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Abstract: A new electrical method of conductive carbon-film (with waterproof and anticorrosion ability) was proposed to
continuously measure crack propagation rate of brittle rock under THMC coupling condition. A self-designed coupling testing system
was used to conduct THMC coupling fracture tests of the pre-cracked red sandstone specimens (where the temperature is only
changed) by this new electrical method of conductive carbon-film. Calculation results obtained by the energy method coincide well
with the test results. And the higher the temperature is, the earlier the crack is initiated and the larger the crack propagation rate and
accelerated velocity are, which can prove the validity of the new electrical method. This new electrical method has advantages of
continuously measuring crack propagation rate over the conventional electrical, optical and acoustic methods, and can provide
important basis for safety assessment and cracking-arrest design of deep rock mass engineering.
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1 Introduction

The long-term effect of thermo-hydro-mechanical-
chemical (THMC) coupling on rock mass in deep
underground engineering (e.g., deep petroleum and
mineral exploitation, geothermal energy development
and nuclear waste disposal) would probably lead to
initiation and propagation of the pre-existing crack and
final failure of rock. Therefore, it is of great significance
to study the crack propagation rate for investigation of
crack propagation mechanism and design of dynamic
cracking-arrest in the deep rock engineering [1—4].

Currently, test method (mechanical or physical
method) is widely applied to studying crack propagation
rate (v). In mechanical method, three-point bending test
of double-torsion specimen was usually adopted to
determine Mode I (tension) crack propagation rate of
metal [5], glassy polymers [6,7] and rock [8,9] by a
relationship of v and K] (tensile stress intensity factor).
This method has its limitation for Mode II fracture as
well as Mode [ fracture under THMC coupling condition.
In physical methods (optical, acoustic and electric
methods), high-speed digital photography was applied to

measuring the crack propagation rate by photographing
the specimen surface of metal [10,11], composite [12,13],
and rock [14—16]. This method needs the specimen
exposed outside and thus it is not suitable for tri-axial
loading as well as THMC coupling condition (where the
specimen is enclosed inside). Although the acoustic
method can continuously monitor crack propagation rate
of metal and rock under tensile [17,18], compressive [19]
and complex loading condition [20,21] by the
relationship between the absolute energy of acoustic
emission and crack propagation rate, it is unsuitable for
THMC coupling condition due to the requirement of
anti-water and anti-corrosion transducer. In the electric
method, the strain gauge (composed of grid metal wires
at interval) is successfully used to measure the average
but not real-time crack propagation rate [22—24]. For
overcoming this shortage, our research group proposed a
modified electric method to continuously measure the
real-time crack propagation rate under TM and THM
coupling loading, by using the conductive adhesive
(prepared by mixing resin matrix, dispersant additive
with metal powder) instead of the strain gauge at
interval [25,26]. Since the conductive adhesive is water-
proof but not corrosion-proof, this electric method needs
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to be further developed.

In this work, a new electrical method was proposed
to continuously measure the crack propagation rate of
brittle rock under THMC coupling condition, in which
the conductive carbon-film replaced the conductive
adhesive. A calculation formula of THMC coupling
crack propagation rate was deduced by the energy
method in order to verify the validity of the new
electrical method. Research results would provide an
important basis for fracture mechanism investigation,
crack-arrest design and disaster prevention for brittle
rock under THMC coupling condition.

2 Conductive carbon-film electrical method

2.1 Conductive carbon-film

Conductive carbon-film (0.2 mm in thickness)
consists of carbon powders with good conductivity
(dielectric constant A=50 Q/mm) and paper pulp. It can
resist both water and chemical corrosion and has
better heat stability and more stable electric resistance
than the conductive adhesive (painted on the specimen
surface) [26]. Therefore, it can act as a strain gauge to
continuously monitor the crack propagation rate of brittle
rock under THMC coupling condition.

Before the test, the conductive carbon-film must be
glued tightly and uniformly on the smooth specimen
surface near the crack tip along its predicted propagation
direction by fracture criterion. As shown in Fig. 1, part of
the pre-crack length (0.5a0</;<aq, w=ly, ay is initial crack
length, and w is glued width of conductive carbon-film)
is covered in order to prevent too small resistance at the
crack initiation from influencing testing precise. In this
case, the conductive carbon-film glued on the
pre-cracked specimen becomes a variable resistance (R)
related to crack propagation length (/), where two leading
wire points of 4 (positive pole) and B (negative pole) are
located symmetrically with the original crack plane for
measuring its resistance:

R=2k(Iy+1]) (1

2.2 Electric circuit

Figure 2 shows a circuit diagram of conductive
carbon-film electrical method, where R, is a series
resistance (Ry=500 Q) and U, is the power voltage
(Uy=20 V). When the crack initiates to propagate at a
length of /, the conductive carbon-film glued on the
pre-cracked specimen surface would tear open and the
electric current moves along the direction of its smallest
resistance, i.e., A—C—B, regardless of the small crack
width (Fig. 1).

