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Abstract: With the gradual depletion of mineral resources in the shallow part of the earth, resource exploitation
continues to move deeper into the earth, it becomes a hot topic to simulate the whole process of rock strain softening,
deformation and failure in deep environment, especially under high temperature and high pressure. On the basis of
Lemaitre’s strain-equivalent principle, combined with statistics and damage theory, a statistical constitutive model of
rock thermal damage under triaxial compression condition is established. At the same time, taking into account the
existing damage model is difficult to reflect residual strength after rock failure, the residual strength is considered in this
paper by introducing correction factor of damage variable, the model rationality is also verified by experiments.
Analysis of results indicates that the damage evolution curve reflects the whole process of rock micro-cracks enclosure,
initiation, expansion, penetration, and the formation of macro-cracks under coupled effect of temperature and confining
pressure. Rock thermal damage shows logistic growth function with the increase of temperature. Under the same strain
condition, rock total damage decreases with the rise of confining pressure. By studying the electron microscope images
(SEM) of rock fracture, it is inferred that 35.40 MPa is the critical confining pressure of brittle to plastic transition for
this granite. The model parameter F' reflects the average strength of rock, and M reflects the morphological
characteristics of rock stress—strain curves. The physical meanings of model parameters are clear and the model is
suitable for complex stress states, which provides valuable references for the study of rock deformation and stability in
deep engineering.
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the coupled environment of high temperature and

1 Introduction pressure, and the rock deformation and damage
mechanism are quite different from normal

In the deep mining of mineral resources, temperature [1-8]. Since we know, rock contains
nuclear waste storage and some other underground many micro-cracks and micro-voids, and these
engineering activities, more and more rocks are in original defects will propagate and form
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macroscopic cracks under the effect of temperature
and loading, resulting in the instability and
destruction of engineering, so it is necessary to
study constitutive model of rock materials under the
complex geological conditions for the long-term
safety and stability.

Since DOUGILL et al [9] introduced damage
mechanics into the field of rock materials, many
scholars focused on the rock damage constitutive
theory [10-14]. However, numerous micro-cracks
in rock materials, ranging from 0.01 to 1.0 mm in
length, are statistically distributed, hence statistical
approaches along with damage mechanics have
been used in establishing rock constitutive model
by many researchers [15-19]. DENG et al [20]
derived a new constitutive model by using the
theory of continuous damage mechanics together
with statistical mesoscopic strength theory, based
on maximum entropy distribution. It was found that
the entropy-distribution-based constitutive model
was considerably flexible and was better than the
conventional Weibull-distribution-based model if
appropriate parameters in the entropy model were
chosen. However, there was no direct relationship
between model parameters and rock statistical
characteristics in this entropy models, such as mean
and variance. LIU et al [21] put forward the
definition of thermal damage and mechanical
damage for marble after exposure to high
temperature, deduced overall damage evolution
equation and established thermal damage
constitutive model on the basis of macroscopic
phenomenological damage  mechanics and
non-equilibrium statistical theory. The results
indicated that the effect of temperature on the
mechanical properties of marble can be accurately
described through the definition of thermal damage
using elastic modulus. However, the experimental
results were obtained only in uniaxial compression
tests, not in triaxial compression tests. ZHAO et al
[22] proposed an extended definition of damage,
and developed a modified statistical damage
constitutive model to reflect strain-softening and
residual strength behavior for rocks loaded in
conventional triaxial compression test. The model
parameters were estimated based on the extremum
method, and the wvalidation indicated that the
calculated results had good agreement with
experimental observation, but the temperature effect
had not been considered.

Despite the fact that above researches have
greatly enriched the development of rock
constitutive model, but study is still insufficient,
especially on the coupled temperature and
confining pressure. Obviously, rocks in deep
underground is always subjected to the coupled
temperature and triaxial stress state, therefore, the
role of temperature and confining pressure should
be taken into account simultaneously to realistically
simulate rock behavior.

The purpose of this paper is to put forward a
new statistical damage constitutive model, which
can reflect the coupled effect of temperature and
confining pressure. By considering rock damage
threshold and residual strength, the simulation
method of rock deformation process is further
improved.

