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Abstract: A calculation formula of thermal-hydro-mechanical (THM) coupling crack initiation rate for brittle rock was derived  
based on the energy conservation law. The self-designed THM coupling fracture test with conductive adhesive electrical      
measurement method was applied to measuring the THM coupling crack propagation rate of brittle rock continuously. Research 
results show that both calculation and test results of crack initiation rate increased with increase of the temperature and the hydraulic 
pressure. They are almost in good agreement, which can prove validity of the calculation formula of THM coupling crack initiation 
rate. 
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1 Introduction 
 

In deep rock engineering, such as deep mining, 
geothermal exploitation and underground nuclear waste 
processing, rock is usually subjected to thermal-hydro- 
mechanical (THM) coupling condition. Its pre-existing 
cracks would initiate and propagate and result in failure 
of rock. Determination of crack initiation rate becomes 
an important precondition for lifetime prediction and 
crack arresting control. 

Currently, crack propagation rate is mainly 
calculated by double torsion test (DT) under displacement 
control based on relationship between the specimen 
flexibility and crack propagation length or, between the 
specimen flexibility and its energy release [1−5]. This 
method can be applicable for Mode I (tensile) fracture of 
rock material under simple loading condition but not for 
Mode I or Mode II fracture under THM coupling 
condition. In experimental study, the crack initiation rate 
could be measured by optical, acoustic and electric 
methods. For example, high-speed digital photography 
was used to determine the crack propagation rate [6−9], 

by photographing the surface of the specimen directly. 
However, it is not suitable for complicated loading 
conditions (such as THM). The acoustic method is 
applied for qualitative rather than quantitative 
description of the crack propagation rate [10,11]. The 
electrical method is widely used to measure the crack 
propagation rate by strain gauge discontinuously [12−14]. 
Recently, our research group has designed a new 
conductive adhesive electrical method to measure the 
crack propagation rate continuously under TM and THM 
coupling conditions [15,16]. It needs to further 
investigate a better calculation method for crack 
initiation rate under THM coupling condition. 

In this study, the energy conservation law was used 
to deduce calculation formula of THM coupling crack 
initiation rate for brittle rock. Self-designed THM 
coupling fracture test with conductive adhesive electrical 
measurement method was successfully applied to 
measuring the THM coupling crack propagation rate 
continuously and verify its calculation formula. Research 
findings would provide theoretical basis for lifetime 
prediction and crack-arrest control of brittle rock under 
THM coupling condition. 
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2 Formula derivation of crack initiation rate 

under THM coupling condition 
 
2.1 Calculation model 

Figure 1 shows a standard rock specimen (D=    
50 mm and L=100 mm) of an inclined penetrating crack 
(2a=30 mm and α=45°), which is subjected to 
temperature T, hydraulic pressure pH on the crack surface, 
axial pressure pL and confining pressure pM, i.e., THM 
coupling load. 
 

 
Fig. 1 Rock specimen under THM coupling condition 
 
2.2 Calculation formula 

Figure 2 illustrates a typical stress−strain curve of 
the pre-crack rock specimen under THM coupling load. 
It is usually classified into four stages: non-linear 
compaction (OA), elastic deformation (AB), damage  
(BC) and failure (CD). In the damage stage (BC), crack 
propagation is dominant regardless of small plastic 
deformation for the brittle rock specimen. 
 

 

Fig. 2 Schematic diagram of stress−strain curve 
 

Under THM coupling condition, total work of 
external load (WTHM) consists of heat energy (WT), 
hydraulic work (WH), axial compression work (WL) and 
confining pressure work (WM), i.e.,  

THM T H L M = W W W W W     

T H H L L M Md  + d d dE T p l p l p l             (1) 

where αT is the coefficient of thermal expansion, E is the 
elastic modulus, T is the temperature, lH, lL and lM  
correspond to displacements caused by hydraulic 
pressure, axial pressure and confining pressure, 
respectively. 

