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At present, a large number of physical tests and numerical simulations have been carried
out to study the effect of confining pressure on rock deformation mechanism, and some
achievements have been achieved; however, the mechanism of rock deformation in actual
mine engineering needs to be further studied, for example, rock-burst is actually a unilateral
unloading process of rock mass, and this process can not be completed by physical test.
RFPAS3D was used to simulate the brittle—ductility transformation mechanical properties of
rock under different confining pressures in this paper. The damage constitutive equation of
rock was derived from continuum damage mechanics; the damage coefficients of different
rocks were determined based on the numerical results of stress acoustic emission, so the
correctness of rock damage constitutive equation was verified. According to the derived
brittle—ductility damage equation and the fitting results of ductility cumulative damage data,
it was found that the development trend of rock brittleness stage was almost the same,
and the extended separation occurred after entering ductility stage. The larger the
Poisson’s ratio was, the longer the ductility stage was. The smaller the Poisson’s ratio
was, the shorter the ductility stage was, but the larger the bearing capacity was. At the late
loading stage, the ductility cumulative damage of rock showed a linear upward trend, the
bearing capacity sharply decreased, the rock stability failure occurred, and the ductility
damage coefficient increased gradually. The study on the brittle—ductile mechanical
properties of rocks can help to deep mine’s rock-burst prediction and prevention and
has significant engineering significance.

Keywords: confining pressure, loading rate, brittle-ductility, RFPA3D, numerical simulation

INTRODUCTION

With the increase in the mining depth, many scholars have conducted a large number of physical
tests and numerical simulation studies on the influence of confining pressure on the rock
deformation mechanism, especially on the influence of the unloading rate on rock mechanical
properties, and many meaningful results have been obtained. For example, Xie et al. (2021) studied
the brittleness and ductility of different rocks (Liang and Song, 2021 and Tang et al., 2020). Some
scholars conducted numerical simulation analysis on the failure characteristics of rock under
unloading rate, and some scholars (Li et al, 2021a and Tian et al, 2021) also conducted
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physical tests and numerical theoretical studies on the failure of
rock under various conditions (Gabriel et al., 2021). Qiu et al.
(2010) analyzed the deformation law of JIN PING deep-buried
marble under different confining pressure unloading rates and
found that the axial deformation and dilatancy of marble were
significantly affected by confining pressure unloading rates.
Huang and Huang (2010) found through the indoor triaxial
unloading test of rock that higher the unloading rate and
initial confining pressure, the more obvious the brittle and
tensile fracture characteristics of rock. Zhang et al. (2010)
conducted the confining pressure unloading test of marble and
concluded that higher the confining pressure unloading rate is,
the higher the strength of rock sample is. Zhao et al. (2015) from
Central South University studied the mechanical properties and
strength criterion of rock triaxial unloading under different stress
paths. Xiao et al. (2017) used a triaxial rheometer to analyze the
deformation characteristics of red sandstone rocks during the
triaxial compression process under the action of osmotic pressure
and studied the variation rules of the axial strain, radial strain,
and deformation modulus of rocks in the process of deviational
stress loading under the action of osmotic pressure. In addition,
many scholars (Tian et al., 2020, Shen et al., 2017, and Jiang et al.,
2017) have studied and analyzed the mechanical properties of
rock, such as crack propagation and failure criterion, by means of
physical tests, and many meaningful results have been obtained
(Kang et al.,, 2017 and Wang et al., 2017).

However, the abovementioned studies are based on rocks in
triaxial confining pressure unloading under the action of physical
experiments and numerical research, and rocks under triaxial
confining pressure will occur brittle plastic and brittle—the
change of mechanical properties such as ductility, and having the
effect that cannot be ignored in the process of rock failure, so there
are some articles (Li et al., 2021b and Zhang et al., 2020) on rock
brittle—ductile analyzed and studied. For example, Cao et al. (2004)
studied the brittleness and ductility of rocks by the statistical damage
method and determined the brittleness and ductility transformation
condition of rock according to the stress—strain curve. Chen et al.
(2016) conducted physical test research on the brittleness and
ductility transformation of deep rock and determined the
influence of critical surrounding rock on the brittleness and
ductility transformation through physical test. Wu et al, 2015
conducted physical experimental research on brittle-ductility
transformation characteristics of rocks by using the acoustic
emission ringing times of rocks and confirmed the coupling
relationship between rock damage and brittle-ductility
transformation through the acoustic emission ringing times of rocks.