The voltage of the conductive carbon-film (U) is

UyR

"R, +R @

Substituting Eq. (1) into Eq. (2) leads to

=L YRy
2% Uy -U

—2kly) 3)

Therefore, the crack propagation rate can be
obtained by the tested U—7 (time) curve:
_dl _Ry U, dU
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Fig. 1 Schematic diagram of conductive carbon-film glued on
pre-cracking specimen
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Fig. 2 Circuit diagram of conductive carbon-film electrical
method

3 Measurement of THMC coupling crack
propagation rate

3.1 Rock specimen

Red sandstone exploited from Yunnan province in
China was adopted in the test. It has main mineral
composition of 69.1% quartz, 13.4% feldspar, 6.2%
calcite and 3.6% dolomite (determined by X-ray
diffraction test). Figure 3 shows a well-prepared standard
cylinder specimen of red sandstone (¢50 mm x 100 mm)
with an inclined penetrating crack (f=45°, 2a=30 mm,
h=2 mm). An additional vertical hole (d3 mm x 50 mm)
is drilled from the bottom center of the specimen to the
original crack surface for applying the hydraulic pressure
oy onto the original crack surface.

Considering that this study is focused on a new
measurement method of the crack propagation rate, a
specific THMC coupling condition was selected for red
sandstone tests, in which the temperature is only changed
while the others are unchanged (Table 1). Since the
chemical solution would cause corrosion of tri-axial
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chamber loading setup, the chemical effect is applied by
the soaking test, i.e., the red sandstone specimen was
soaked in the chemical solution (pH=2) for 120 h at a
specific temperature until the chemical solution (pH
value) was not changed any more. After the soaking test,
its main mechanical parameters at room and high
temperatures were obtained by ISRM (International
Society of Rock Mechanics) suggested testing
methods [27], including tensile strength (o), uni-axial
compressive strength (o), elastic modulus (E), Poisson
ratio (v), cohesion (c), internal friction angle (¢), Mode I
(tension) and Mode II (shear) fracture toughness (Kic
and Kuc), and Mode I and Mode II fracture energy release
rate (G and Gy¢) (Table 2 and Table 3).

100 mm

50 mm

Fig. 3 Red sandstone cylinder specimen with an inclined
penetrating crack

Table 1 THMC coupling conditions

No. 7/°C oy/MPa om/MPa pH
Tl 20 4 6 2
T2 50 4 6 2
T3 90 4 6 2

Table 2 Main mechanical parameters of red sandstone at room

temperature
o/MPa o/MPa E/GPa v c/MPa  ¢/(°)
6.12 56.1 11.21 0.29 13.7 32

3.2 Location of conductive carbon-film

For determining the location of conductive
carbon-film glued on the rock specimen, it is necessary
to predict its crack propagation trajectories by
fracture criterion firstly. Currently, there exist mainly
three types of fracture criteria: (1) stress-based fracture
criterion [28—30], (2) strain-based fracture criterion [31]
and (3) energy-based fracture criterion [32—34]. These
fracture criteria can predict Mode I (tensile) fracture
under pure tensile, pure shear and mixed-mode loading,
but not the true Mode II (shear) fracture (caused
by maximum shear stress). A new fracture criterion of

Table 3 Elastic modulus and fracture parameters at different

temperatures

No. 7/°C E/GPa Kio/(MPa-m"?)

Tl 20 11.21 0.92

T2 50 10.96 0.79

T3 90 10.23 0.58

No. Kic/  Gie(= ng /E)/ Gyc(= K12§ /E)/
(MPa-m™) (N'm ) (N'm™)

Tl 1.57 75.5 219.9

T2 1.39 56.9 176.3

T3 0.93 32.9 84.5

maximum tensile and shear stress intensity factor ratio
proposed by our research group can successfully predict
Mode I or Mode II fracture under mixed-mode loading
conditions [35] as well as under multiple-field coupling
condition [36,37].