2 Thermo-mechanical coupled damage
constitutive model

2.1 Thermal damage evolution equation

Due to the random distribution of micro-cracks
and micro-voids in rock materials, it is assumed that
rock strength obeys the Weibull statistical
distribution, which is expressed as:

m( k m—1 k m
f(k)_F(Fj exp[—[;} } (1)
where fk) is the distribution function of micro-
intensity, k£ is the random distribution variable, m
and F are Weibull distribution parameters. Under
the action of loading, the original micro-cracks
inside the rock will expand and evolve, leading to

the continuous damage of the rock,
continuous damage variable (D) can be defined as:

v M1, 7 ks
v Vv

k
i Vjo £ (k)dk
- 4

so the
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where V5 is the rock damaged volume, V is the rock
total volume. Substituting Eq. (1) into Eq. (2), the
damage variable can be described as:

D= l—exp{—(%jm} (3)

For the plastic materials, the Drucker-Prager
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(D-P) criterion is only a yield criterion, whereas for
a brittle or quasi-brittle rock material, it can also be
called strength criterion or failure criterion. The
D-P strength criterion takes into account the effects
of intermediate principal stress and hydrostatic
pressure, overcoming the main weaknesses of
Mohr-Coulomb criterion [23]. Therefore, in this
paper, it is assumed that the rock micro-element
strength satisfies the D-P criterion, which can be
expressed by the principal stress as:
(o) =k=apl, +T, =———=L _1,+J7, (4
\J9+3 sin’ 1)
where [ is the first invariant of stress tensor, J, is
the second invariant of stress deviator tensor and ¢
is the internal friction angle. Substituting Eq. (4)
into Eq. (3), D can be represented as:

I, +4J "
D:l—exp —((ZO]TZJ (5)

The Weibull distribution parameters m and F
have influence on the shape of rock damage curves,
and they are directly affected by temperature [15].
Therefore, the influence of temperature on the
statistical constitutive model of rock damage can be
considered by introducing Egs. (6) and (7), as
below:

m(T') = my(1=Dr) (6)
F(T) = F,(-Dr) (7)

where mo and Fy are the Weibull distribution
parameters at room temperature, and Dr is the
thermal  damage caused Dby temperature.
Substituting Eqs. (6) and (7) into Eq. (5), the
damage evolution equation with the temperature
can be got as:

my(1-Dy)
D=1-exp —{M} (8)
£,(1=Dr)

As we know, there is a threshold stress in the
damage evolution of rock material under loading.
When the stress state is below the threshold point,
the damage caused by loading inside the rock is so
small that can be considered as zero, so the total
damage is only the thermal damage caused by
temperature at this situation. When the stress state
exceeds the threshold point, the damage value can
be calculated according to Eq. (8). For the whole
stress state, the damage evolution equation of rock

material can be expressed as:

Dy (o) <op)

my(1-Dy)
D(o,T) = L+, |
(©.T) 1—exp —[%:l (0, > 0p)
o\l— 4T

©)
where op is the threshold stress of rock damage.
Since the elastic modulus of rock material is related
to the temperature, which can be used to define rock
thermal damage. Setting the thermal damage is zero

at room temperature, then the thermal damage can
be defined as:

ET
D; _l—E—O (10)
where Er is the elastic modulus at the temperature
of 7 and Eo is the elastic modulus at room
temperature. Substituting Eq. (10) into Eq. (9), the
damage evolution equation of rock material at
different temperatures expressed by elastic modulus
is obtained as:

Dy (o) <o0p)
Er
mOFO
D(o,T) = I ++JJ
(G ) l_exp — M (01 Zo-D)
ET
Fy—-L
Ey
(11)
2.2 Thermo-mechanical coupled damage

constitutive model
According to the theory of strain equivalent
principle proposed by LEMAITRE [24], the
damage constitutive model of rock can be obtained
as:

|:J*:|: [O-] :[E][g] (12)
1-[p] 1-[D]

where [o'] is the effective stress tensor, [o] is the

nominal stress tensor, [D] is the damage matrix, [£]

is the elastic modulus matrix and [e] is the strain

matrix.

