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A B S T R A C T   

The evolution of the mechanical properties of rock as a function of thermal damage is relevant to various en
gineering applications, such as nuclear waste repositories, underground coal gasification, dry-fracture shale 
system and geothermal energy extraction. The thermal properties of heterogeneous rock control heat trans
mission with differential thermal expansion potentially resulting in significant changes in the mechanical and 
transport behavior of reservoir rocks. We define a novel dual-damage thermal-mechanical model accommodating 
the interaction of thermal conductivity, thermally-induced deformation, rock mechanical deformation and 
damage to define the evolution of the thermal and mechanical properties of rock during thermal treatment. 
Importantly, the dual-damage constitutive model is capable of using elastic modulus and strength to solve for 
asynchronous changes in peak strain and peak strength, respectively. The proposed model is validated against 
analytical solutions and laboratory data. The results indicate that thermally-induced damage increases rock 
porosity and permeability while simultaneously decreasing elastic modulus and strength. Thermal treatment 
causes a realignment in the rock microstructure and results in a change in the ultimate failure pattern. Thermally- 
induced damage causes irreversible increases in rock porosity and permeability even as temperature is restored. 
Furthermore, it is confirmed that thermally-induced damage in rock is dominated by the type of tensile damage 
during the thermal expansion. The proposed dual-damage constitutive model better explains the non- 
proportional relationship between peak strength and peak strain observed in many experiments.   

1. Introduction 

Thermally-induced damage in rock plays a vital role in various en
gineering applications, including containment in nuclear waste re
positories, underground coal gasification, dry-fracture shale system, 
geothermal energy extraction, and deep mining.1–5 Therefore, it is of 
significance to understand the changes in rock mechanical properties 
induced by thermal damage for the design and for safety assessment in 
deep underground rock engineering. 

Rocks can be considered as a typical dual porosity media, containing 
‘solid’ space (i.e., the mineral matrix) and ‘void’ space (the sets of cracks 
and pores). The mechanical strength of rocks depends strongly on the 
geometry and density of the cracks and pores.6,7 Furthermore, the crack 
and pore structure of rock are closely related to thermal treatment. 
When temperatures are elevated, the micro-structure of the rock mass 
may change during thermal expansion, including the growth of new 
micro-cracks, extension and/or widening of the existing micro-cracks 

together with various mineralogical alterations.8 Simultaneously, rock 
stress-strain relationships and failure criteria change with temperature. 
As a result, many rock mechanical properties, such as compressive 
strength, tensile strength, elastic modulus, cohesive strength and friction 
angle decrease with an increase in temperature.9–11 

Many experimental investigations have been conducted in an 
attempt to further understand the evolution of rock mechanical behav
iors when subjected to elevated temperatures.12–15 Experimental studies 
on the stress-strain response of granite at various temperatures 
demonstrate that the compressive strength and elastic modulus of 
granites decreases as temperature increases.10,16,17 High temperature 
has a significant effect on porosity evolution14 with porosity generally 
increasing with increased temperature. The effects of thermally and 
mechanically activated dissolution of minerals impact the mechanical 
and transport response of fractured rock18 and these effects become 
dominant high temperature. Microscopic investigations indicate that 
damage in rocks at elevated temperatures is induced to different degrees 
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of severity depending on grain size, porosity, and structural and textural 
characteristics.7 High temperature induces irreversible changes in the 
rock properties.19,20 

Many numerical simulations on thermal-induced rock damage are 
also studied. Hueckel et al21 proposed a constitutive model proposed for 
thermo-plastic behavior of rock based on a macroscopic modeling 
approach, in which the empirical dependence of its constitutive func
tions on temperature is used to describe thermal effects rather than rock 
specific microscale mechanism. Tang et al22–24 and Li et al25 developed a 
series of coupled thermo-mechanical-damage models in RFPA to 
examine rock failure processes induced by thermal stress. Although 
some experimental phenomena can be explained by these models, they 
all assume that the elastic modulus and strength of rock obey the same 
damage law, and the non-proportional alteration of elastic modulus and 
strength of rock observed in many experiments cannot be verified 
properly. The experimental observations cannot be satisfactorily 
explained by either mechanical or numerical models. In particular, the 
mechanism of non-proportional alteration of peak strain and peak 
strength observed in various experiments are not revealed through 
theoretical models. 

