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Abstract: Based on analysis of thermo-hydro-mechanical-chemical (THMC) coupling mechanism for brittle rock,
THMC coupling indicator in terms of rock porosity was introduced to represent the influencing degree of THMC
coupling field on stress field in order to establish THMC coupling fracture criterion. A novel real-time measurement
method of permeability (related to porosity) was proposed to determine the THMC coupling indicator, and
self-designed THMC coupling tests and scanning electron microscope tests were conducted on pre-cracked red
sandstone specimens to study the macroscopic and microscopic fracture mechanism. Research results show that the
higher the hydraulic pressure is, the smaller the crack initiation load is and the easier the Mode I fracture occurs. Test
results are in good agreement with prediction results (crack initiation load and angle, and fracture mode), which can
verify the effectiveness of the newly established THMC coupling fracture criterion. This new fracture criterion can be
also further extended to predict THMC coupling fracture of multi-crack problem.
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1 Introduction

Rock mass is wusually subjected to the
coupled effect of thermo-hydro-mechanical-
chemical (THMC) fields in deep rock mass
engineering, such as mineral and petroleum
extraction, geothermal utilization and nuclear waste
disposal [1-5]. Under the action of these external
loadings, natural discontinuous cracks or joints
would initiate to result in unstable crack
propagation quickly, and ultimate failure of rock
mass, especially for brittle rock [6—8]. And thus, it
is of great importance to predict the crack initiation
(including crack initiation load and angle and
fracture mode) for safety assessment and disaster
control in deep rock mass engineering.

Currently, there mainly exist two methods for
studying crack initiation, namely, experimental and
theoretical methods. Many experimental studies

were carried out on cracking behavior of
pre-cracked rock specimens under simple and
complex loading conditions. For example, WONG
and EINSTEIN [9] and YANG and JING [10]
conducted uniaxial compression test to investigate
crack initiation and propagation process of rock and
rock-like specimens with a crack and found that
cracking types depend mainly on their geometrical
shape and fracture characteristics. YANG [11]
adopted uniaxial and triaxial compression tests to
check the influence of different temperatures on
deformation and fracture coalescence behavior of
pre-cracked rock specimen. FENG et al [12,13]
and LU et al [14] studied crack initiation and
propagation path of fractured rock under HMC
coupling condition. They found that the original
crack initiates and then propagates along the
direction of the uniaxial stress and the effect of
chemical solution is largely dependent on its pH
value and ionic concentrations. LI et al [15,16] used
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tri-axial compression tests to investigate the
influence of temperature, hydraulic and confining
pressures on fracture trajectory of pre-cracked
specimen and found that lower temperature and
higher confining pressure benefit to transverse
(Mode 1II) fracture. However, most of previous
experimental methods are focused on the
investigations of crack initiation and propagation
behaviors for brittle rock or rock-like materials
under simple and less than or equal to three-field
coupling condition, and very few experimental
studies were conducted for rock materials under
four-field (i.e., THMC) coupling case. Furthermore,
although in experimental method we can visually
observe crack evolution process under complex
loading conditions, there might be difficulty in
exactly obtaining stress state of specimen and
predicting crack initiation load and angle, and
fracture mode [17,18]. In contrast, theoretical
method has the advantage of obtaining stress and
strain solutions with high accuracy and predicting
crack initiation parameters, and thus theoretical
method has attracted interests of more and more
researchers. In the last several decades, different
fracture criteria were presented to study crack
initiation. According to various parameters (stress,
strain and energy), these criteria can be divided into
the following three groups [19]: (1) stress-based
fracture criterion, e.g., maximum tensile stress
criteria (gp-criterion) [20] and maximum tangential
principle stress criterion (ojg-criterion) [21];
(2) strain-based fracture criterion, e.g., maximum
tangential strain criterion (gp-criterion) [22];
(3) energy-based fracture criterion, e.g., maximum
energy release rate criterion (G-criterion) [23],
minimum  strain  energy density criterion
(S-criterion) [24] and maximum volumetric strain
energy density criterion (T-criterion) [25,26]. A few
researchers also developed these fracture criteria to
solve multi-field coupling fracture problem. For
example, LI et al [27] established HM coupling
energy-based fracture criterion by supposing
pre-cracked rock as continuous rock with damage;
TAN and WANG [28] developed a new HMC
coupling stress-based fracture criterion by taking
into account of the influence of water-chemical
solution on effective crack length and stress field.
Although these fracture criteria can successfully
predict Mode I (tensile) fracture for brittle materials
under mix-mode and multi-field coupling