Due to the influence of friction and confining
pressure, rock materials still have certain post-peak
residual strength, which is characterized by the pure
friction with the cohesive force of zero. In most
cases, the test curve of residual strength is similar to
the horizontal straight line. In most cases, the
characteristics of compressive stress and shear
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stress that can still continue to be transmitted after
the rock micro-element destruction has not been
taken into account in Eq. (12), therefore, the
damage variable correction factor (J) is introduced
in this paper to consider the residual strength. ¢ is
defined as below [24]:

= (13)

Oc

o=

where o is the residual stress and oc is peak stress.
Then, Eq. (12) can be changed as:

Lol _ [E]le]
[o']- 1-6[D]  1-6[D] (14)

Assuming that the rock damage is isotropic,
then the relationship between nominal stress (o)
and effective stress (i) can be got as:

*

o
=—— (i=1,2,3 15
o] =2 (=129 (15)

Combined with the Hooke’s law for linear
elasticity, the strain is expressed as:

: :é[gj_ﬂ(qjm,j)} G, jk=1,2,3) (16)

Substituting Eq. (15) into Eq. (16), then
Eq. (16) can be rewritten as:

1

“i=pisay oMo rel G ik=123 (7)

Substituting Eq. (8) into Eq. (17), then:

my(1-Dy)
a5 |

o, =FEg1-+0exp| - L N2 +
Fy(1-Dy)

/I(O'j-l-O'k) (18)

The elastic modulus of the rock at different
temperatures from Eq. (10) is:
E=E(T)=Ep = Ey(1-Dr) (19)
Substituting Eq. (19) into Eq. (18), the
constitutive model (after damage threshold) of the

rock material subjected to the temperature effect is
obtained as:

o, =E,(1-Dy)e {1-6 +

my(1-Dy)
apl, +J, )
oexp| — L NEZ + u(o; +oy)

Fy(1-Dy)

(20)

Considering that the stress—strain curve of the
rock passes through the coordinate origin, the
constitutive model can be fitted using the
polynomial function before the damage threshold,
the function relation can be set as:

o;=A(T)e[ & +B(T)] 21)
where A(T) and B(T) are the temperature dependent
coefficients. Combining Eq. (20) with (21), the

complete damage constitutive model under the
temperature effect is rewritten as:

A()e; [ &,+B(T)] (0<e<ep)

Ey(1-Dp)e;{1-5+

0; = (4-D,) (22)
L, )
Fy(1=Dr)

ulo;+oy) (e>ep)

2.3 Parameters solution

The key factor to establish the statistical
constitutive model of rock material is to determine
the Weibull distribution parameters properly. The
traditional solution method is to fit the data of the
triaxial compression test linearly, but if the
experimental data of the stress—strain curve are not
successfully obtained, the Weibull distribution
parameter can not be determined [14]. Therefore,
the traditional method of linear fitting needs to be
improved.

In this work, the of two
distribution parameters (m and F) are determined by
introducing the characteristic parameters of rock
peak strength (o¢) and peak strain (g¢), taking into
account the peak conditions and geometric
conditions of the full stress—strain curve of the rock.
The expressions of two fitting parameters (4 and B)
are obtained by introducing the stress (op) and
strain (gp) at the damage threshold point. The
progress of solution method is as follows.

In the conventional triaxial compression test,
o1>0>=03, when &1>¢p, Eq. (22) can be simplified as:

expressions

oyl +4J,

o, =Eg i1-0+0exp —[ 7

m
] +2u0;

(23)

where
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« Eglo+20 " m=1
[lzo-ii = 1( l 3) (24) Egl5exp —(ij _L .

o) — 240, F F"
1 o« « E51(0'1_U3) oo
Iy = =88 =———— 25 aoll| E(o, +20; )+ Eg,—L |-
\/72 P \/5(01_2[103) ( ) O[[ ( 1 3) 1 881
where s; is the effective stress deviator tensor in (o, +20; )Es, 9oy
Eq. (25). The stress—strain curve satisfies the i (o) —2u03)]+
constitutive equation at the peak stress point, so 01~ 2403
there has: Elo — o)+ Es 291
(O-l 03) ! Og, _ x/gEgl (0'1 —03)'%