The understanding of the behavior of altered rocks requires an ac
curate geomechanical model, in which the evolution of important 
physical and mechanical characteristics has to be included. This work 
provides a detailed description of the evolution of rock alteration during 
different thermal treatments. We develop a novel thermal-mechanical 
coupled model based on dual damage constitutive theory, to simulate 
the rock mechanical behaviors induced by thermal damage. The pro
posed model is validated by analytical solutions and laboratory data. 

2. Dual-damage constitutive model 

Routine theory cannot accommodate the effect of ductility of a ma
terial upon the thermal stresses which can be induced therein. This is 
because routine theory assumes that the thermal conductivity, thermal 
expansion, elastic modulus, Poisson’s ratio, strength, porosity, and 
permeability are all constant. The following defines a method that al
lows all these co-called constants to evolve with the temperature path 
and, more importantly, may accommodate stress-strain curves which 
respond to damage, as illustrated in Fig. 1. 

When rocks are exposed to high temperatures, the complex inter
action of stress and thermal-induced damage exert a strong influence on 
properties. These include influences on thermal transport, rock defor
mation via porosity and permeability, thermal conductivity and thereby 
spatial heat change. In this study, we define this chain of reactions as 
“coupled processes” implying that one physical or mechanical process 
affects the initiation and evolution of another. In particular, damage is at 

the core of interactions of multiple coupled processes. Therefore, the 
inclusion of damage is the key to rigorously formulate the full mechanics 
of thermal-mechanical-damage (TMD) coupling interactions. Further
more, the damage model in this study is based on a novel dual-damage 
constitutive theory. The thermal analysis provides interactive coupling 
to mechanical stress calculations through the thermal expansion coef
ficient and damage evolution law. Thermal volumetric strain and dual- 
damage constitutive models are introduced into the incremental me
chanical constitutive laws to account for the TMD coupling. 

2.1. Governing equation for heat conduction 

The general formulation for heat conduction through rock is given 
by: 

λr2T þQ ¼ ρC
∂T
∂t

(1)  

Where λ is thermal conductivity, Q is the source term, ρ is the equivalent 
density, C is the specific heat capacity, and t is the time. 

2.2. Constitutive models for rock porosity and permeability 

Rock porosity is related to the effective strain of the pores and 
fractures as26: 

φ
φ0
¼ 1þ

1
φ0

Δεe (2)  

where φ0 is the initial rock porosity, φ is the current rock porosity, and 
Δεe is the increment of effective strain. 

In this study, only the increment of effective strain Δεe is responsible 
for the rock porosity and permeability change. The effective strain is the 
resultant of the total volumetric strain and the thermal strain. The 
change in the effective strain is: 

Δεe¼Δεv � αT ΔT (3)  

where Δεv is the total volumetric strain, αTΔT is the thermal strain, αT is 
thermal expansion coefficient (�C-1), and ΔT is the temperature change. 

According to the typical cubic relationship between permeability and 
porosity,27,28 we obtain permeability model: 

k
k0
¼

�

1þ
1

φ0
ðΔεv � αT ΔTÞ

�3

(4)  

2.3. Governing equation for mechanical response 

For static equilibrium of the medium, mechanical equilibrium of the 
solid phase is defined as: 

σij;j � fi ¼ 0 (5)  

where σij,j represents the divergence of the transpose of the Cauchy stress 
tensor and fi is the body force per unit volume. 

The constitutive equation (Hooke’s Law) defines the relation be
tween the total bulk stress components, σij, and strain components, εij, 
when the temperature change T is also included. The stress-strain law is 
given by: 

σij¼ 2Gεijþ
2Gν

1 � 2νεkkδij �
2Gð1þ νÞ

1 � 2ν αT Tδij (6)  

where G is the equivalent shear modulus of the rock, ν is Poisson’s ratio, 
δij is the Kronecker delta defined as 1 for i¼j and 0 for i6¼j, αT is coeffi
cient of thermal expansion (�C-1), and the linearized strains are defined 
as the symmetric part of the displacement gradient uij, 

εij¼
1
2
�
ui;j þ uj;i

�
(7) 

Fig. 1. Interactions of multiple coupled processes through a thermal-stress- 
controlled rock porosity model and rock permeability model defined as a 
function of the damage during thermal treatment. 
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Substituting Eq. (7) into Eq. (6) and the result into the static equi
librium equation, Eq. (9), yields the Navier equation for the 
displacements, 

Gui;kk þ
G

1 � 2v
uk;ki �

2Gð1þ νÞ
1 � 2ν αT T;iþ f;i¼ 0 (8)  

where Eq. (8) is the governing equation for rock deformation under the 
influence of the temperature change. 