There are many factors influencing the brittle-ductility
transformation of rock under the action of stress, such as the
difference in rock sample, stress-loading mode, loading speed,
and confining pressure, that is, the brittle-ductility
transformation of rock is the result of the joint action of many
factors. In addition, all the abovementioned scholars analyzed the
mechanical properties of brittle-ductility transformation of rock
under different conditions from the perspective of physical tests,
which had certain limitations. Therefore, this study used
RFPA3D numerical test software to study the mechanical
properties of brittle-ductility transformation of rock under
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different confining pressures. Different confining pressures are
selected as the main influencing factors of brittle-ductility
transformation among many factors affecting brittle-ductility
transformation of rock. First, the three-dimensional numerical
test of uniaxial loading failure is carried out on the square
numerical specimen, and then the numerical experimental
study on the mechanical properties of brittle ductility of the
square specimen under different confining pressures is carried
out to preliminarily explore the mechanical mechanism of
brittle-ductile transformation of rock under confining
pressure. The change in the bearing capacity of rocks after
brittle-ductile transformation is compared and analyzed.

2 DAMAGE CONSTITUTIVE EQUATION FOR
BRITTLE-DUCTILITY TRANSFORMATION
OF ROCKS

2.1 Based on the Rock Damage Constitutive
Equation in Thermodynamics

According to the principle of conservation of energy, the damage
constitutive model of brittle-ductility transformation was studied
without considering the effect of motion (quasi-static process)
and temperature (isothermal process or adiabatic process).

For a thermodynamically closed system, the sum of the
internal energy increment dE and kinetic energy increment
dK of the system is equal to the sum of the increment of
external force work 6W on the system and the increment of
external heat 6Q input to the system [Liu and Jin, (2011)], which
is as follows:

dE +dK = 6W + Q. 1)

Considering the change rate per unit time, Eq. 1 can be written
as follows:

vadv + JdeV = JVEdV + j Kdv. )

v

Since the motion effect (quasi-static process) and temperature
effect (isothermal process or adiabatic process) are not
considered, the following results can be obtained:

J Kav = OJ QdV =0. (3)
\%4 \4
By replacing Eq. 2 we obtain the following:
J Wadv = J Eav. (4)
v v

Time change rate of internal energy of the system (let e be the
internal energy contained in unit mass, i.e., e is the internal energy
density function):

J EdV:ij pedV:J [pe + pe(v-V)]dV
v dtJv v

(5)
= [ fpe el pv-v)liav,
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JV[(V-0)~V+(pf-v)—pé]dV:O, (6)

. Ov , [
1L = 0L +YV— 1

axi T axi axi (7)
=0: (W)+v. (0-V),

o: (W) = % (o+0"): (W) = % [(o: (W) +0": (WW)]

1 * *

=5 [(o: (V) + (67): (WV)7],
“B)eo B
(A:B=A":B")=o0: dt—o.s.

Formula (7) can be written in the tensor form as follows:
(v-0)-V==90:€+v-(c-V). (8)

Substituting Eq. 8 into Eq. 6, we can get the following:
J [o:é+v-(6-V)+ (pf -v) — példV = 0. 9)
v

Since this state is a quasi-static process, that is, the acceleration
A is zero (0 -V + pf = pa), the local expression can be obtained
by modifying Eq. 9 by combining the Euler first equation of
motion and the local representation theorem (Liu and Jin, 2011):

pé =0: & (10)

From the rock point of view, Eq. 10 is the modification of the
thermodynamically closed system without considering the motion
effect (quasi-static process) and temperature effect (isothermal
process or adiabatic process), where the increment of each state
variable is a differentiable infinitesimal function of time.

In the theory of internal variables, internal variables describe
irreversible processes and are dissipative variables. For the
irreversible dissipation process of damage, the following
assumptions are proposed:

1) Rock damage can be described by the second-order tensor D
of damage variable.

2) Other dissipative variables are described by A,, and « =
1, n

3) The second-order strain tensor € is composed of elastic strain
£° and inelastic strain £” (&" includes &7, that is, inelastic strain
includes plastic strain), that is, € = &° + €".

Eq. 10 and hypothesis 3) are jointly solved to obtain
a¢ e n 5 A
a—pﬁ € +0:&"+Y: D+Y A, >0, (11)

where Y is the conjugate force of damage variable, and Y = —pg%
Y, is the conjugate force of other internal variables, and Y, =
-p %.
By introducing two variables P (cumulative plastic strain) and
7 (cumulative microplastic strain), it is assumed that the third
and formula (11) can be obtained simultaneously

vy b

Yp=-HL ———
P28, (1-D)®

(12)
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FIGURE 1 | Comparison of damage development under the two
assumptions.

where ¥, is the damage dissipation residual potential;

Y is the damage dual tensor invariant or damage energy
release rate;

P is the rate of change of cumulative plastic strain,
and P = 2 (eP: éP);

7 is the rate of change of cumulative microplastic strain;

So and « are material characteristic parameters.

Combined with the aforementioned conditions, under the basic
assumption of strain residual energy efficiency, the effective elastic
modulus of isotropic-damaged materials is (1 — D) times the
elastic modulus of non-damaged materials, which is different from
the results assumed by Lemaitre. Comparison of injury
development under the two assumptions is shown in Figure 1.