In special case, when the specific temperature is 
constant during process of THM loading condition,   
Eq. (1) becomes 
 

THM H H L L M Md d dW p l p l p l                  (2) 
 

According to energy method, the total work of 
external load (WTHM) is completely exchanged into 
storage energy of the rock specimen, including 
dissipation energy of non-linear compaction (Ud), elastic 
strain energy (Ue) [17] and fracture surface energy Γ [18] 
as follows: 
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where εB is the critical strain at crack initiation point B, 
σ1 is the principal stress, σ3 is the confining stress, V is 
the volume of rock specimen, G is the energy release  
rate, A is the crack area, a and b are crack length and 
crack width, respectively. 

Since b is almost unchanged at the initial stage of 
BC, it can be regarded as a constant and obtained by 
geometrical relation of the pre-crack rock specimen  
(Fig. 3). 
 

2 2 2
02 cosb R a                           (4) 

 

 

Fig. 3 Determination of crack width at crack tip 

 
3 Determination of crack initiation rate 
 
3.1 THM test 

THM test was used to determine the energy release 
rate G and dissipation energy of non-linear compaction 
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stage Ud in order to calculate the crack initiation rate vi. 
Rock material adopted in this study is red sandstone. 
Tables 1 and 2 list its main mechanical parameters at 
room temperature (including elastic modulus E, Poisson 
ratio v, tensile strength σt, compressive strength σc, 
cohension C and internal friction angle φ) and elastic 
modulus E and fracture toughness (KIC and KIIC) at 
different temperatures, which are obtained by testing 
standard methods of International Society for Rock 
Mechanics (ISRM) [19]. 
 
Table 1 Rock mechanical parameters at room temperature 

Rock type E/GPa v σt/MPa σc/MPa C/MPa φ/(°)

Red 
sandstone 

10.67 0.27 2.24 64 14 35

 

Table 2 Elastic modulus and fracture toughness at different 

temperatures 

No. T/°C E/GPa 
KIC/ 

(MPa·m0.5) 
KIIC/ 

(MPa·m0.5) 

T1 20 10.67 0.60 1.21 

T2 50 10.54 0.75 1.25 

T3 90 10.48 0.91 1.36 

H1 20 10.67 0.60 1.21 

H3 20 10.67 0.60 1.21 

 
Figure 4 shows a standard cylinder specimen of red 

sandstone with an inclined penetrating crack. It has the 
same size as the calculation model (Fig. 1). A hole 
column must be drilled from the bottom to the crack 
center in order to apply hydraulic pressure on the crack 
surface (Fig. 5). 
 

 

Fig. 4 Red sandstone specimen 

 

Figure 6 shows the THM coupling test system, 
including MTS rigid testing machine with triaxial 
chamber, hydraulic pressure and confining pressure 
loading systems. Isolation membrane must be set in the 
triaxial chamber in order to avoid mixture of water and 
oil. Table 3 lists the THM coupling test condition, where 

T<100 °C for preventing water from vapor and pH<pM 
for preventing mixture of water and oil. The rock 
specimen was heated to the specified temperature (T) by 
a heating furnace firstly, and then wrapped with an 
isolation membrane (for preventing mixture of water and 
oil) and put into the triaxial chamber rapidly. The water 
(heated to the same specified temperature) was injected 
into the hydraulic pressure system to apply hydraulic 
pressure pH on the crack surface by the hole column 
(from bottom to crack center). Under a constant 
confining pressure pM, the rock specimen was loaded 
axially until failure. During the test, axial stress−strain 
curve and voltage−time curve of the conductive 
adhesives were measured continuously and thus the 
crack initiation rate could be obtained. 
 

 

Fig. 5 Hole column in specimen 

 

 

Fig. 6 THM coupling test system 

 

Table 3 THM coupling test condition 

No. T/°C pH/MPa pM/MPa 

T1 20 2 4 

T2 50 2 4 

T3 90 2 4 

H1 20 1.5 4 

H3 20 3.5 4 

 

3.2 Energy release rate 
Figure 7 shows the THM coupling stress−strain 

curves of the rock specimens under different 



Zhuo LI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 2107−2113 

 

2110 

temperatures and hydraulic pressures. It is shown that the 
higher the temperature is, the lower the peak strength is. 
When the hydraulic pressure applied on the crack surface 
is increased, the crack initiation occurs more easily and 
thus the peak strength is decreased. 
 