2.4. Constitutive model accommodating heterogeneity and dual-damage 
evolution 

A realistic analysis of the coupled thermal-mechanical response must 
rely on numerical modeling with adequate consideration of heteroge
neities.24,29 Microstructural variables have a significant effect on the 
evolution of rock damage.30,31 To characterize heterogeneity at the 
mesoscopic-level, mechanical parameters such as elastic modulus, 
strength, Poisson’s ratio, and thermal expansion coefficient may be 
assigned according to the Weibull distribution.32,33 This distribution 
defines parameters according to a probability density function as: 

f ðuÞ¼
m
u0

�
u
u0

�m� 1

e
�

�

u
u0

�m

(9)  

where u is the parameter of interest (such as elastic modulus or 
strength); the scale parameter u0 is related to the average of the element 
parameter, and m is the shape parameter of the Weibull distribution 
function. The parameter m is defined as the degree of material homo
geneity and called the homogeneity index. 

According to Eq. (9), we obtain the distribution of rock elastic 
modulus for the homogeneity index specified as 10, as shown in Fig. 2. 
As can be seen from Fig. 2 (a), the spatial distribution of rock elastic 
modulus is random. Fig. 2 (b) shows the probalility density of thecrock 
elastic modulus calculated by Eq. (9). 

As illustrated in Fig. 3, rock damage in tension or shear is initiated 
when its state of stress (positive for compression) satisfies the maximum 
tensile stress criterion or the Mohr-Coulomb criterion, respectively32,34 

as: 

F1¼ � σ3 � ft0 ¼ 0; F2 ¼ σ1 � σ3
1þ sin θ
1 � sin θ

� fc0 ¼ 0 (10)  

where ft0 and fc0 are uniaxial tensile and compressive strength (Pa), 
respectively, σ1 and σ3 are major and minor principal stresses (Pa), 
respectively, θ is internal frictional angle (�), and F1 and F2 are two 

damage threshold functions (Pa). 
According to Fig. 3, the damage variable for the rock strength can be 

calculated as: 

Ds¼

8
>>>><

>>>>:

0 F1 < 0 and F2 < 0

1 �
�
�
�
�
εt0

ε3

�
�
�
�

n

F1 ¼ 0 and dF1 > 0

1 �
�
�
�
�
εc0

ε1

�
�
�
�

n

F2 ¼ 0 and dF2 > 0

(11)  

where ε1 and ε3 are the major and minor principal strains, respectively. 
εt0 and εc0 are the maximum tensile and maximum compressive prin
cipal strains when tensile and shear damage occurs, respectively. Ds 
represents the damage variable of rock strength and n is a constitutive 
coefficient for rock strength. In this study, the element, as well as its 
damage, is assumed isotropic, so the Ds and n parameters are all scalars. 

As shown in Fig. 4, based on the theory of elastic damage, the elastic 
modulus of the damaged rock is expressed as: 

E¼E0ð1 � DeÞ¼

8
>>>><

>>>>:

E0 F1 < 0 and F2 < 0

E0*
�
�
�
�
εt0

ε3

�
�
�
�

l

F1 ¼ 0 and dF1 > 0

E0*
�
�
�
�
εc0

ε1

�
�
�
�

l

F2 ¼ 0 and dF2 > 0

(12) 

Fig. 2. Distributions of rock elastic modulus with the homogeneity index specified as 10. (a) Spatial distribution of rock elastic modulus, (b) Probalility density of 
rock elastic modulus. 

Fig. 3. Elastic damage-based constitutive law for strength (ft0 and fc0 are uni
axial tensile strength and uniaxial compressive strength, respectively). 