conditions, there might be limitations on the true
Mode (shear) II fracture [29,30]. This is because the
tensile strength of brittle rock is usually smaller
than its shear strength, and Mode I fracture easily
occurs before Mode II fracture. A new fracture
criterion based on the ratio between the maximum
tensile and shear stress intensity factors (SIFs) was
proposed by our group to successfully predict both
Mode I and Mode II fracture under arbitrary loading
conditions [31]. It has been applied for TM [32] and
THM [16] coupling conditions and needs to be
further developed for THMC coupling case.

In this work, THMC coupling indicator was
defined based on rock porosity for representing the
influencing degree of THMC coupling fields on
stress field, which can be continuously determined
by a novel real-time measurement method of
permeability (related to porosity). A new fracture
criterion was proposed to predict Mode I or Mode 11
fracture (including crack initiation load and angle,
and fracture mode) for brittle rock under THMC
coupling condition. Self-designed THMC coupling
tests and scanning electron microscope tests were
conducted on pre-cracked red sandstone specimens
for verifying the effectiveness of the newly
established THMC coupling fracture criterion.

2 THMC coupling indicator

2.1 Definition of THMC coupling indicator

For brittle rock, the interaction effect among
temperature, seepage, stress and chemical (i.e.,
THMC) fields is mainly manifested as follows:
(1) the temperature field has effect on density
and viscosity of fluid, mechanical properties of
rock, and chemical reaction rate and equilibrium;
(2) the seepage field causes heat convection and
conduction, rock deformation, and mineral
dissolution and precipitation; (3) the stress field not
only induces heat energy by relative friction, but
also changes rock permeability, and transmission
and diffusion paths of chemical solution; (4) the
chemical field generates heat absorption or release,
influences water permeability and conductivity by
changing chemical composition and structural
characteristics of rock, and mechanical property.
And eventually, the coupled effect of THMC fields
on rock can be reflected by changing the
microstructure parameters of rock (i.e., rock
porosity) [33]. Thus, the rock porosity acts as a
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suitable relevant parameter to represent the coupled
effect of THMC fields.

Under THMC coupling condition, the rock
porosity would be changed from its initial value (n)
to arbitrary value (n), which leads to the changes of
effective normal and shear stresses. Based on rock
porosity, a THMC coupling indicator (4,) can be
defined in the following form:
_n—n

A

n

o (1)

When n=ny (initial state), A,=0 (without
THMC coupling effect on stress field) and when
n—1 (tends to failure), A,—1 (with the largest
THMC coupling effect on stress field). It is seen
that the THMC coupling indicator A,1in terms of the
porosity (n) can represent the influencing degree of
THMC coupling field on stress field and has a clear
physical meaning. In addition, it can be determined
continuously during the THMC coupling test based
on a novel real-time measurement method of
permeability.

2.2 Determination of THMC coupling indicator

Based on the definition of THMC coupling
indicator 4, in Eq. (1), the key to determine A, is to
measure rock porosity n. However, it is extremely
difficult to monitor the rock porosity during test
(especially for tri-axial compression test). By
considering that the porosity of such rock material
has significance effect on its permeability, A,
may be determined indirectly by measuring the
permeability [34,35].

(1) Novel real-time measurement method of
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Fig. 1 Schematic diagram of material test system (MTS) 815

permeability

Figure 1 shows the schematic diagram of
material testing system (MTS) 815, including
temperature loading system (T), hydraulic pressure
loading system (H), and axial pressure and
confining pressure loading systems (M), where the
hydraulic pressure is applied on the rock specimen
by controlling the displacement of the piston.

During the test, keep water outlet open for
making the water pass through rock specimen.
Under THMC coupling condition, as the axial
pressure is increased, the displacement of the
hydraulic pressure piston is changed for keeping
hydraulic pressure stable. Thus, the permeability of
rock can be determined by the displacement of the
hydraulic pressure piston recorded by the computer
automatically.

