0.2 5§
0.00 T 0.0

T T T .
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

g

SMPa

0.10 r 1.0

4 Density-based damage variables
®=  Energy-based damage variables
0.08 4 -0.8

0.06 4

0.6

Density-based damage variables
Energy-based damage variables

0.04 4 -0.4
’A
A
0.02 4 -0.2
3
0.00 4 T 0.0

T T T
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

€

10MPa
C 0.08 5 0.8
A Density-based damage variables
0.07 4 =  Energy-based damage variables 0.7

0.06 - r L 0.6
0.05 / Los

Density-based damage variables
Energy-based damage variables

0.04 4 L 04
0.03 -0.3
0.02 A F0.2
0.01 A F0.1
0.00 0.0

T 3
0.000 0.002 0.004 0.006 0.008 0.010

€,
1

15MPa

FIGURE 9 | Damage variable evolution of two calculation methods under
different confining pressures.
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energy is closer to 1 at the end value than the other one, which has
better physical expression for the failure process of rock.

CONCLUSION

To explore the micro-crack propagation and energy evolution
laws of the rock specimens under triaxial compression conditions,
the numerical simulation by PFC2D program was conducted on
the basis of the results of laboratory experiments, and then the
variation of the micro-crack evolution and energy dissipation was
analyzed. The following conclusions can be made:

1. The exerted load is basically converted into strain energy,
which results in the crack generation and propagation. The
micro-cracks develop slowly in the early stage but expand
rapidly in the later stage due to the sudden release of strain
energy, forming the macroscopic cracks finally.

2. Energy is generally dissipated by the crack generation and
friction slip between macro cracks. The micro-cracks increase
with confining pressure, which widens the fracture plane and
dissipates more energy.

3. Confining pressure also has some effect on the damage and
deformation of the rock specimen. As the confining pressure
increases, the damage degree increases, but with slower
accumulation speed, and the specimen deformation is
greater when the rock specimen fails.
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