L. Liu et al.                                                                                                                                                                                                                                       



International Journal of Rock Mechanics and Mining Sciences 126 (2020) 104185

4

where De represents the damage variable applied to the elastic modulus, 
l is a constitutive coefficient for the elastic modulus, and E and E0 are the 
elastic modulus (Pa) of the damaged and the undamaged rock, respec
tively. Similarly, rock is assumed isotropic, so the E, E0, De, and l pa
rameters are all scalars. 

Under any stress and initial conditions, the tensile stress criterion is 
applied sequentially. In other words, the maximum tensile stress crite
rion is first applied to judge whether the elements are first damaged in 
tension or not. Only elements that survive this test will be checked for 
damage in shear using the Mohr-Coulomb criterion. In Eqs. (11) and 
(12), when F1 < 0 and F2 < 0 the applied stress is insufficient to satisfy 
the maximum tensile stress criterion and the Mohr-Coulomb failure 
criterion, respectively. F1 ¼ 0 and dF1 > 0 implies rock damage in tensile 
mode when the stress state satisfies the maximum tensile stress criterion 
and the rock is still under load. F2 ¼ 0 and dF2> 0 implies rock damage in 
shear mode when the stress state satisfies the Mohr-Coulomb failure 
criterion and the rock remains loaded. 

Considering the irreversibility of rock damage, the damage variable 
may only increment monotonically from zero during loading (dF1 > 0 or 
dF2 > 0) and remain unchanged during unloading (dF1 < 0 or dF2 < 0). 
In this respect, the damage defined by Eq. (11), reduces the strength of 
the rock. The damage calculated by Eq. (12), reduces the elastic modulus 
E and the shear modulus G of the rock. Since the dual-damage consti
tutive model is nonlinear both in space and time, the complete set of 
coupled equations is solved by numerical method. In addition, the 
damage variable and the damage-induced alterations of elastic modulus, 
strength, permeability, and other thermal properties are continually 
updated as the temperature and load increase. The basic implementation 
procedure is shown in Fig. 5. 

2.5. Constitutive model for thermal properties evolution with damage 

Many observations suggest that the thermal properties of rock are 
not constant, but vary with temperature or loading, particularly when 
damage or cracking occurring. During the loading process a significant 
number of open (air-filled) cracks may develop. In principle, their effects 
can be evaluated, in the macroscopic sense, by the use of mixing rules to 
take into account the air-filled volume fraction in the rock sample. 

The temperature dependence of thermal conductivity may be 
empirically expressed as35: 

λðTÞ¼
λðT0Þ

0:99þ ða � b=λðT0ÞÞðT � 273:15Þ
(13)  

with empirical constants and corresponding uncertainties a¼ 0.0030 �

0.0015 and b¼ 0.0042 � 0.0006 representing crystalline rocks. The 
constants for corresponding sedimentary rocks are a¼ 0.0034 � 0.0006 
and b¼ 0.0039 � 0.0014. λ is given in Wm-1, T in K. 

In thermal-mechanical damage model, a coefficient ξ1 is introduced 
to reflect the decrease in thermal conductivity induced by element 
failure by incorporating an air filled crack. The variation in the thermal 
conductivity of the mesoscopic element is thus assumed to be formu
lated as: 

λðTÞ¼

8
><

>:

λðT0Þ

0:99þ ða � b=λðT0ÞÞðT � 273:15Þ
D < 1

ξ1λðT0Þ D ¼ 1
(14)  

where ξ1 is the damage factor with respect to thermal conductivity, 
which reflects the change of thermal conductivity induced by damage, 
based on the ratio of thermal conductivity of rock and air, commonly 
specified as ~ 0.01. 

Experimental studies have shown that the effect of the temperature 

Fig. 4. Elastic damage-based constitutive law for elastic modulus (λ represents 
coefficient of residual strength). 