During the test, water flow O (m’/s) passing
through specimen can be obtained by the
displacement of hydraulic pressure piston s (m) as
follows:

Ao(sz _Sl)

L=

ds

0= =4 & (2)
where 4, (m®) is cross-sectional area of the
hydraulic pressure piston related to testing machine
(4o=0.004 m*); ds/dt (m/s) can be recorded
automatically by the testing machine.

According to Darcy law, permeability
coefficient &, (m/s) can be expressed as

ky = o

AAh
where 4 (m®) and / (m) are cross-sectional area and
the height of the specimen, respectively, Ah (m) is
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pressure-head of the specimen, which is related to
hydraulic pressure.

The relationship between permeability & (m?)
and permeability coefficient kj is

ky = kLE (4)
u
So, the permeability of rock can be obtained
by
udy_ ds
PgAAR dt

)

where p (kg/m®) and u (Pa‘s) are the density and
viscosity of water (u=1.001x10"°Pa's at room
temperature), respectively; g(=9.8 m/s®) is the
acceleration of gravity.

(2) Measurement of permeability

Red sandstone adopted in the tests is from
Yunnan province in China and has a good
macroscopic homogeneity. According to X-ray
diffraction test, its main mineral composition is as
follows: quartz (69.1%), feldspar (13.4%), calcite
(6.2%) and dolomite (3.6%). Four cylindrical
specimens of red sandstone (d50 mm x 100 mm)
were prepared, named sequentially from S1 to S4
(Fig. 2). Table 1 lists their porosities measured by
ISRM (International Society for Rock Mechanics)
suggested testing methods [36].

Fig. 2 Red sandstone cylinder specimens in permeability
test

Table 1 Porosities measured by ISRM, and test results of
permeability by our method and transient pressure
method

k/m?

Sample n/% - -
This method Transient pressure method

S1 283 1.33x107'¢ 1.37x107"¢
S2 324 1.83x107'¢ 1.69x107'¢
S3  4.08 2.50x107'° 2.61x107'
S4 451 3.29x107'¢ 3.09x107'

The newly proposed method was adopted to
determine their permeability with MTS 815 (Fig. 1).
Before the test, specimen needs to be tightly sealed
with heat-shrinkable hose for preventing mixing
water with oil. The hydraulic pressures at the
top and bottom of specimen are 0 and 2.5 MPa,
respectively, and the confining pressure is 3 MPa.
In addition, it needs to be noted that water outlet is
open for ensuring the water to pass through rock
specimen. After the test, the displacement of
hydraulic pressure piston varying with time would
be stored by the computer automatically.

For proving the reliability of the newly
proposed method, transient pressure method [37]
was used to remeasure the permeability. The
hydraulic pressures and confining pressure have the
same values as those in the new method. The water
outlet is closed in order to make hydraulic pressure
at the specimen bottom gradually decay to zero.
The computer would record the variation of
hydraulic pressure with time.

Figure 3 shows the displacement of hydraulic
pressure piston—time curve and hydraulic pressure—
time curve for different rock specimens. It can be
seen that for all of specimens, the displacement of
hydraulic pressure piston is increased linearly (i.e.,
ds/d¢ is constant) with the increase of time (our
method). This is because the hydraulic pressures at
the top and the bottom of specimen are 0 and
2.5 MPa, respectively, and they are always fixed.
However, the hydraulic pressure is decreased
nonlinearly as the time changes (transient pressure
method), which results from the fixed displacement
of hydraulic pressure piston.

In our method, the permeability of red
sandstone specimen can be readily calculated by
substituting the test result (ds/d¢) into Eq. (5). In the
transient pressure method, the permeability of the
specimen can be determined by

k= gV In(hy 28] ®)
P, /

where ¥ is reference volume (V=3.32x10"*m’); ¢
is the compressibility of water ((=453x10""> Pa™");
Py and P, are hydraulic pressures of the specimen
bottom at ¢ and ¢, respectively; At=t,—t,, and At is
usually chosen in middle section (Points M, N in
Fig. 3(a)) of hydraulic pressure—time curve.

Table 1 lists the permeability of red sandstone
specimens obtained by our method and transient
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Fig. 3 Displacement of hydraulic pressure piston—time curve and hydraulic pressure (Pyp)—time curve for different red

sandstone samples: (a) S1; (b) S2; (c) S3; (d) S4

pressure method. It is seen that our results agree
quite well with those obtained by the transient
pressure method, which can prove the reliability of
our method.