For the pre-cracked rock specimen (Fig. 4), the
crack-tip tensile and shear stress intensity factors along
an arbitrary direction (a) are

o .o Lo

K, (&) = K, cos® =—3K sin—cos’> —

(@) 1 5 i > >
Ky(a) =K, sin%coszg+ )

o .2
K;;cos—(1-3sin” —
I 2( 2)

where K| and Kj; are the crack-tip tensile and shear stress
intensity factors on its original plane, respectively.
K; and Kj; become
(oL +0oum) + (oL —0om)
2

Ky = [(O-L;—O-M)cos 20Wra

K =[ cos29+0'H]\/E

(6)

where tensile stress is defined to be positive.

(2) (b)

anc

Fig. 4 Fracture mode of pre-cracked rock specimens: (a) Mode
I fracture (a;c>0); (b) Mode II fracture (oyc<0)
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According to this new criterion [35], Mode I
fracture occurs when the ratio of maximum crack-tip
shear to tensile stress intensity factor is smaller than the
ratio of Mode II to Mode I fracture toughness of the
material and the maximum tensile stress intensity factor
reaches its Mode I fracture toughness. Otherwise, Mode
II fracture occurs. Therefore, Mode I or Mode II crack
initiation angles (ayc or ayc) and loads (opc or oryc)
under different THMC coupling conditions can be
determined as follows:

K1 (&) 1max < Ky a
Ic
Ki (@ Ko = , Mode I fracture
OLic
Ky (@) ax =Kic
or
Ky (@) max _ Kic
> oc
Ki(@px Kic = , Mode II fracture
OLic
Ky (@)max = Knc

)

Table 4 lists the calculation values of crack
initiation angles and loads under different THMC
coupling conditions by substituting three groups of
parameters into the new criterion: (1) crack length 2a and
inclination angle 6, (2) THMC loading condition (7, Py,

Table 4 Crack initiation angle under different THMC coupling

conditions
No. T°C oric (or arpc)  ac (or age)/ Fracture
MPa ©) mode
T1 20 21.7 —108.1 Mode II
T2 50 20.1 —-108.9 Mode II
T3 90 15.1 98.7 Mode I

Axial pressure

Water outlet

\

Heat-shrinkable >
Oil

Confining
pressure

Triaxial chamber —

} f

Wires

Py, pH) and (3) fracture toughness (Kjc and Kjc). When
the temperature is increased, the fracture mode is
changed from Mode II (04;c<0) to Mode I (0;c>0) since
the higher the temperature is, the larger the ratio of
Knc/Kic is (Table 3) and thus the more difficultly the
Mode II fracture occurs. The conductive carbon-film
needs to be glued exactly and tightly along the predicted
crack propagation trajectory for measuring its
propagation rate (Fig. 5).

Fig. 5 Location of conductive carbon-film glued on pre-cracked
rock specimen: (a) Mode I fracture; (b) Mode II fracture

3.3 Testing system and procedure

Figure 6 shows a self-designed coupling testing
system, including axial pressure loading system,
hydraulic pressure and confining pressure loading system.
The water and oil were heated to the specific temperature
(T) and then injected into the hydraulic pressure
system (oy) and tri-axial chamber (oy), respectively. Let

Oil inlet

Pressure gage .{7

‘ T 0Oil
‘ |
Manual confining | B J
pressure system
Manual hydraulic Water inlet

pressure system \
\

Pressure gage i ) 1 T
I Water

N N

Circuit

Fig. 6 Self-designed coupling testing system
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7<100 °C for preventing the evaporation of water and
oy<oy for avoiding the mixture of the water and oil.

Considering that chemical solution (pH=2) would
have corrosion influence on tri-axial chamber loading
setup and water pipe, the rock specimens were first
soaked in chemical solution (pH=2) at different
temperatures and then dried and rapidly glued with the
conductive carbon-film along its predicted crack
propagation trajectory. After being tightly wrapped by a
heat-shrinkable hose of high-strength, it is finally put
into the tri-axial chamber and loaded at a constant rate of
0.1 mm/min until failure.

3.4 Test result and analysis

Figure 7 shows fracture trajectories of red sandstone
specimens at different temperatures under THMC
coupling condition. The fracture mode is changed from
Mode II to Mode I when the temperature is increased,
which coincides well with that by the new criterion.