Fig. 5. Numerical implementation procedure of the dual-damage constitu
tive model. 
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on specific heat is also large and should be accounted for. The specific 
heat capacity at constant pressure is a function of temperature.24,36 

Therefore, the evolution of the specific heat of the mesoscopic element is 
assumed to be expressed as: 

CTðTÞ¼
�

C0ð1þ ψTÞ D < 1
ξ1C0 D ¼ 1 (15)  

where C0 is the initial specific heat capacity of the intact rock meso
scopic element, ψ is an impact factor, which is assigned to 3� 10� 3 �C-1 

according to experimental results, and ξ2 is the damage factor applying 
to the specific heat, which reflects the change in the specific heat ca
pacity induced by thermal damage. Similar to the damage factor for 
thermal conductivity, ξ2 is based on the ratio of the specific heat ca
pacities of rock and air, and commonly specified as ~1.6. 

3. Model validation 

The proposed dual-damage constitutive theory TMD model is vali
dated against analytical solutions and experimental observations. First, 
the proposed TMD model is validated against analytical solutions, in 
which the distribution of the temperature and stress fields are individ
ually verified. Especially, since the analytical solution is a completely 
elastic solution, the model solution calculated by FEM code does not 
consider the effect of damage. Second, the proposed TMD model is 
compared with experimental observations of stress-strain curves and 
porosity evolution. 

3.1. Validation against analytical solutions 

The analytical study is carried out considering a cylindrical core 
embedded in a rock cylinder, as shown in Fig. 6. The temperature dis
tribution in a concentric thick-walled cylinder is expressed as: 

TðρÞ¼Ta lnðb=ρÞ þ Tb lnðρ=aÞ
lnðb=aÞ

(16)  

where a is the radius of the core and b is the radius of rock cylinder, Ta is 
temperature of the core and Tb is temperature of the rock cylinder. 

Due to the temperature increase, a radial pressure p will be induced 
in the rock surrounding the core.37,38 According to the plane stress solution from the theory of elasticity for a hollow cylinder under internal 

hydrostatic pressure,39 we obtain the following expressions: 

σρ¼
p

β2 � 1

�

1 �
b2

ρ2

�

(17)  

σϕ¼
p

β2 � 1

�

1þ
b2

ρ2

�

(18)  

where β ¼ b=a. 
The radial and circumferential deformations in the rock due to the 

radial pressure p are given by: 

εbρ ¼
1
Eb
ðσρ � νbσϕÞ¼

p
Ebðβ2 � 1Þ

��

1 �
b2

ρ2

�

� νb

�

1þ
b2

ρ2

��

(19)  

εbϕ¼
1
Eb
ðσϕ � νbσρÞ¼

p
Ebðβ2 � 1Þ

��

1þ
b2

ρ2

�

� νb

�

1 �
b2

ρ2

��

(20)  

where Eb is elastic modulus and νb is the Poisson’s ratio of rock. 
The circumferential deformation of is the sum of two contributions: 

the radial pressure due to thermal expansion as prompted by the tem
perature variation. As a consequence, the circumferential strain in the 
rock is expressed as: 

εbϕðρ¼ aÞ¼
p
Eb

�
β2 þ 1
β2 � 1

þ νb

�

þ αbΔT (21) 

Fig. 6. Axisymmetric model of a solid core embedded in a rock anulus.  

Fig. 7. Temperature distribution in two concentric cylinders: (a) Numerical 
result of temperature distribution in the concentric cylinder; (b) Numerical and 
analytical solutions of the temperature distribution the radius. 
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where αb is thermal expansion coefficient of rock. 
The radial displacement, u, at any point in the core is: 

uðρÞ¼ � ð1 � νaÞp
Ea

ρ (22)  

where Ea is elastic modulus of the core and νa is the Poisson’s ratio of the 
core. The circumferential strain of the core due to the effect of the radial 
pressure p, is described by: 

εaϕ¼ �
ð1 � νaÞp

Ea
(23) 

Similarly, the circumferential deformation of the core, at the core 
and rock interface due to the effect of the radial pressure and the tem
perature variation, is given by: 

εaϕðρ¼ aÞ¼ αaΔT �
ð1 � νaÞp

Ea
(24) 

Using the compatibility equation linking the transverse deformations 
at the core and rock interface, the radial pressure is calculated as: 

p¼
ðαa � αbÞΔT

1
Eb

�
β2þ1
β2 � 1þ νb

�

þ 1
Ea
ð1 � νaÞ

(25) 

Model parameters and boundary values for the numerical 

simulations are listed in Table 1. The final distribution of the tempera
ture field acquired by the proposed TMD model is shown in Fig. 7. As 
illustrated in Fig. 7 (a), the inner cylindrical core has the maximum 
temperature (Ta ¼ 493.15 K), and from the boundary of the inner core to 
the outside, the temperature decreases gradually. The outer boundary of 
the rock cylinder has a minimum temperature (Tb ¼ 293.15 K). As 
shown in Fig. 7 (b), the numerical solution of the radial temperature 
distribution is in accordance with the analytical solution, validating the 
correctness of the proposed TMD model in simulating steady state heat 
conduction. 