(3) Relationship between
permeability

With the help of fitting method [38], the
relationship between porosity and permeability can
be obtained by

g n=7+0.53771gk, R*=0.993 (7

Under THMC coupling condition, the indicator
A, can be determined by substituting Eq. (7) into
Eq. (D).

It needs to be noted that although there are
many methods available to measure the
permeability of rock material, such as transient
pressure method, pressure—attenuation method [39]
and pulse—decay method [40,41], these methods are

porosity  and

limited to rock specimen under constant loading
condition or natural state and unsuitable for
quasi-static loading condition (where axial pressure
is changed). Comparatively, the new real-time
measurement method of permeability has advantage
of wider application over transient pressure method,
pressure—attenuation method and pulse—decay
method, since it can be applied to continuously
measuring the permeability under quasi-static
loading condition as well as THMC coupling
condition.

3 THMC coupling fracture criterion

3.1 Calculation model

Figure 4 presents a standard cylinder specimen
of rock (d50 mm x 100 mm) containing an oriented
penetrating crack (2¢=30 mm, 6=45°, and =2 mm)
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under a specific temperature 7, hydraulic pressure
Py (applied on the crack surface), confining
pressure Py, axial pressure Pp and chemical
solution pH, i.e., THMC coupling condition. The
rectangular coordinate system (xoy) and polar
coordinate system (o;7) are set at the crack center o
and at the crack tip oy, respectively.

y 2

(a) /P
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Ll le |
L. ol (b)
- ad, |
L 01 le—|
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——> }@a le——
L, e |
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Fig. 4 Pre-cracked cylinder specimen under THMC
coupling condition: (a) Front view; (b) Enlarged crack

3.2 Fracture criterion

By considering the effect of THMC coupling
indicator A, on stress field, the effective normal
(oramc(0)) and shear (zrumc(6)) stresses on the
original crack surface are expressed as

__ L (R+R),
-4, 2

1 | B -By
1 |:TCOS(20)+P } (8)

Oramc (0)

P -PR, .
T (0) = ﬁsm@@)

where compressive stress is defined to be positive.
The Mode 1 and Mode II (K[ (8), K/ (6))
SIFs at the original crack tip become

K" (0) = Orype (O)Nma = {P”’ }/—+

21

{ﬁ cos(260)+ P, }/_

2(1- 1)

i _ _ PL_PM
Ky (9)—TTHMC(9)\/E—{—2(1_;L )

n

sin(ze)}/a
©)

Under THMC coupling condition, the original
crack would be initiated and then propagated at an
arbitrary angle of a, where the normal and shear
stress components are

1 o
o, = cos—[K " (0)(1+cosa)] -
2x/2nr 2
3K§n (@)sina]

2x/27r

T, = ! cos—[Kf“(H)sina]+

‘ 2\/2nr

(10)

Kﬁ; (@)sina(3cosa —1)]

2x/27r

The definitions of Mode I and Mode II
(Kl’In (a), Kﬁ“ (a)) SIFs at a angle of a with respect
to the original crack are

K} (a)= lim(c, \2mr)

(1D
K (a)= lim(z, J2mr)
So, there are
Kl (a) = %cos%[m ()1 + cosa)] -
1 o A, .
—cos—[3K{" (a)(@)sina]
272 (12)

K (o) = lcos%[Kfn (6)sina] +

1
—CoS
2

2[Kg (@)(@)sina(3cosa—1)]

Based on the fracture criterion of maximum
tensile and shear SIF ratio proposed by our research

group [31], a new THMC coupling fracture
criterion can be established as follows:
Kll(nzmax KIIC
K l’}xnmax K, (Mode I fracture)
Kb =K
Tamax IC ( 1 3)
Kll?zmax KIIC
K l’}xnmax K, (Mode II fracture)
K Iﬁzmax = KHC
Therefore, Mode I or Mode II crack

initiation load (Ppjc or Pryc) and angle (a positive
angle of ojc or a negative angle of apc) can be
calculated by
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oo oo’