01 |g=c, = Oc (26) 3o, —2u0;) 3oy —2uo, ) Og

The first derivative of the stress—strain curve at =24z + 4B (33)
the peak stress is zero, that is: Combined Eq. (32) with (33), then:
oo _
9o =0 Q7) 49 =2u0s (34)
Og 1 P

Combined Eq. (26) with (27), the expressions cep +ded

. = 28 35
of m and F are: dér — 240, D (35)
where

m= —{(0'C —2,110'3)/{[0'C —2uos;+Eg (0 -1)]-

1 e~ 2403 + (5~ Ee, }} 28)
Eg.6
Fe /e 1 (29)
_1n % —2ucs +(5-1)Esg, |m
Eg o
where

3
aO(O-c +20—3)+7(O-c _0-3)

Jo=Es; (30)

o, =20,

when 0<¢ <gp,
o, = Ag (& + B) = Ast + ABe, 31

Firstly, the rock stress—strain curve is
continuous in the compression section and the

damage evolution section, so:
Agt + ABg,=E¢, {1 —0+5exp {—[%j :l} +2uoc; (32)

Secondly, the stress—strain curve of rock is
continuous with the first derivative of the
compression section and the damage evolution
section, so:

%gq :E{1—§+5expl—(ij ]}+
g, 1170 F

c:EgD{l—5+§exp[—(fFDij (36)

m m—1
d=E£D5expl—(f?Dj } _W;—m].

2 2
{ao{(ZE e +205) (Eep+20,)E gD}r

Esp —2uo; (EgD —2u0y )2

2E%p—Eo,  3Eey(Eep—os)
- > 37)
x/g(EgD —2/10'3) 3(E5D —2;103)

3
ay(op +203)+T(GD —0'3)
Jo =Eéep (38)

Op — 2105

Thus, all parameters in the constitutive model
(22) are determined.

One thing should be pointed out that it is only
applicable for specific confining pressure
conditions to determine m and F using Egs. (28)
and (29). For the practical use, the widely used
Mohr-Coulomb strength criterion may be adopted
to estimate rock peak stress oc, such as:

2¢¢ cOS 1+sin
_ZCr COSPr | P &

(39)

I-sing; 1-sing;

where ¢ represents rock cohesion at peak stress,
and ¢r represents the internal friction angle at peak
stress. Using Eq.(39), the value of o. can be
calculated under different confining pressures. It
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was verified that the peak strain ¢ has a remarkable
linear relevance to o3 through the experimental data
obtained from different rocks under triaxial
compression tests [17]. Therefore, it is suggested
that:

& =b+aoy (40)

where a and b can be obtained via a linear
regression based on a series of test data.

From the above analysis, the model parameters
m and F can be determined for different confining
pressure conditions. In this case, m and F are only
related to rock conventional mechanical parameters
(such as E, u, ct, ¢y, etc.).

3 Analysis of rock damage evolution
characteristics

3.1 Thermal damage

In order to describe the effect of temperature
on rock damage, the elastic modulus is calculated
by using uniaxial compression test curves of granite
under different temperatures [26]. Table 1 gives the
experimental data, combined with Eq. (10), thermal
damage values are calculated.

Table 1 Average mechanical values of rock and thermal
damage under different temperatures

Temperature/°C Peak P'eak Elastic Thermal
stress/MPa strain/10~3 modulus/GPa damage

25 120.370 4.160 31.310 0.000

200 121.768 4.831 28.566 0.088

400 97.943 4231 27.548 0.120

600 54.624 5.862 10.785 0.656

800 41.766 5.777 8.742 0.721

1000 19.183 6.339 3.219 0.897

Both the elastic modulus and thermal damage
show logistic increase curves with the rise of
temperature (See Figure 1).