Fig. 8 shows the variation of radial stress and tangential stress along 
radial direction obtained from the proposed TMD model and analytic 
solutions. According to Eqs. (17) and (18), the internal boundary of the 
rock cylinder is subjected to constant stress. As a consequence, the data 
calculated by the proposed TMD model, as plotted by red diamonds and 
purple triangles in Fig. 8, remain constant in the range -12 mm–12 mm - 
the numerical solutions are consistent with the analytical solutions. 

3.2. Validation against experimental observations 

The experiments are carried out in the following steps. First, the rock 
specimens are heated to the designated temperature. Second, the tem
perature is retained constant for 2 h. Third, the rock specimens are 
allowed to cool naturally with the drop in temperature of the furnace. 
Finally, uniaxial compression tests are conducted. According to the 
experimental conditions,14 a combined model, as shown in Fig. 9, is built 
to simulate the evolution of mechanical properties induced by thermal 
damage. Fig. 9 (a) shows the heat conduction model, which is used to 
simulate the temperature diffusion process. Fig. 9 (b) represents a model 
of a uniaxial compression test, which is used to examine the evolution of 
the stress-strain responses. In practice, numerical simulations are per
formed according to the experimental procedures to verify the evolution 
of the stress-strain curves against experimental results. Some of the 
thermal properties defining the of rock, which relate to thermal con
duction, are missing in the experimental details14 - we supplement these 
from typical magnitudes,40,41 as listed in Table 2. 

A comparison between the stress-strain curves for numerical and 
experimental results is shown in Figs. 10 and 11. The elastic modulus, 

Table 1 
Model parameters and boundary values for the numerical simulation.  

Symbol Value Unit 

Elastic modulus of core, Ea 42 GPa 
Elastic modulus of rock, Eb 30 GPa 
Poisson’s ratio of core, νa 0.33 – 
Poisson’s ratio of rock, νb 0.2 – 
Radius of core, a 12 mm 
Radius of rock cylinder, b 38 mm 
Thermal expansion coefficient of core, αa 15e-6 1/K 
Thermal expansion coefficient of rock, αb 9e-6 1/K 
Temperature of outer boundary of core, Ta 493.15 K 
Temperature of outer boundary of rock, Tb 293.15 K  

Fig. 8. Comparison of radial and tangential stress distributions between numerical and analytical solutions.  
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peak strength, peak strain, and porosity calculated by the proposed TMD 
model are consistent with the experimental results. With an increase in 
temperature, elastic modulus and strength of the rock decrease. Figs. 10 
and 11 indicate that the influence of temperature on rock strength and 
porosity is relatively small when the heating retains the temperature to 
<200 �C. In particular, as can be seen from Fig. 10, the numerical results 
calculated by the dual-damage constitutive model are in good agree
ment with the experimental results. 

4. Numerical analysis of thermal damage on rock mechanical 
behaviors 

As noted above, the numerical simulations are conducted according 
to the experimental conditions. The heating rate is 30 �C/min with each 
designated temperature retained constant for 2 h. Then the temperature 
(power) is shut-off, the rock specimen is allowed to cool naturally with 
the cooling (temperature) of the furnace.14 We follow the evolution of 
thermal damage, rock porosity and permeability in these experiments, 
specifically to define the failure patterns and mechanism of thermal 
damage. 

4.1. Evolution of thermal damage 

Thermally induced microcracks can significantly change the physical 
and mechanical properties of rock. From the numerical simulation, 
thermal-induced damage is shown in Fig. 12, which represents the 
evolution of rock damage induced by different heat treatments. As time 
progresses, the temperature of the rock gradually rises from the outside 
to the inside, congruent with the generation of damage. Apparent from 
Fig. 12 is that the higher the temperature the greater the rock damage – 
consequently reducing strength proportionately to the temperature - as 
shown in Fig. 10. Thus, it is confirmed from experimental observations 
and numerical results that rock damage occurs during thermal treat
ment, thus altering the mechanical properties and microstructure of the 
rock. 