Kl“ 2Kl“
a 1 (a):(), a 1 (a)<0 {PLIC
=
]<l/‘Ln (a)max = KIC

(Mode I fracture)
or (14)
Kir (@) _o OKir (@ o (p
oa - o0 { LIIC
[<lﬂl11 (a)max = KIIC aHC
(Mode II fracture)

Whether Mode I or Mode II fracture takes
precedence to occur at crack initiation angle ;¢ or
onc depends on whether the crack initiation load
Py or Ppyc is smaller, i.e.,

B.=P
B <Py :>{ €U (Model fracture)
Gc =0

or (15)
PC

=P
MIC (Mode I fracture)
Oc = Opc

P >PLIIC:>{

It is found that from the newly established
fracture criterion, the crack initiation parameters
(crack initiation angle and loads, and fracture mode)
under THMC coupling condition can be calculated
by the crack sizes (a, 6), external loading (Py, Py),
fracture toughness (Kjc and Kjc ) and THMC
coupling indicator (A4,). Furthermore, although rock
specimen containing single crack is taken into
account in the calculation model, this fracture
criterion can be also applied to studying multiple
cracks and multiple crack—hole problems under
THMC coupling condition based on the interacting
SIF at each crack-tip derived from our previous
work [42].

4 Test verification

4.1 Test arrangements

Rock material is the same as that in the
permeability test. Figure 5 shows a cylindrical
red sandstone (450 mm % 100 mm) containing an
oriented penetrating crack (2¢=30 mm, 6=45°, and
b=2 mm). In order to apply the hydraulic pressure
(Py) on the surface of the oriented crack, a small
vertical hole (d3 mm x 50 mm) is drilled from
the center of the specimen bottom to the oriented

crack surface.

Table 2 lists the main mechanical parameters
of rock specimen at room temperature. In this study,
three-point bending test and shear-box test were
employed to determine Mode I and Mode II
fracture toughness. As shown in Fig. 6, rock
specimens were square beams with size of
250 mm x 50 mm X 50 mm in three-point bending
test and 50 mm x 50 mm X 50 mm in shear-box
test, respectively. A penetrating crack with length
of 25 mm was prefabricated in rock specimen.
The fracture toughness of Mode I and Mode II
can be readily determined by the crack initiation
loads obtained from load—displacement curves
(Kic=0.60 MPa-m"”, and K;;c=1.21 MPa-m"?).

As shown in Fig. 1, MTS815 was used to
determine the crack initiation load and angle of red

Table 2 Main mechanical parameters of red sandstone
o/MPa  o/MPa  E/GPa v c/MPa  ¢/(°)
6.12 56.1 11.21 029 137 32

100 mm
Z,
- éo;

1
SHe 3 mm

F—SO mm—4

Fig. 5 Cylinder specimen of red sandstone with inclined

penetrating crack

(2)

50 mm

]

250 mm

EI
g "
e

IS

50 mm
Fig. 6 Sketch of three-point-bend (a) and shear-box (b)
specimens

(b)

50 mm
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sandstone specimens under THMC coupling
condition. Since the main purpose of the test is to
verify the newly established fracture criterion, only
three sets of tests are performed (Table 3). For
current testing condition, it is hard to realize the
true THMC coupling loads since the chemical
solution would corrode tri-axial chamber of
MTS 815. Thus, the specimens were immersed in a
specific solution of 7=20 °C and pH=2 for 120 h
until pH value keeps relatively stable, and then
loaded under different hydraulic pressures (Py=2,
5 MPa) and confining pressures (Py=3, 6 MPa),
where Py<8 MPa for avoiding penetration of the
isolation film wrapped on the pre-cracked specimen
and Py<Py in order to avoid mixing oil and water.
The oil (applying the confining pressure) is heated
to a fixed temperature (7=20 °C) by the temperature
loading system. The axial pressure is applied to the
specimen at a constant displacement control rate
(0.1 mm/min) until rock failure. During the test, the
axial pressure varying with time and hydraulic
pressure varying with time are automatically
recorded by the computer.

Table 3 THMC coupling conditions for pre-cracked rock

specimens
Specimen T/°C Py/MPa Py/MPa  pH
Al 20 2 6 2
A2 20 5 6 2
A3 20 2 3 2

As shown in Fig. 7, JSM—6360LV scanning
electron microscope (SEM) was adopted to
investigate the microscopic fracture characteristics
of red sandstone specimens tested to ultimate
failure. The SEM test was carried out on the small
block with 5 mm % 5 mm x 4 mm near the crack tip

Fig. 7 JISM—6360LV scanning electron microscope

region of the fracture surface of the specimen.
Before the test, the small block was dried in high
temperature furnace and then sprayed with gold
powder, since red sandstone has high porosity and
moisture content, and low electric conductivity.