 

Fig. 7 THM coupling stress−strain curves of rock specimens 

(pM=4 MPa): (a) Different temperatures (pH=2 MPa);       

(b) Different hydraulic pressures (T=20 °C) 

 
Figure 8 shows fracture trajectories of the rock 

specimens at different temperatures and hydraulic 
pressures. The crack initiation mechanism can be 
determined by the new fracture criterion of maximum 
stress intensity factor ratio proposed by our research 
group [20,21]. The tension fracture (Mode I) occurs 
under high temperature and hydraulic pressure 
(specimens T3 and H3), and shear fracture (Mode II) 
occurs under low temperature and hydraulic pressure 
(specimens T1, T2 and H1). Table 4 lists the energy 
release rate G calculated by the relation between K and E 
(Eq. (5)). 
 
G=K2/E                                    (5) 
 
3.3 Dissipation energy of non-linear compaction stage 

As shown in Fig. 2 and Eq. (3), Ud is unchanged 
before and after the crack initiation and propagation. It 
can be calculated by the non-linear compaction and 
elastic stage of the stress−strain curve. 

 
Ud=WTHM−Ue (ε<εB)                         (6) 
 
where WTHM and Ue are determined by Eqs. (2) and (3). 

Table 5 lists calculation results of WTHM, Ue and Ud 
according to the stress−strain curves. 
 

 

Fig. 8 Fracture trajectories under different THM conditions:  

(a) Different temperatures (pH=2 MPa); (b) Different hydraulic 

pressures (T=20 °C) [16] 

 

Table 4 Energy release rate 

No.
Fracture

mode 

Fracture toughness/ 
(MPa·m0.5) 

 
Energy release 
rate/(N·m−1) 

KIC KIIC  GIC GIIC 

T1 Mode II − 1.21  − 137 

T2 Mode II − 1.25  − 147 

T3 Mode I 0.91 −  79 − 

H1 Mode II − 1.21  − 135 

H3 Mode I 0.60 −  34 − 

 
Table 5 Energy at crack initiation point 

No. WTHM/J Ue/J Ud/J 

T1 29.10 20.80 8.30 

T2 20.14 10.95 9.09 

T3 10.36 8.22 2.14 

H1 30.14 17.37 12.85 

H3 6.72 5.12 1.60 
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3.4 Calculation results of crack initiation rate 

When the crack is initiated, vi can be calculated by 
Eq. (3). 
 

THM d ed( )1 d 1
2 d 2 di

W U U
v

bG t bG t
  

   (ε≤εB)   (7) 

 
where WTHM and Ue are determined by Eqs. (2) and (3) 
based on the THM coupling stress−strain curve (Fig. 7), 
and Ud is listed in Table 5. 

Figures 9 and 10 show the curve of fracture surface 
energy Γ (Γ=WTHM−Ue−Ud) varying with time t at 
different T and pH. The crack initiation rate can be 
 

 
Fig. 9 Fracture surface energy varying with time at different 
temperatures (pH=2 MPa): (a) T=20 °C; (b) T=50 °C;        
(c) T=90 °C 

 

 
Fig. 10 Fracture surface energy varying with time at different 

hydraulic pressures (T=20 °C): (a) pH=1.5 MPa; (b) pH=    

3.5 MPa 

 

calculated by slope of the Γ−t curve, as listed in Table 6. 
Taking specimen T1 as an example, the slope of fracture 
surface energy Γ (equal to 0.0081 J/m) can be obtained 
by fitting at the crack initiation point (228 s). 
 

Table 6 Calculation results of crack initiation rate vi 

No. vi/(m·s−1) 

T1 6.55×10−4 

T2 7.90×10−4 

T3 1.14×10−3 

H1 4.61×10−4 

H3 6.54×10−4 

 

4 Real-time measurement of crack 
propagation rate 

 

4.1 Conductive adhesive electrical method 
Figure 11 shows self-designed conductive adhesive 

electrical method for measuring the crack propagation 
rate continuously. The rock specimen was coated with a 
layer of conductive adhesive (2b=10 mm in width and 
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d=0.1 mm in thickness) from two crack tips along two 
predicted directions of the crack initiation and 
propagation. Each conductive adhesive (R1, R2) was 
connected by two wires in an electric circuitin (Fig. 12) 
in order to measure its voltage (U1, U2) and obtain its 
resistance (R1, R2) in the process of the crack initiation 
and propagation as follows [16]: 
 

0( 2 )
  ( 1, 2)i

i
a a

R i
bd


 


                    (8) 

 
where ρ is the electrical resistivity of conductive 
adhesive, a0 is the initial effective length and ai is crack 
propagation length of conductive adhesive. 
 