4.2. Evolution of porosity and permeability 

Porosity and permeability are basic physical properties of rocks. In 

Fig. 9. Combined model for thermal-induced rock damage.  

Table 2 
Mechanical and thermal parameters for the numerical simulation.  

Symbol Value Unit 

Homogeneity index, m 10 – 
Elastic modulus, E 37.6 GPa 
Uniaxial compressive strength, UCS 183.2 MPa 
Uniaxial tensile strength, σt 22.9 MPa 
Density, ρ 2760 Kg/m3 

Poisson ratio, ν 0.25 – 
Initial porosity, ϕ0 0.88 % 
Initial permeability, k0 1.0 � 10� 19 m2 

Initial thermal conductivity, λ 0.1 Wm-1 

Initial specific heat capacity, C 700 J/(kg⋅K) 
Thermal expansion coefficient, αT 2.0 � 10� 6 1/K  

Fig. 10. Comparison between stress-strain curves recovered from numerical and experimental results.  
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this study, the natural porosity of the rock ranges between 0.72% and 
0.97%. As mentioned above, there are two stages in the thermal treat
ment. The rock is first heated to the designated temperature at a constant 
rate and then slowly cooled. We simulate the complete process of the 
heating and cooling treatment. Rock porosity and permeability are 
closely related to temperature change. As shown in Figs. 13 and 14, in 
the first stage, both porosity and permeability increase with temperature 
increase. In the second stage, as the temperature decreases, porosity and 
permeability decrease. The higher the temperature, the higher the 
porosity and permeability. However, the residual values of porosity and 
permeability remain larger than their initial values. That is, thermally- 
induced damage results in an irreversible increase in rock porosity and 
permeability, even though the temperature of the rock has been restored 
to its initial temperature. This is a result of remanent temperature- 
induced thermal damage that results either from the generation of 
new cracks or from the propagation of existing cracks.20 

The data of Fig. 15 show the variation in permeability at eight 
different temperatures. Peak permeability represents rock permeability 
at the maximum temperature, when the volumetric strain is also the 
maximum. Residual permeability refers to the permeability when the 
temperature drops to the initial temperature. As shown in Fig. 15, both 
residual permeability and irreversible permeability increase with heat 
treatment temperature, a direct result of thermal damage. The higher 
the heat treatment temperature, the higher the residual permeability 
and irreversible permeability. 

4.3. Impact of thermal damage on rock failure patterns 

Thermally-induced damage (as shown in Fig. 12) irreversibly 
changes the physical and mechanical properties of rock (as shown in 
Figs. 10, 11, 13, 14, and 15). The swelling/compaction in the rock due to 
its heterogeneous microstructure may be one mechanism of imparting 
the thermally-induced damage. According to experimental in
vestigations on velocity and attenuation of ultrasonic waves8 and 
acoustic emission (AE) monitoring,11,20 thermal damage has a signifi
cant impact on microstructure and mechanical properties. 
Thermally-induced damage causes further alteration of the rock mass 
mechanical properties, resulting in a change in the failure patterns of 

rock. This observation is illustrated in Fig. 16, where different thermal 
treatments correspond to different fracture patterns during failure. Nu
merical results confirm that the rearrangement of rock microstructure is 
induced by thermal damage. The damage processes and resulting failure 
geometries may be visualized by comparing the development of 
macro-scale fracturing with the distribution of tensile and shear 
cracking, as shown in Fig. 16. 

4.4. Mechanical mechanism of thermal damage 

The damage variables of Eqs. (15) and (16) remain in the range from 
0 to 1 regardless of the form or magnitude of damage. However negative 
and positive damage magnitudes are respectively adopted for damage in 
tension and in shear - merely to allow visualization of the two damage 
modes in the post-processed figures. In order to visualize these two 
damage modes, as can be seen in Figs. 12 and 16, the tensile damage is 
represented as negative (-1 � D < 0), while the shear damage is repre
sented as positive decimals (0 < D � 1). During thermal treatment, the 
state of the microstructure of the rock mass is controlled by thermal 
expansion. As can be seen from Fig. 12, thermally-induced damage is 
dominated by tensile damage, since most values of the damage variable 
are negative. However, when the thermally treated rocks are simulated 
by the uniaxial compression model, some values of the damage variable 
could be positive, denoting shear failure, as shown in Fig. 16. 