The rock material is brittle material, but under the condition of
triaxial confining pressure, with the change of confining pressure
and the loading rate, the rock will appear brittle-ductility
transformation ~ phenomenon. In the process of the
aforementioned formula, the ductility of the rock can be changed
as the plastic problem, so the damage evolution of rock constitutive
equation can be available by type (Liu and Jin, 2011). Set the
boundary conditions and the loading mode of the model:

. _o¥p Yy P
oYy S (1-D)®

(13)

For ductile damage, Y et al. proposed a microvoid damage
model based on thermodynamics. This model assumes that the
damage is isotropic; so the invariants of the damage dual force
tensor and the damage dual force tensor are, respectively:

Y = Y3 i + Yhiiy + Y3, ihis, (14)
Y=Y +YL +Y2, (15)
D = D (iyi1 + bxiy + i313). (16)

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 825229


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Tian et al.

Surrounding Rock; Brittle—Ductile; Loading Rate

1 4E/MPa
;
.r’
08 - Jo
&/
06 -
<
04 - oF
& : _
- < Elastic modulus of damaged material
0.2 - ;{}{;é ====Ductile damage fitting curve
<&
£/10°
D | 1 | .-.;I
10 30 50 70 110
FIGURE 2 | Change in the elastic model of coarse sandstone after damage.

By solving Eqs. 14-(16) simultaneously, the dissipative
residual brittle-ductile damage constitutive equation can be
obtained:

. 0¥ 0¥ oYy
TOY oYy oY
I a7)
D § ) g
= —DP (i\i, + ii, + i3i3) = — DP.
So So
The brittle-ductile damage evolution equation of materials
can be obtained by combining Eqs 17 and 19:

K°R,

D= DPYP, P> P,. 1
GzE > P, (18)

So

For proportional loading, 7 is time-independent, that is, R, is
eq
time-independent, and the integral of Eq. 18 can be obtained:

D\ KR, N ,.n
In( >— d (PTV—PTN),PzPO. (19)

Dy,) 2Esy 2+N

In the complex stress state of P>P,, P = Pc and D = D,
which is substituted into Eq. 19 to obtain the following:

D.\ KR, N [ n
In( 2} =2 ¢ (pZT” - PZNN), P>P,  (20)
D() 2E50 2+ N

Material constants Dy, D¢, and N related to damage in the
abovementioned equation can be determined by the
unidirectional stress state.

According to Formulas 19, 20, the ductility change in the
elastic modulus after damage was obtained by taking coarse
sandstone as an example, as shown in Figure 2.

2.2 Analysis of the Advantages of RFPA3D

In order to discuss the mechanical mechanism of brittle-ductility
transformation of rock, rock failure process analysis software
(RFPA3D) was used to analyze the brittle-ductility of rock, and
the failure process of rock specimen under triaxial confining
pressure was also reproduced (Tang et al., 2003). Eqs 17 and 18
are the brittle-ductile damage constitutive equations of rock
derived from the perspective of tensor, while the constitutive
equations calculated by numerical test software can adapt to each
other in theory.

In 1995, Professor Chunan Tang put forward a new numerical
simulation method — Realistic Failure Process Analysis based on
the finite element theory, which fully considered the nonlinear,
non-homogeneous and anisotropic characteristics of rock
fracture. At the same time, the corresponding RFPA series
numerical calculation software is developed.

Professor Chunan Tang analyzed the relationship between
acoustic emission and rock damage through statistical theory and
continuous damage mechanics theory.

Assuming that the cross section of rock material is S, when w
is completely destroyed, the acoustic emission accumulation is
Q. If the micro element per unit area is destroyed, the acoustic
emission rate is expressed by #. Then there is:

Qq
=— 21
=7, (21)

If the stress increases to o (effective stress) and the damaged
cross-sectional area is Sy (f), then the damage parameter D
(failure degree) at a certain moment can be defined as follows:

Sz (t)

D= 5 (22)
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FIGURE 3 | Calculation model of the numerical test.

At this point, the cumulative amount of acoustic emission is as
follows:

Q =4S, (t). (23)
It can be concluded from Egs. 21, 22, and 23that:
QS0 _S;(1) _

Qq - 1So So

D. (24)

Therefore, the acoustic emission accumulation is directly
proportional to the damage degree of rock materials, and
stronger the damage degree of rock, the more intense the AE.