 

Fig. 11 Conductive adhesive electrical method for 

measurement of crack initiation rate: (a) Layer of conductive 

adhesive; (b) Rock specimen 

 

 

Fig. 12 Measurement of conductive adhesive voltage: (a) Wire 

connection; (b) Circuit diagram (R0 is external fixed resistance) 

 
Therefore, the crack initiation rate can be 

determined by a calibration formula of the conductive 
adhesive resistance and the crack length [16]. 
 

0
0

0

d ( )
( )   ( 1,2)

2 ( ( )) 2
i

i i
i

b U t a
a t R i

U U t
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
          (9) 

 
where U0 is the constant voltage and Ui(t) is the voltage 
in real time of conductive adhesive, measured by THM 
coupling fracture test, and R0i is the fixed resistance. 
 
4.2 Test results of crack initiation rate 

Figure 13 shows the tested curve of the conductive 
adhesive voltage varying with time (T1 as example). 
According to Eq. (9), crack initiation rate can be 

obtained as listed in Table 7. 
 

0
0

0

d d ( )
( )  ( 1, 2)

2 ( ( )) d
i

i i
i

b U U t
v t R i

U U t t
 


      (10) 

 

 
Fig. 13 Voltage of conductive adhesive varying with      

time (H1) [16] 

 

Table 7 Test results (v′i) of crack initiation rate  

No. v′i/(m·s−1) 

T1 9.46×10−4 

T2 1.19×10−3 

T3 1.71×10−3 

H1 7.45×10−4 

H3 2.13×10−3 

 
4.3 Comparison of calculation and test results 

It is seen from Tables 6 and 7 that the crack 
initiation rate is increased as the temperature is increased. 
Since the red sandstone is mainly composed of crystal 
and clay cement, the higher the temperature, the faster 
the reaction velocity of clay cement and water, and the 
lower the strength of clay cement and crystal. Similarly, 
the crack initiation rate is increased as the hydraulic 
pressure is increased because the lager hydraulic pressure 
on crack surface is easier to promote crack propagation. 

There appear small errors between calculation and 
test results of the crack initiation rate. That is because the 
actual Mode I or Mode II fracture toughness (KIC or KIIC) 
of rock under THM coupling condition is lower than  
that under single loading condition (in air). For red 
sandstone, its permeability is very high and its fracture 
toughness in water is decreased by 30%−60%. Therefore, 
the test results of the crack initiation rate are larger than 
the calculation results. 
 
5 Conclusions 
 

1) Calculation formula of the crack initiation rate of 
brittle rock under THM coupling load can be deduced 
based on the energy conservation theory. 
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2) Self-designed THM coupling fracture test with 
self-designed conductive adhesive electrical method is 
successfully adopted to measure the crack initiation rate 
of rock continuously and efficiently, especially under 
multi-field coupling load condition. 

3) The crack initiation rate is increased as the 
temperature and hydraulic pressure are increased. The 
tension (Mode I) fracture occurs more easily in the 
condition of high temperature and hydraulic pressure. 

4) Test results of crack initiation rate are almost in 
agreement with the calculation results, which could 
verify the validity of the calculation formula of the crack 
initiation rate. 
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脆性岩石热−水−力耦合起裂速度计算 
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摘  要：采用能量守恒定律，推导出岩石热−水−力(THM)耦合条件下含裂纹试件的裂纹扩展起裂速度的计算公式。

利用自行设计的 THM 耦合断裂导电胶电法，实时连续地测量出裂纹扩展速度。研究结果表明：起裂速度随着温

度和水压的增加而增加。计算结果与试验结果吻合较好，从而验证了所推导的 THM 耦合断裂起裂速度计算公式

的正确性。 

关键词：起裂速度；热−水−力耦合；导电胶电测法；断裂机理；脆性岩石 
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