Figures 8 and 9 show the voltage—time (U—f) and
axial stress—time (o.—f) curves of the red sandstone
specimen under different THMC coupling conditions,
respectively, where gini L and ¢ are initiation stress and

Fig. 7 Fracture trajectories of red sandstone specimen at
different temperatures (o;=4 MPa, oy=6 MPa, pH=2): (a) T1
(20 °C); (b) T2 (50 °C); (c) T3 (90 °C)

201

18} T2 (50 °C)
Z 16} T3 (90 °C)
8
C
> 14t

12}

T1 (200 °C)
10 . .
0 100 200 300 400 500

t/s

Fig. 8 Voltage—time curves of conductive carbon-film at
different temperatures
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Fig. 9 Curves of axial stress and crack propagation length
varying with time at different temperatures (ocy=4 MPa, o=
6 MPa, pH=2): (a) T1 (7=20 °C); (b) T2 (T=50 °C); (c) T3
(T=90 °C)

time, respectively, and o
propagation
respectively. The crack propagation length—time (/)

and ¢, are unstable

stress  (tensile strength) and time,
and crack propagation rate—time (v—f) curves can be
obtained by Eqs. (3) and (4), respectively, as shown in
Figs. 9 and 10.

All of I-t curves are divided into three parts:
horizontal line (no crack propagation when o <c)" ),
slope-increased curve (crack stable propagation when

ini

or <or<a\'), and vertical line (crack unstable propagation
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when o1=0;"). The higher the temperature is, the earlier
the crack initiates to propagate. This is because high
temperature would result in decrease of fracture
toughness (Table 3) and promote the crack initiation.

0.5
T3 (90 °C)
0.4+ /
T2 (50 °C)
T{.,) 0.3F
g
&
= 02
T1 (200 °C)
0.1
0 : . . . . .
250 275 300 325 350 375 400 425
t/s

Fig. 10 Crack propagation rate at different temperatures

The v—¢ curves at different temperatures increase in
fluctuation in the early stage of crack initiation and then
tend to increase stably. This is because the original crack
initiation is accompanied with the occurrence of
micro-cracks at crack tip (inside the red sandstone
specimen), which consumes a part of energy (used to
promote the original crack propagation). Furthermore,
the higher the temperature is, the shorter the time of v—¢
curves in fluctuation is, since high temperature
accelerates the occurrence of micro-cracks at crack tip in
a short time. The crack propagation rate and accelerated
velocity are increased with an increase in temperature.
This is due to the fact that red sandstone is mainly
composed of crystal and clay cement, and high
temperature promotes the chemical reaction velocity of
clay cement and decreases its mechanical properties.

y
oL
(a) (b)
om
) ol
M X
2a
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4 Verification of THMC coupling crack
propagation rate

4.1 Formula derivation

Figure 11 shows calculation model of the same
pre-cracked cylinder specimen as the tested specimen
under THMC coupling condition. According to energy
method, total THMC loading work (Wrymc) consists of
the heat energy (Wr), hydraulic pressure work (Wy),
confining pressure work (W)), axial pressure work (W),
and chemical reaction heat energy (W¢):

Wenc = We + Wy + Wy + W, + W,
= [0 EdT + [ Bydly + [ Bydly + [dR 1+ (8)

where ar is thermal expansion coefficient of rock, and /3,
Iu and [ are the crack surface, circumferential and axial
displacements, respectively.

Figure 12 shows the schematic diagram of
stress—strain curve. It consists of four stages: (1)
non-linear compaction (O4), (2) elastic deformation (4B),
(3) non-elastic deformation (BC) and (4) failure (CD),
where o' and ¢ are the crack initiation stress and strain,
respectively, and o," and g, are the crack unstable
propagation stress (compressive strength) and strain,
respectively.

When the crack initiates to stably propagate
(0" <or<0!"), total energy at any point J can be expressed
by the enclosed area of OABJFO, including the
dissipation energy of non-linear compaction (Uy),
non-elastic deformation (Uy,), and elastic strain energy
(Ue). In Fig. 12, JH is unloading straight line (JH//BI).
Uy, is almost unchanged for the same rock material under
a specific THMC loading condition and Uy, is the sum of
fracture surface energy (/' =2GcA, where G C is fracture

(©)

Crack surface

gy

Fig. 11 Pre-cracked cylinder specimen model under THMC coupling condition: (a) Front view; (b) Projection of crack plane on

cross-section plane; (c) Enlarged crack surface
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Fig. 12 Schematic diagram of stress—strain curve

energy release rate and A4 is crack propagation area) and
plastic-deformation dissipation energy (U,):

U;=Uy+Ugp+U,=Ug +2GcA+U, +U, 9)

U= é[aﬁ +20% —2v(20, Oy +0)1dV (10)
According the energy method, THMC loading work

(Wrumc) is exchanged into energy of the point J, i.e.,

Wrmvmc =Udl+2GCA+Up+Ue+Uk (11)
Substituting Eq. (8) into Eq. (11) becomes

[ EAT + [dR 1 + [ Bydly + [ Bydly + e
=Uyg +2GcA4+U, +U, + Uy (12)

Since THMC coupling fracture test was conducted
at a specific temperature after the soaking test of red
sandstone specimen, the temperature (7) and chemical
reaction heat energy (W) keep constant. Taking the
derivation of Eq. (12) with respect to time (¢) leads to

ARl Fydly | Ryl _dU,  2Gedd dU,  dU,

dt dt dr dt dt dt dt
(13)
where
dA=2bd! (14)

where b is projection width of the crack surface on xOz
plane related to / (Fig. 11(b)).