In addition, according to statistical theory and continuous
damage mechanics theory, Weibull distribution function is
introduced to describe the heterogeneity of rock material
medium, namely:

(D(S)=::-<;) -exp[—(i) ] (25)

In conclusion, the damage parameter is a measure of the
damage degree of materials, and the damage degree is related to
the defects contained in each primitive body, which directly affect
the strength of the primitive body. Therefore, the relationship
between the damage parameter and the statistical distribution
density of the failure of the primitive body is as follows:

In summary, damage parameter D is a measure of material
damage degree, which is related to the defects contained in each
primitive body, and these defects directly affect the strength of the
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primitive body. Therefore, the relationship between damage
parameter D and statistical distribution density of the failure
of the primitive body is as follows:

dD
e D (¢). (26)

If the initial damage parameter D = 0, then:

. e m—1 m
D= J D (x)dx = j 1ﬁ- <£> eXP[ - (i) ”dx

0 o€ \% &

27)
1-e s
=l-exp|-|—]) |-
p %

The formula is the rock damage parameter expressed by the
strength statistical distribution of the rock primitive.

Lemaitre et al. proposed the concept of continuous damage
mechanics and established a one-dimensional damage model by
considering the damage process of materials from the perspective
of damage mechanics of materials:

0=(1-D)-05=E(1-D)e (28)

Substituting Eq. 28 into Eq. 27, we can get the following:

azEe-exp[—(f) ] (29)

Eq. 28 is the stress-strain relationship of rock material under
uniaxial compression when the statistical distribution of
elemental strength is Weibull distribution, which is also the
constitutive equation of rock.

By substituting Eq. 29 into Eq. 28, the damage expression of
AE cumulate E can be obtained:

o= Ee(l - (%) (30)

Eq. 30 indicates that AE accumulation is a direct reflection of
rock damage degree. In other words, the degree of rock failure
evolution can be inferred by monitoring different acoustic
emission characteristics.

The damage variable equation, namely, type 36) with type 37)
and analysis of the constitutive equation of rock damage tensor, is
similar in theory and can play a guiding role; RFPA3D is adopted
for different confining pressure rock specimens under the
condition of true triaxial numerical experiment research and
summarizes the analysis of rock under different confining
pressures of mechanical properties of brittle-ductile
transformation and critical judgment standard.

3 NUMERICAL SIMULATION TEST
ANALYSIS OF ROCK BRITTLENESS AND
DUCTILITY

According to the abovementioned damage constitutive equation

of rock and the introduction of software RFPA3D, numerical test
software RFPA3D was used to carry out numerical tests on rock,
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TABLE 1 | Phase change criterion control parameters.

Control parameter Parameter value

Compressive strength-tensile strength ratio 10
Residual strength coefficient 0.1
Phase transition criterion

TABLE 2 | Rock material properties.

Elastic modulus (Mpa) Poisson ratio  Density (kg/m3)

Homogeneity 10 100 100
Average value 50000 0.25 2500

and the mechanical properties and critical discrimination
conditions of brittle-ductility transformation of rock were
analyzed from the perspectives of stress—strain curve, acoustic
emission, and energy.

3.1 Model Size, Meshing, and Mechanical

Parameters

The model adopts specimens of the same size as the physical test,
which are cuboids of 50*50%100 mm in size and divided into two
million free units. The basic parameters of rock mechanics are
obtained by uniaxial test of physical test. In addition, this
numerical test mainly considers the influence of confining
pressure on the brittle-ductility transformation of specimens;
so, the axial pressure is kept constant during the numerical test
and the loading rate of confining pressure is changed to achieve
different conditions of confining pressure.

In addition, in order to eliminate the size effect of the end face,
the end face was rigidized. The thickness of the specimen was ten-
mm up and down, and the total height of the specimen was
120 mm. At the same time, the elastic modulus and strength of
the alloy were increased to be rigidized in the model, as shown in
Figure 3.

In order to reflect the superiority of the software, the accuracy
of the numerical test, and the universal applicability, the common
rock in the mining area, namely, coarse sandstone (fine sandstone
and siltstone), is used for the setting of rock mechanical
parameters. Mechanical parameters have certain universality
and are very common in mining areas. The control
parameters of phase change criteria and basic mechanical
parameters of rock specimens are shown in Table 1. The
loading rate of the model is shown in Table 2 and Table 3.

Surrounding Rock; Brittle—Ductile; Loading Rate

Control parameter Parameter value

Maximum tensile strain coefficient 1.5
Maximum compressive strain coefficient 200

Mohr-Coulomb strength criterion

3.2 Setting of Model Boundary Conditions

and Control Conditions
1) Set the boundary conditions and the loading mode of the
model.

In order to ensure the consistency with the boundary
conditions of real physical tests, the bottom of the rock
specimen was fixed, that is, the bottom surface of the
specimen was rigidized in fixed face (fixed boundary), as
shown in Figure 4. In addition, other combination methods
could also be used to rigidize according to different numerical
calculation models.