4.2 Result and analysis
4.2.1 Axial stress and displacement of hydraulic
pressure piston—time curves
Figure 8 shows the curves of axial stress

40 5
(a)
35¢
14
30 P, —t curve C
< 25 E D_ 3
S 20t Pic £
QN “©
15+ 12
101 s—t curve 1
4 J
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1 1 L L L L o
0" 50 100 150 200 250 300 350 400
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20+
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Fig. 8 Axial pressure—time curves and displacement of
hydraulic pressure piston—time curves under different
THMC coupling conditions: (a) Al; (b) A2; (c) A3
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varying with time (P —f) and displacement of
hydraulic pressure piston varying with time (s—) on
pre-cracked red sandstone specimens under
different THMC coupling conditions. All of P —¢
and s—¢ curves are mainly composed of four
stages, i.e., micro-pore compaction (OA), elastic
deformation (4B), crack propagation (BC) and
failure (CD). In the stage of the micro-pore
compaction, the P, — curves are concave downward
and the slopes of s— curves are increased gradually,
since the initial pores are close rapidly with the
increasing of axial stress. In the stage of the elastic
deformation, the slopes of P —¢ and s—¢ curves keep
relatively stable in spite of some irrecoverable
processes (i.e., few micropore closure and
microcrack initiation). In the stage of the crack
propagation, the maximum SIFs at two tips of the
original crack reach the fracture toughness of red
sandstone and cracks initiate and propagate, which
results in the upward concave P —t curves and
download concave s—t curves. In this stage, the
axial stress at the original point B of upward
concave P;—t curves is crack initiation load Pic,
and accordingly, the crack initiation porosity (#;)
can be calculated by substituting the slope of s—¢
curves at point B into the fitting result of n—k in
Eq. (15). In the stage of the failure, the P —¢ curves
present a rapid drop and the s—¢ curves have a rapid
increase due to the coalescence of the original
crack.
4.2.2 Macroscopic fracture mechanism

Figure 9 shows fracture trajectories of pre-
cracked red sandstone specimens under different
THMC coupling conditions. It can be seen from
Fig. 9 that, there exist two types of fracture
trajectories: (1) The original crack initiates
simultaneously from two crack tips along the
approximately vertical direction to the original
crack, and then gradually propagates along the
direction of the axial stress (Specimens A2, A3),
which corresponds to longitudinal fracture; (2) the
original crack initiates simultaneously from two
crack tips along another approximately vertical
direction to the original crack, and then gradually
departs towards the direction of the axial stress
(Specimen A1), which corresponds to transverse
fracture. In addition, as the hydraulic pressure is
increased or the confining pressure is decreased, the
fracture trajectory is changed from transverse
fracture to longitudinal fracture.

Al A2 A3
Fig. 9 Fracture trajectories of pre-cracked red sandstone

specimens under different THMC coupling conditions

4.2.3 Microscopic fracture mechanism

Figure 10 presents the SEM morphologies of
fracture surface near crack tip region of specimens
under different THMC coupling conditions. It is
observed that for Specimen Al, the most
outstanding feature is that the fracture surface has
many distributed slip-steps and fish-scale patterns,
which is mainly caused by the transgranular
fracture. There are fine and dense streamline
patterns on the cleavage plane. This means that a
large amount of energy needs to be dissipated when
the original crack 1is initiated. These SEM
morphologies of fracture surface indicate that
principal microscopic characteristic is shearing
(Mode 1II) fracture for the crack initiation of
Specimen Al. Specimens A2 and A3 have similar
SEM fracture morphologies, different from
Specimen Al. Their fracture surfaces have a
number of crystal particles in the shapes of rock
block and rock sugar, which is mainly caused by the
intergranular fracture. The streamline patterns on
the cleavage plane of Specimens A2 and A3 is less
than those of Specimen Al. This means that a low
amount of energy is dissipated when the original
crack is initiated, and the original crack for
Specimens A2 and A3 is easier to initiate than that
for Specimen Al. These SEM morphologies of
fracture surface indicate that principal microscopic
characteristic is tensile (Mode I) fracture for the
crack initiation of Specimens A2 and A3.
4.2.4 Comparison of test and prediction results