The thermal damage curve can be divided into
three stages. I) From 25 °C to 400 °C, the thermal
damage rises slowly, which is 0.12 at 400 °C, with
an average increase of 0.03% per 1 °C; II) From
400 °C to 600 °C, it increases rapidly, which
increased from 0.12 of 400 °C to 0.656 of 600 °C,
with an increase of 0.286% per 1 °C, this is likely
due to the reversible reaction of a quartz to § quartz
occurred at 573 °C; III) From 600 °C to 1000 °C, it

35
111
30
<
& 25
5 |
5 20 ;
=l i
] H
E 1§ .. _ 1140,
o ~ y =J.140+ E
Z 10l 24.967 \
= 1+(x+519.818)°2 K
5F R?=0946 ]
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1.0
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08F }/
o "
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£ 061
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o
=
E 041 <
5 y=0.836—
=
= 0.797
0.2~ 1+ (x+519.818)7°2
v A R? =0.946
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Figure 1 Variation of elastic modulus (a) and thermal
damage variable (b) with temperature

rises slowly again, which is 0.897 at 1000 °C,
increased 0.06% per 1 °C. At this temperature stage,
the feldspar appears an endothermic valley at
700-900 °C, and the crystal lattice of mica is
destroyed at 997 °C, leading to escapement of
hydroxyl and formation of sodium feldspar, all of
these reactions lead to a fundamental deterioration
of rock mechanical properties, and the thermal
damage increases gradually to 1. The fitting
function of thermal damage (Dr) and temperature
(7) is as follows:

0.797

Dp =0.836—
1+(7/519.818

R*™=0.946  (41)

)7.522 ’

3.2 Damage evolution characteristics

Rock damage is the essential reason for the
deterioration of microstructure and macroscopic
physical properties of the material. If the damage
variable is defined from the view of microscopic
point, the rock damage evolution law can be
revealed through the combination of macroscopic
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and mesoscopic methods. Combined with Eq. (22)
and the conventional triaxial compression test of
granite at different temperatures by XU et al [26]
(the experimental data are given in Table 2), the
damage evolution curves of granite under different
temperatures and confining pressures are plotted in
Figure 2.

Table 2 Peak stress and strain of rock under different
temperatures and confining pressures

Temperature/  Confining Peak Peak strain/
°C pressure/MPa  stress/MPa 107
10 209.160 6.740
55 20 305.694 7.515
30 370.037 9.489
40 367.265 11.363
10 199.670 6.076
20 278.430 9.565
200
30 429.040 10.309
40 450.190 15.555
10 232.380 6.076
20 339.340 9.565
400
30 377.950 10.309
40 451.780 15.555
10 180.921 8.035
20 291.990 9.100
600
30 336.442 9.866
40 381.113 11.840
10 139.361 6.608
20 272.342 9.193
800
30 293.590 10.749
40 360.651 9.912
10 175.561 10.283
20 154.422 8.479
1000
30 76.310 9.063
40 147.391 7.816

The total damage variable rises with the
increase of the strain, which can reflect the linear
elastic deformation of rock material when the stress
level is low. In the early stage of loading, the
micro-cracks in the rock are gradually closed. With
the increase of loading, the closed micro-cracks are
further compacted and have a relatively sliding
trend. However, the stress—strain curve is still in the
elastic state, and the stress level is not enough to
make the micro-cracks propagate, so the new

loading damage is not produced at this stage. The
initial horizontal section of the damage evolution
curve is the thermal damage caused by the
temperature (See stage | in Figure 2). When the
stress of the rock material exceeds yield point, the
plastic deformation occurs, the new micro-cracks
begin to expand between the relatively weak grain
boundaries, and the rock damage begins to evolve
and stable expand. With the increase of the stress
level, the micro-cracks inside the rock are densely
concentrated, overlapped and connected, forming
the macroscopic cracks and accelerating the rock
damage. At last, the macroscopic cracks are
connected to form the main rupture surface, which
leads to the sudden release of the stress. The rock
strength decreases rapidly and the damage tends
to 1.