Assuming that the original crack is stably extended
in the straight line, there is

b=2r? —[acos 6+ cos(6+a)] (15)

where a is the crack initiation angle, 7 is the radius of the
cylinder (=25 mm). When /=0 (without crack initiation),
b=45.28 mm (initial crack width).

Since the red sandstone is brittle material, its plastic
deformation could be disregarded (Uy=0). When the
crack propagates at a relatively small rate, its kinetic
energy (Uy) could be neglected (Uy=0). Substituting
Eq. (14) into Eq. (13) yields

Rl LdR | FRydly  Rydly
e dt dr dr

v, =(

duU,

©)/2Gcb
3 )/ 20
(16)

Obviously, the crack propagation rate would be
increased with decrease of the fracture energy release
rate (Gc¢) caused by increase of the temperature.

4.2 Calculation result and analysis

The crack propagation rate v, can be calculated by
the test result of Py, /1, Iy, Iy and U, as follows: (1) P —¢
relation expression is determined by the polynomial
fitting method based on the axial stress—time curve; (2)
dl,/dr=1.67x10"> mm/s (the loading rate is 0.1 mm/min);
(3) The hydraulic pressure work (Pydly) could be
ignored since Py does a positive and negative work on
the upper and lower crack surface simultaneously
(assuming Ilg:~ly-); (4) Iyt relation is approximately
expressed by Poisson ratio and /. regardless of
plastic deformation (i.e., dl/d=—0.48x107° mm/s);
(5) Ut relation can be calculated by substituting the
axial pressure and the confining pressure into Eq. (10).
Table 5 gives these polynomial fitting results of P;—¢ and
U.—t with good regression coefficients of R*=0.999 and
0.999.

Table 5 Polynomial fitting results (Specimen T1)

Polynomial fitting expression R’
P(H)=—0.63+3.7x102¢+7.85x10 £~
Pt s o4 0.999
9.82x1077£—1.96x10"'%
U(0)=4.67x107-1.26x107°1-2.34x10" "¢+
Ut 1.65x1073£+1.24x107°4-3.53x107%/+  0.999

1.49x107215+8.74x107 2/ +8.74x 10"

Curve

Therefore, the calculation results of v~ curves
under different THMC loading conditions can be
obtained by substituting the polynomial fitting
expression of the test result into Eq. (16), as shown in
Fig. 13. It is seen that the crack propagation rate and
accelerated velocity in calculation results have the same
rule as those in test results, i.e., the higher the
temperature is, the larger the crack propagation rate and
accelerated velocity are. There exists a small error
between the test and calculation results of v—¢. This is
because the neglect of the plastic-deformation dissipation
energy and crack-propagation kinetic energy would lead
to calculation results larger than test results.
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Fig. 13 Calculation results of crack propagation rate at different
temperatures

5 Conclusions

(1) A new ceclectrical method of conductive
carbon-film (with waterproof and anticorrosion ability) is
proposed to continuously measure the crack propagation
rate of brittle rock under THMC coupling condition
successfully. It can overcome the shortages of the
conventional electrical method (which is inapplicable for
continuous measurement of crack propagation rate
because of the strain gauges at interval), the optical
method and acoustic methods (which are unsuitable for
multiple-field coupling loading condition).

(2) For ensuring the measurement precision, the
conductive carbon-film must be firstly located along the
predicted crack propagation trajectory and covering part
of the initial crack length (0.5ap—ao) and then glued
tightly and uniformly on the smooth specimen surface.

(3) The measured THMC coupling crack
propagation rate is increased as the axial stress is
increased. The higher the temperature is, the earlier the
crack initiates to propagate and the larger the crack
propagation rate and accelerated velocity are.

(4) A calculation formula of THMC coupling crack
propagation rate is deduced based on the energy method.
The calculated crack propagation rate and accelerated
velocity are increased with an increase in temperature
and they are in good agreement with the test results,
which could prove the validity of the newly proposed
conductive carbon-film electric method.
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