Table 4 lists the test and prediction results of
crack initiation load and angle and fracture mode,
where crack initiation parameters are calculated by
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Fig. 10 SEM fracture morphologies of fracture surfaces

of specimens under different THMC coupling conditions:
(a) Al; (b) A2; (c) A3

substituting the following four sets of parameters
into Egs. (7) and (8): (1) crack sizes (a, 6); (2)
loading conditions (Py, Py); (3) material properties

(Kic and Kpc at 20 °C and pH 2); (4) THMC
coupling indicator (4, i.e., no and ;). It is found
that crack initiation load is decreased and the mode
of fracture is changed from Mode II (ac<0) to Mode
I (ac>0) as hydraulic pressure is increased, while
the confining pressure has opposite effect. This is
mainly because the hydraulic pressure would result
in the open tendency of the crack and the increase
of the Mode I SIFs at crack tips. However, the
confining pressure usually causes the closing
tendency of the crack, and indirectly decreases the
Mode I SIFs at crack tips. Increasing or decreasing
Mode I SIFs makes Mode I or Mode II fracture
more likely to occur based on the newly proposed
THMC coupling fracture criterion (Eq. (13)). For
brittle rock, its fracture toughness of Mode II has
larger values than that of the Mode I fracture
toughness, which would lead to the specimen
subjected to the Mode II fracture with a larger crack
initiation load. It is also found that the test results of
crack initiation load and angle and fracture mode
agree well with the prediction results, which proves
the effectiveness of the newly established THMC
coupling fracture criterion.

In addition, the cylindrical sample is used in
this test for easily measuring the THMC coupling
factor. This is a typical 3D problem, while the
newly established fracture criterion is based on
two-dimensional model since it is very difficult to
derive the analytical formula of SIFs for the
pre-crack cylinder [43]. Therefore, finite element
method is used to calculate the SIFs in pre-
cracked cylinder and pre-cracked plate in previous
literature [44]. It is found that they have almost the
same values. Therefore, it is appropriate to use
pre-cracked cylindrical specimen to verify the
validity of the new fracture criterion under THMC
coupling condition.

Table 4 Test and prediction results of crack initiation load and angle, and fracture mode under different THMC coupling

conditions
Prediction results Test results
Specimen | K o M, Punc/ F P/ F
10’16m2 % o LIC o LIIC o racture LC ° racture
’ ’ MPa o1c/(%) MPa onc/(®) mode MPa ac/(®) mode
Al 7.4 27 13 23.1 99.8 21.8 -108.6 11 20.7 -107.4 II
A2 104 38 8.8 17.4 96.6 18.3 -113.1 I 17.2 95.6 I
A3 8.9 4.1 8.1 15.1 93.2 17.7 =111.7 I 14.9 88.9 1
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5 Conclusions

(1) Anew THMC coupling fracture criterion is
established to predict the crack initiation load and
angle and fracture mode of brittle rock based on the
proposed THMC coupling indicator (in terms of
rock porosity) and fracture criterion of maximum
tensile and shear SIF ratio. It has wider application
than the common fracture criteria in predicting both
Mode I and Mode II fracture under THMC coupling
condition. It can be further extended to predict
THMC coupling fracture of multi-crack problem.

(2) A novel real-time measurement method of
permeability is proposed to continuously determine
the THMC coupling indicator under THMC
coupling condition, and can be verified by
permeability test based on transient pressure
method. The new method has advantage of
continuously  measuring permeability under
quasi-static loading condition, over
pressure method, pressure—attenuation method and

transient

pulse—decay method (only under constant loading
condition).

(3) The self-designed THMC coupling tests
and scanning electron microscope tests of
pre-cracked red sandstone specimens show that
increasing hydraulic pressure usually results in the
decrease of the crack initiation load and the
occurrence of Mode I fracture, while the confining
pressure has opposite effect. The test results of
crack initiation load and angle, and fracture mode
agree well with the prediction ones, which can
prove the effectiveness of the THMC coupling
fracture criterion.
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