With the increase of confining pressure, the
damage of the rock under the same strain condition
is decreased, indicating that the confining pressure
improves the stress state of the rock, restrains the
development of the damage and increases the
macroscopic average intensity of the rock. As the
confining pressure rises, the slope of the damage
curve decreases with the increase of strain, which
indicates that the confining pressure increases the
dislocation of the rock particles, weakens the strain
recovery ability and enhances rock plasticity.

4 Verification of theoretical model

In order to verify the nationality and accuracy
of established model, the theoretical constitutive
model fitted according to Eq. (22) is compared with
the stress—strain curves obtained by the test.
Because the stress—strain curves under the action of
each temperature reveal similar shapes, only the
theoretical model and experimental curves at
600 °C in different confining pressures are
discussed here. When the stress exceeds the yield
point, the rock enters the nonlinear deformation
stage and begins to produce damage, so it can be
considered that the damage threshold stress (op) is
the yield point of the rock, here we take op=0.60c,
and ep is the damage threshold strain corresponding
to op in test strain—stress curves. The theoretical
fitting parameters after 600 °C are given in Table 3.

As can be seen from Figure 3, the theoretical
damage constitutive models established in this
paper are generally consistent with test curves,
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Figure 2 Relationship between damage value and strain at different temperatures and confining pressures: (a) 25 °C;
(b) 200 °C; (c) 400 °C; (d) 600 °C; (e) 800 °C; (f) 1000 °C

Table 3 Theoretical fitting parameters at various confining pressures after 600 °C

Confining Peak stress, Peak strain,  Damage threshold Damage threshold Residual stress, Correction
pressure/MPa oc/MPa ec/1073 stress, op/MPa strain, en/1073 o/MPa factor, &
10 180.921 8.035 108.552 5.210 58.396 0.568
20 291.990 9.100 175.194 5.631 81.748 0.529
30 336.442 9.866 201.864 6.091 111.259 0.575
40 381.113 11.840 228.666 7.311 161.298 0.650
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Figure 3 Theoretical stress—strain curves and test curves at 600 °C in different confining pressures: (a) 10 MPa;

(b) 20 MPa; (c) 30 MPa; (d) 40 MPa

which can reflect rock post-peak softening process
by introducing the damage correction coefficient to
consider the residual strength, it proves the
rationality of the model.

However, there are also some deviations
between theoretical stress—strain curves and test
curves. Such as, the test curve reflects the four
stages of rock compaction, linear elasticity, yield
and post-peak strength well, while theoretical curve
before damage threshold is considered as quadratic
polynomial function, which cannot reflect the initial
compaction stage of rock, resulting the value of
theoretical stress is larger than the test at the same
strain before peak stress.

Therefore, in order to establish a constitutive
model that is more suitable for rock actual
deformation, it is necessary to describe the
compaction stage of the initial stress—strain curve.
According to author’s previous study [27, 28], the
compaction coefficient K may be introduced into
the damage constitutive equation, and K is defined
as the ratio of the slope of rock stress—strain curve,

this part will be studied in the future.

5 Physical meaning of distribution
parameters

Through the mathematical calculation, the
curves of Weibull distribution parameters (F and m)
with the change of temperature and confining
pressure are given in Figures 4—7. The physical
meaning of the parameters is discussed as
following.

As can be seen from Figures 4 and 5, the
distribution parameter F increases linearly with the
rise of confining pressure before 600 °C, but when
temperature exceeds 600 °C, F no longer continues
to increase with the confining pressure, which is
consistent with the variation of the rock triaxial
peak strength with the confining pressure (See
Figure 6), indicating that the parameter F' can
represent the average strength of the rock.

It can be seen from Figure 7 that the variation
of the distribution parameter m with the confining
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pressure can be divided into three stages. The
parameter m firstly increases when the confining
pressure increases from uniaxial to 10 MPa, then
fluctuates with the confining pressure rises from 10
to 30 MPa, and finally shows downward trend as
the confining pressure increases from 30 to 40 MPa
under different temperatures. According to the
analysis of a large number of experimental data,
MOGI [29] found that the critical confining
pressure of brittle to plastic transition is o1/03=3.4.

In this experiment, the uniaxial compressive

strength of granite is 120.37 MPa, which can be
inferred that the rock critical confining pressure of
brittle to plastic transition is around 35.40 MPa.