In order to ensure the consistency with physical test loading,
rock specimens in X, Y, and Z directions were loaded separately.
Since the physical test adopts the true triaxial failure process of
rock specimens by keeping the axial pressure unchanged and
changing the confining pressure rate, the numerical test also
adopts the method of keeping the axial pressure constant and
loading the confining pressure at different rates, as shown in
Figure 5. Since there are four loading modes in each direction,
displacement loading, stress loading, gradient stress loading, or
no loading, there can be different combinations in the X, Y, and Z
directions; so there are 64 loading modes in total.

Since there are many ways of confining pressure loading on
rock specimens in physical tests, such as stress and displacement
loading, this numerical test adopts four different rates of
confining pressure loading to load rock specimen models. In
other words, 0.000001 mm/s, 0.000005 mm/s, 0.00001 mm/s, and
0.00005 mm/s, and the confining pressure rate gradually
increases. In Figure 3, Y-direction is axial pressure loading
and remains unchanged; end value is set as 150 Pa; X and Z
directions are confining pressure displacement loadings; four
different displacement loading speeds are set for confining
pressure. That is, increment is set to 0.000001, 0.000005,
0.00001, and 0.00005, respectively.

In addition, the loading control information needs to be set
before calculation. Control conditions include the setting of
loading steps and the selection of special methods related to
loading steps, as shown in Figure 6. Auto adaptive loading is to

TABLE 3 | Size effect model information.
Model number Model name

1 Marble

Model size (mm)

50 x 50 x 100

Load (mm/step) Height-to-diameter ratio

0.000001 1.5
0.000005

0.00001

0.00005
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judge the amount of load to be loaded in the next step according
to the number of failure units. According to the damage degree of Gl
the rock specimen, the crack propagation of the rock specimen ~Control Inf
can be more clearly observed. Therefore, the loading step of this TotalStep ~ [1000
numerical test is set as 10000 steps. B Ao Ao Looting
I~ Weight Problems
Thermo Problems
I~ Thermal Problem Time Span
'Fixed Face = I~ Dynamit 1
Flow Problems
XY face: [ [~ Central point ™ Flow Problem 2
€ Unste S ge
I~ Phreatic flow = ,71
XZface: W v Central point - Others Problems
& None
¢ Creep Probelm  Start Step ISf
YZ face: I [~ Central point " Strength Degradation Method
¢ Centrifugal Method  Value loi
0K Cancel (016 | Cancel |
FIGURE 4 | Constraints at the bottom of the rock specimen model. FIGURE 6 | Numerical calculation of control conditions.
'Mechanical Boundary Conditions 3 l‘
-X Direction Y Direction -Z Direction -
-Loading Type ~Loading Type- -Loading Type
® Displacement Loading(m) O Displacement Loading(m) @© Displacement Loading(m)
O Stress Loading(Pa) @® Stress Loading(Pa) O Stress Loading(Pa)
O Lateral Stress(Pa) QO Lateral Stress Loading(Pa) O Lateral Stress Loading(Pa)
O No Loading O No Loading O No Loading
~Value ~Value ~Value
Initial Value IO Initial Value |0 Initial Value IO
End Value |100 End Value |1000000 End Value |100
Starting Step I1 Starting Step ID Starting Step ID
Increment IO.DOOOCH Increment Io Increment IO
Calculating Precision 0.002 Mih Increment Coeff |‘| Initial Increment IO
Fixed Boundary | oko) | Cancellc) |
FIGURE 5 | Loading method of the specimen.
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pressure rate is 0.00005 mm/s.

FIGURE 7 | Failure modes of rock specimens under different confining pressures at 400 calculation steps. (A) is the calculation result of 400 steps on the model
when the confining pressure rate is 0.000001 mm/s. (B) is the calculation result of 400 steps on the model when the confining pressure rate is 0.000005 mm/s. (C) is the
calculation result of 400 steps on the model when the confining pressure rate is 0.00001 mm/s. (D) is the calculation result of 400 steps on the model when the confining
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3.3 Analysis of Numerical Test Results
Therefore, the rock failure process is a dynamic change process.

Some calculation steps are selected to show the crack propagation
and acoustic emission of rock under triaxial confining pressure in
numerical test engineering by REPA3D software superiority and
limited space.

3.3.1 Comparison of Macroscopic Failure Modes of
Specimens.

Failure patterns of specimens under different confining pressures
are shown in Figure 7 and Figure 8.

In order to better observe the failure morphology of rock
specimens in the loading process and due to the limitation of
space, the failure morphology of rock specimens at 400 steps
under the action of four kinds of confining pressures was selected.

According to the four figures (a), (b), (c), and (d) in Figure 7, with the
increase of confining pressure, the crack propagation degree of rock
specimen becomes more and more serious. In other words, some
macroscopic cracks are formed in the model rock specimen from the
sporadic occurrence of initial unstable elements to interpenetration.
This is most obvious in the numerical tests with confining pressures
of 0.000001 mm/s and 0.00005 mm/s, respectively (Figure 7).