Fig. 17 shows the changes to the peak strength and peak strain with 
different levels of thermal treatment. It is clear that with the increase of 
temperature, the peak strength decreases and the peak strain increases. 
However, the change of the ratios of peak strength and peak strain are 
quite different, as shown in Table 3. When the temperature is 200 �C, the 
strength change ratio is -1.32%, and the elastic modulus change ratio is 
20.83%. When the temperature is 500 �C, the strength change ratio is 
-12.98%, and the elastic modulus change ratio is -37.58%. At 800 �C, the 
strength change ratio is -28.25%, and elastic modulus change ratio is 
-63.16%. It is clear that the absolute value of the change ratio of the 
elastic modulus is larger than that of strength. Thus, the change ratios of 
the peak strength and elastic modulus are different, as illustrated in 
Fig. 18. Although this phenomenon has been reported in many experi
mental observations5,14,17,42,43 the behavior has remained unexplained. 

Fig. 11. Comparison between numerical results and experimental results for porosity change in granite subjected to different temperatures.  
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Fig. 12. Evolution of rock damage during thermal treatment.  
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According to these experimental observations, in this study (Section 2), 
the TMD model is developed to explain the non-proportionality of these 
changes in peak strain and peak strength - based on the dual-damage 
constitutive theory. To summarize, the strength and elastic modulus of 
rock are subject to different damage mechanisms, represented by 
different damage laws. 

5. Conclusions 

This study develops a novel dual-damage constitutive model to 
examine coupled thermal-mechanical-damage process that result during 
thermal treatment. This approach accommodates damage variables to 
separately modify elastic modulus and strength and is applied to explain 

the non-proportional alterations of elastic modulus and strength in 
heterogeneous rocks. The physical and mechanical processes involve 
fully coupling thermal transport in the porous rock to alterations in 
thermal conductivity and special heat capacity by simultaneously ac
commodating rock deformation and damage. Based on the results and 
the observations reported in previous studies, the following conclusions 
are drawn:  

(1) External heating raises the temperature of the rock from the 
outside to the inside with damage similarly propagating. Rock 
damage occurs during thermal treatment, thus altering the me
chanical properties and the microstructure of the rock. 

Fig. 13. Evolution of rock porosity during thermal treatment.  

Fig. 14. Evolution of rock permeability during thermal treatment.  
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(2) With an increase in temperature, both the elastic modulus and 
strength of the rock decrease. The higher the temperature, the 
lower the elastic modulus and strength. Numerical results are in 
good agreement with the experimental results.  

(3) Rock porosity and permeability are closely related to temperature 
change. Thermally-induced damage causes irreversible increases 
in rock porosity and permeability, even when the temperature of 
the rock is restored to its initial temperature.  

(4) Thermal treatment induces further alteration in the rock mass 
mechanical properties, reducing elastic modulus and weakening 
the rock, causing the rearrangement of rock microstructure and 
resulting in a change in the failure patterns of rock.  

(5) During thermal treatment, the state of the microstructure of the 
rock is controlled by thermal expansion. Numerical results 
demonstrate that thermally-induced damage is dominated by 
tensile damage.  

(6) With an increase of temperature, the peak strength decreases and 
the peak strain increases. However, the change ratios of peak 
strength and peak strain are quite different. The strength and 
elastic modulus of the rock conform to different damage laws. 
The proposed dual-damage constitutive model well explains the 
non-proportional alterations in peak strength and peak strain 
observed in many experiments. 

Fig. 15. Permeability evolution in rock subjected to different heat treatment 
temperatures. 

Fig. 16. Rock failure patterns following different thermal treatments.  

Fig. 17. Changes in peak strength and peak strain at different temperatures.  

Fig. 18. Change ratios of peak strength and elastic modulus at different 
temperatures. 
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