In order to verify the critical confining
pressure of granite from brittle to plastic transition,
Figure 8 shows the scanning electron microscopy
(SEM) image of rock fracture with the confining
pressure of 40 MPa under different temperatures.

It can be seen that when the confining pressure
reaches 40 MPa, there are many parallel slip
textures and multiple dimples on the fracture
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images of the rock at different temperatures. As the
temperature increases, the dimples become more
and more, indicating that the rock had a plastic
fracture pattern.

When the rock shows plastic deformation, the
internal slip will be produced along the crystal
interface. Due to the mutual restraint between
different grains, the slippage within the rock must

be carried out in multiple slip zones, resulting in
multiple parallel slip textures on the fracture image.
In rock, the slip separation feature often appears as
curved stripes, and hence it is called a serpentine
slip pattern. During the deformation process, the
slip deformation is first carried out along a set of
surfaces parallel to the maximum shear stress plane,
and a new surface is formed due to the separation of
the slip surface. In the multiple slip, these new
surfaces are curved and staggered to form a
meandering slip, forming a dense serpentine slip
pattern. The dimple is the most obvious
meso-characteristic morphology of the plastic
fracture surface of the rock, and it is mainly
composed of small pits in the fracture images. The
formation of the dimple is the result of the
accumulation of voids inside the rock. There are a
lot of voids in the rock, and a certain slip surface
will be formed between the voids under the action
of external stress, then the voids gradually grow and
eventually penetrate each other in the role of slip,
resulting in dimples.

According to the analysis of above rock
fracture image, it is reasonable to conclude that the
brittle-plastic critical confining pressure of this
granite is about 35.40 MPa. The decrease of the
parameter m when the confining pressure increases
from 30 to 40 MPa means that rock has a brittle to
plastic transformation, so m can represent the
morphological  characteristics of the rock
stress—strain curve.

6 Conclusions

The outcomes of this research indicate that the
established thermal damage model is in agreement
with the experimental phenomena under the action
of temperature and confining pressure, which
provides point of
micromechanical damage response to estimate the
deformation process and failure
mechanism of deep rocks. The results from the
findings can be summarized as follows.

1) The stress—strain curve of the rock is
essentially a crack-dominated deformation failure
process. With the increase of strain, the micro-
cracks are generated, accumulated, and then
gradually connected as macroscopic cracks until
completely destroyed, corresponding to the rock
development process of initial damage, stable

a new way from the

reveal the
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Figure 8 SEM image of rock fracture at confining pressure of 40 MPa: (a) 25 °C; (b) 200 °C; (c) 400 °C; (d) 600 °C;

(e) 800 °C; (f) 1000 °C

expansion, acceleration, until the damage variable
tends to 1. The micromechanical response is
consistent with the macroscopic mechanical
properties of the rock.

2) The thermal damage increases logistically
with the rise of temperature, demonstrating the
deterioration of the mechanical properties of rock.
Under the action of high temperature, the thermal
motion of the rock molecules intensifies and the

thermal expansion of the various minerals crossing
the grain boundary is uncoordinated, resulting in a
large number of thermal cracks, which are extended
and penetrated with the increase of the temperature.

3) The main role of confining pressure is to
restrain the expansion of micro-cracks in the rock.
The degree of total damage is reduced as the
confining pressure increases, indicating that the
confining pressure enhances the rock resistance and
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plastic deformation. According to the analysis of
rock fracture image, it is reasonable to conclude
that the brittle-plastic critical confining pressure of
this granite is about 35.40 MPa.

4) The distribution parameters (F and m) have
good physical meanings. The parameter F
represents the average strength of the rock, and m
represents the morphological characteristics of the
rock stress—strain curve.

Although the theoretical models established in
this paper are generally consistent with the test
curves, there are also some deviations. Therefore, to
establish a constitutive model that is more suitable
with the rock actual deformation, more work is
required on the basis of this article. Such as not
only the other statistical distribution function can be
re-selected, but also different rock strength criteria
can be re-chosen according to the practical
engineering.
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