The four figures (a), (b), (c), and (d) in Figure 8 are the final
instability failure diagrams under four confining pressures. It can be
seen from the figures that split failure and shear failure occurred in
the model rock specimen, in which the split failure occurred in the
rock plays a leading role. In addition, with the increase of confining
pressure, the probability of shear failure of model rock specimens is
increasing. By comparing (a) and (d) in Figure7, it can be seen that
in Figure (a), splitting failure plays a dominant role, while in

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 825229


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Tian et al.

Surrounding Rock; Brittle—Ductile; Loading Rate

5.024e+003
3.143e+004
5.783e+004
8.423e+004
1.106e+005
1.370e+005
1.634e+005
1.898e+005
2.162e+005
2.426e+005

Confining pressure rate 0.000001mm/s

5.024e+003
3.143e+004
5.783e+004
8.423e+004
1.106e+005
1.370e+005
1.634e+005
1.898e+005
2.162e+005
2.426e+005

Confining pressure rate 0.00001mm/s

FIGURE 8 | Final failure modes of rock specimens under different confining pressures. (A) is the final failure result of the model at the confining pressure rate of
0.000001 mm/s. (B) is the final failure result of the model at the confining pressure rate of 0.000005 mm/s. (C) is the final failure result of the model at the confining
pressure rate of 0.00001 mm/s. (D) is the final failure result of the model at the confining pressure rate of 0.00005 mm/s.

5.024e+003
3.143e+004
5.783e+004
8.423e+004
1.106e+005
1.370e+005
1.634e+005
1.898e+005
2.162e+005
2.426e+005

Confining pressure rate 0.000005mm/s

1.256e+004
7.857e+004
1.446e+005
2.106e+005
2.766e+005
3.426e+005
4.086e+005
4.746e+005
5.406e+005
6.066e+005

Confining pressure rate 0.00005mm/s

Figure 7D, in addition to splitting failure, there are shear failures of
varying degrees. It indicates that under the condition of a certain
axial pressure, with the increase of confining pressure, the instability
element of the model rock specimen gradually changes from the
initial tensile failure to shear failure (Figure 8).

Figure 7 and Figure 8 show the initiation and propagation of
crack and the failure and instability process of specimen in model
rock. The macroscopic crack is formed by the interpenetration of
the unstable elements, and the stress concentration at the crack
tip leads to the continuous expansion of the crack, and finally the
cracks converge to form the macroscopic crack, which leads to the
failure and instability of the model rock specimen.

3.3.2 Comparison of Acoustic Emission of Failure
Modes of Specimens.

The acoustic emission propagation patterns of specimens under
different confining pressures are shown in Figure 9 and
Figure 10.

The four graphs (a), (b), (c), and (d), respectively, represent
the AE expansion morphology of the model rock specimen under
the action of four kinds of confining pressures when the
calculation step is 400(Figure 9). Fewer than four different
confining pressures, the intensity of AE increases with the
increase in the confining pressure rate. By comparing (a) and
(d) in Figure 9, it is obvious that there is a relatively large
difference in the AE of the model rock specimen, indicating
that the confining pressure rate or confining pressure has a great
influence on the damage and failure of the model rock specimen
and the change of the mechanical properties of the model rock
specimen.

The final AE (acoustic emission) of failure and instability of the
model rock specimen is shown in Figure 10. Compared with
Figure 9, Figure 10 shows the AE signals of the model rock
specimen in the state of complete failure and instability, which
are very dense with little morphological difference, indicating that
the specimen has a consistent state during failure and instability. In
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FIGURE 9 | AE morphology of rock specimens under different confining pressures at 400 steps. (A) is the 400-step result of model acoustic emission at the
confining pressure rate of 0.000001 mm/s. (B) is the 400-step result of model acoustic emission at the confining pressure rate of 0.000005 mm/s. (C) is the 400-step
result of model acoustic emission at the confining pressure rate of 0.00001 mm/s. (D) is the 400-step result of model acoustic emission at the confining pressure rate of

Confining pressure rate 0.00005mm/s

addition, it can be seen from Figures 9,10 that the AE signals of the
model rock specimen constantly radiate outward from the
aggregation area, and eventually form an AE band consistent
with the fracture surface of the specimen, which is called the
failure surface of the model rock specimen.

Figures 7-10 show the fracture process of rock specimens and
acoustic emission expansion process. The expansion of acoustic
emission corresponds to the macroscopic fracture of rock. This is
due to the formation of microcracks in the model rock specimen
after the destruction of primiples. The other major through above is
able to directly observe the rock specimens under different confining
pressures of rock specimens under the action of the propagation of
the crack, the crack from the crack at the destruction of the rock

instability; it also embodies the superiority of RFPA3D software, but
the images did not directly observe the change of the mechanical
properties of rock specimen, such as the destruction of the rock
strength, and strain. The process of brittleness and ductility of rock
cannot be effectively reflected; so, the stress—strain curve of rock
specimen must be displayed.

3.3.3 Changes in Rock Mass Stress in the Rock Model
Section.

Due to space reasons, only the stress section graph of rock model
under a loading rate of 0.00001 mm/s is introduced. As shown in
Figure 11, the transformation process of rock model from brittleness
to ductility can be visually seen, and the process is from (a) to (I):
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pressure rate of 0.00005 mm/s.

FIGURE 10 | AE failure modes of rock specimens under different confining pressure rates. (A) is the final simulation result of model acoustic emission at the
confining pressure rate of 0.000001 mm/s. (B) is the final simulation result of model acoustic emission at the confining pressure rate of 0.000005 mm/s. (C) is the final
simulation result of model acoustic emission at the confining pressure rate of 0.00001 mm/s. (D) is the final simulation result of model acoustic emission at the confining

The rate of 0.00005 mm/s

Figure 11 shows the macroscopic failure sectioning process of
the rock model under the loading rate of 0.0005 mm/s confining
pressure. Among them by comparing (a) and (c) for the rock
brittleness phase (elastic stage), combined with Figure 8 more
intuitive, the state of stress and strain curve is linear, model in the
elastic compression state, and with the increase in the calculation
step, (c) the picture shows the limit of the elastic stage, rock and
rock at the critical model by the rock brittleness phase (elastic
stage) has entered into the phase of the ductile phase (plastic).
Figure 4D-G is the ductility stage of the rock model and FIG. (d),
(e), and (f) are the extension stages of ductility, and (g) is the critical
state of ductility. By comparing figures (d) and (g), it can be seen
that the bearing capacity of rock is still increasing at the ductility
stage, but the state of rock is greatly changed. Similarly, with the

increase of calculation steps, local rock failure occurs according to
the Mohr-Coulomb failure criterion, which eventually leads to
rock failure and instability. Compared with (d) in Figures 7 and 8,
the failure process of rock can be seen more intuitively.

3.3.4 Comparative Analysis of Stress Curves of Rock
Specimens
In order to facilitate the comparison of the influence of the four
confining pressure rates on the brittle-ductility transformation of
rock, the stress—strain curves are placed in a graph, as shown in
Figure 12.

Ductility is the ability of a material to withstand large plastic
deformations without losing its bearing capacity. Figure 12 shows
the stress—strain curves of rock model specimens under the action
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FIGURE 11 | Stress section under the loading rate of 0.00001 mm/s.
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FIGURE 12 | Stress-strain curves of rock under four kinds of confining pressures and partial enlarged.
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TABLE 4 | Cumulative ductile damage of rock under different strain conditions.

Three axis than <:T";> 0 1 2 3 4 5 6
Poisson’s ratio () 0.22 Cumulative ductile strain damage%.g:% 0.985 0.3846 0.1250 0.0588 0.0338 0.0218 0.0152
0.26 0.9554 0.4839 0.1765 0.0857 0.0498 0.0324 0.0227
0.33 0.971 0.6522 0.300 0.1579 0.0949 0.0628 0.0444
of four kinds of confining pressures. The variation trends of the  stress—strain relationship is no longer linear proportional, and the
four kinds of stress-strain curves have little difference. The  slope value of the curve decreases gradually from large. In other
stress—strain curves can still be divided into four stages, but  words, the constant % of OA section gradually decreases from A to
they are different from the traditional four stages. % ~ 0, indicating that the mechanical properties of rock model
It can be seen intuitively that the OA section of the curve is a  specimens have changed, but the stress—strain value of rock model
straight line, indicating that the stress—strain changes linearly at this ~ specimens still increases; so, the AB section is defined as the
stage and the stress—strain should become a proportional  brittle-ductility transformation stage of rock. After obtaining the
relationship, which conforms to Hooke’s law, namely, the OA  peak value of the stress—strain curve, the curve is relatively gentle,
section of the stress—strain curve is the elastic stage of rock. In  similar to the yield stage of metal materials; so, this stage is defined as
the AB stage, the curve changes from a straight line to a curve, the  the ductile (plastic) expansion stage of rock, namely, BC stage. The
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FIGURE 13 | Ductile damage of rock under different loading rates and
Poisson’s ratios.

CD stage is the rock instability stage, that is, the rock fracture stage,
and this stage is no different from other stages.

In addition, it is found that the four confining pressure rates
have different effects on the brittle-ductility transformation of
model specimens through stress-strain curves. As the confining
pressure rate increases, the ductility stage of the model specimen
is more obvious, that is, the higher the confining pressure rate
is, the longer the ductility stage is. Similar to the yield and
strengthening stage of plastic materials, the stress increases
slowly or in a state of fluctuation, while the strain increases all
the time.

The Poisson’s ratio p values 0.22, 0.26, and 0.33 are substituted
into Eqs 18_20, respectively, in formula 2.1, and the cumulative
ductile damage data are calculated according to the stress damage
equation, and the results are shown in Table 4, and the ductile
fracture curves of rock under different loading rates are obtained
according to Table 4, as shown in Figure 13.

Combined with Table 4 and Figure 13, ductility damage
failure formulas of rocks with three Poisson ratios y under
different loading rates can be obtained as follows2

When Poisson’s ratio y = 0.22, D 0.0063 ZES“
the ductility damage coefficient was (.0063;

When Poisson’s ratio g = 0.26, D = 0.0104 2ES[A
the ductility damage coefficient was 0.0104;

When Poisson’s ratio g = 0.33, D = 0.0371 2ES”
the ductility damage coefficient was 0.0371.

According to the data presented in Figure 13, it is found that
the damage accumulation trend of rock is almost the same at the
beginning of loading with three different Poisson’s ratios y, and
the strain accumulation of rock diffuses gradually with the change
of loading rate, and the three tend to separate, especially at the
end of rock failure, and the cumulative ductile damage variable of
rock is in a linear state, which indicates that the rock-bearing
capacity decreases sharply, that is to say, rock failure occurs.

DPx P and

DP* P and

DPx P and

4 CONCLUSION

1) With the help of continuum damage mechanics, the
damage constitutive equation of rock was derived without

Surrounding Rock; Brittle—Ductile; Loading Rate

considering the motion effect and temperature effect, and
when compared with the constitutive equation of numerical
test software RFPA3D, it was found that the derived damage
constitutive equation could adapt to it; so, the numerical test
software was used to calculate the numerical simulation test of
rock. The numerical test results are very similar to the physical
test results, and the failure modes and mechanical properties
of the rock are very similar. The numerical test software can
avoid the environmental factors and the sensitivity of the
equipment in the physical experiment and can do a large
number of numerical tests to fully study the various fracture
forms and brittle-ductility transformation mechanical
properties of rock.

2) Under different confining pressure rates, abnormal
failure of rock models occurs with different confining
pressure rates. It is found from the stress diagram that the
loading rate has little effect on the rock stress at the initial stage
of confining pressure loading. With the increase of confining
pressure, the variation of rock stress is small after the rock
enters the ductility stage, but the strain increases all the time,
and the stress diagram of rock in ductility stage varies greatly
under different rates. In addition, it can also be concluded
from the macroscopic stress failure diagram that under
different confining pressure rates, the failure forms of rock
are greatly different. The higher the rate, the shorter is the
failure time of rock, and the failure forms also expand from the
initial splitting failure to shear failure.

3) The propagation of acoustic emission and the
macroscopic fracture of rock can correspond to it. Through
acoustic emission diagram, the crack propagation of rock
under different confining pressure rates can be intuitively
seen. At the initial stage of model calculation, the rock is in
the compaction stage, and the acoustic emission is relatively
concentrated. However, with the decrease of porosity, the
intensity of acoustic emission decreases correspondingly,
indicating that the rock is in the elastic to ductility stage.
The brittle-ductility stage of rock decreases with the increase
in confining pressure velocity. With the increase of confining
pressure, the brittle-ductility transition stage is shortened and
the ductility stage is gradually increased, which also reflects the
superiority of RFPA3D software.

4) Combined with conclusions 2 and 3, the stress—strain curve
is more intuitive and it can be seen that the rock model conforms
to Hooke’s Law at the initial stage of calculation, but with the
increase in loading rate, 7 changes from constant to variable, and
the value decreases, 1nd1cat1ng that the rock begins to enter the
ductility stage. The bearing capacity of the rock remains
unchanged, but the strain increases, that is, after the peak
value of the stress-strain curve is obtained, the curve is
relatively gentle; so, this stage is defined as the ductility
(plastic) expansion stage of the rock.

5) Through the ductility cumulative damage data fitting
almost unanimously found in the rock brittleness phase
development tendency and accordmg to the brittle ductility
damage equation of rocks D = GfES“ DPXP (G is the ductility
damage coefficient), ductility changes diverge after rocks enter
ductility stage. The larger the Poisson’s ratio of rocks is, the
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longer the ductility stage is, but the lower the bearing capacity
is. On the contrary, the smaller the Poisson’s ratio of rocks is,
although the ductility stage is short, the higher the bearing
capacity is. In the later stage of rock failure, the ductility
cumulative damage of different rocks shows a linear upward
trend, indicating that the bearing capacity decreases sharply,
and rock failure occurs. It is also found that the ductility
damage coefficient G increases with the increase in Poisson’s
ratio.
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